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ABSTRACT 

Sugarcane is an economically strategic crop in Sub-Saharan Africa (SSA), 

underpinning the rural livelihoods and economies of many SSA countries. 

Despite its economic importance, yield trends in the region have been declining 

by an average of 0.03 t/ha per year over the last 60 years. However, total cane 

production has been increasing by an average of one million tonnes per year over 

the same period – an indication that the increase in total cane production has 

largely been due to an overall expansion in cultivated area. However, this 

situation is not sustainable in the long-term since land availability is limited. Whilst 

irrigation has the potential to improve yields, production in SSA is typically 

characterised by poor irrigation management practices as evidenced by high 

levels of irrigation water use, low irrigated yields and low water productivities. 

Understanding the impacts of future climate variability and drought risk on the 

reliability of irrigation and identifying appropriate technology and management 

options to improve yields, water and energy use and productivity are key 

challenges facing the agricultural sector in SSA. Impacts of irrigation non-

uniformity on cane yields, water and energy use in SSA were identified as key 

research gaps in this study.  

Thus, the aim of this research was to evaluate the agronomic, environmental and 

economic impacts of irrigation non-uniformity on sugarcane production in SSA. 

Initially, a benchmarking study was conducted to identify opportunities to improve 

cane yields and water productivity and reduce irrigation water and energy use. 

Biophysical crop, water balance and economic modelling approaches were then 

integrated to simulate cane yield response to water, the impacts of irrigation non-

uniformity and the relative cost and benefits of improving irrigation uniformity. 

Cane yields were modelled for varying water applications and irrigation uniformity 

using the DSSAT Canegro model coupled with a water balance model. The 

relative financial costs and benefits of implementing different interventions to 

improve irrigation management were then evaluated using a spreadsheet-based 

economic model. 



ii 

 

The results showed that there were opportunities to improve the performance of 

irrigated cane production in SSA – currently characterised by lower-than-

expected yields – ranging between 83.9 and 108.9 t/ha, high irrigation water uses 

and lower than potential water productivity – ranging between 5.0 and 7.8 kg/m3. 

It was also established that improving irrigation uniformity leads to improved cane 

yields, reduced irrigation water and energy use. It was also established that on 

average a percentage improvement in irrigation uniformity could improve yields 

by 0.2 – 0.5 t/ha and could reduce irrigation and energy use by 3%. These 

potential yield improvements (due to improved irrigation uniformity) coupled with 

a reduction in water and energy use resulted in increased revenues of between 

23,300 and 70,900 MK/ha (c£18 – 65/ha) and a reduction in irrigation-related 

costs by 3,700 MK/ha (c £3/ha).  

Overall, the research has provided new valuable insights into the impacts of 

irrigation heterogeneity on cane yields and addressed existing knowledge gaps 

relating to how existing irrigation management practices in the sugarcane 

industry in SSA can be improved, without the need for transformational shifts to 

precision irrigation technologies. The findings provide the basis for improving 

cane yields, irrigation water and energy use and productivity in both commercial 

and smallholder cane production across SSA. 

It is, thus, recommended that there is a need for farmers to always operate 

irrigation with improved level of irrigation uniformity while ensuring proper 

irrigation scheduling approaches. The implementation of irrigation uniformity 

improvement interventions and adopting correct irrigation scheduling methods 

would likely reduce irrigation water use, improve yield average at field level which 

in turn will improve water productivity and reduce energy requirements for 

irrigation. The improvement of water productivity and reduction of irrigation water 

use and energy requirements would maximise crop yield benefits from irrigation 

and reduce irrigation operation costs, respectively.  

 

Keywords: Benchmarking, crop modelling, DSSAT Canegro, irrigation uniformity 
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Chapter 1. INTRODUCTION 

1.1 Background  

Sugarcane is an internationally important source of food (sucrose), bio-ethanol 

and electricity and thus a significant contributor to the economy of many countries 

around the world (Singels et al., 2021). The crop is grown in more than 100 

countries (Singels et al., 2021) and in 2020, global production was estimated to 

be 1.98 billion tons with Brazil, India and China being the world’s top three cane 

producers (FAOSTAT, 2022). Globally, cane yield has increased from 50.26 t/ha 

in 1961 to 70.64 t/ha in 2020, representing an average yield increase of 0.4 t/ha 

per year over that period. The sugarcane production trends in Africa, over the 

same period, indicate an overall average production increase of over a 1.0 million 

t/year (FAOSTAT, 2022). However, unlike the global trend, the African yield trend 

over the same period shows an average reduction of 0.03 t/ha per year (Figure 

1-1) - an indication that the increased total production tonnage was due to an 

expansion in the overall harvested area.  

Africa has high potential for agricultural production due to its suitable soils; 

available water resources for supplementary irrigation; wet and hot summers that 

are suited for plant growth; cool, sunny and dry winters that provide excellent 

conditions for conversion to sucrose and low costs of production (cost of labour 

is relatively low). Africa is also strategically close to European markets (Tyler, 

2008), and thus an important region for agricultural expansion (Hess et al., 2016). 

In many African countries, irrigation is a requirement for improved sugarcane 

yields (Hess et al., 2016). However, sugarcane is a high-water demanding crop 

(Steduto et al., 2012) with average crop water requirements ranging between 

18,000 and 20,000 m3/ha (Hess et al., 2014; Shrivastava et al., 2011). Thus, the 

expansion of the harvested area to increase cane production (tonnage), in the 

African case, would require more water volumetrically. This would likely intensify 

competition for water resources among the existing competing sectors including 

manufacturing industries, hydro-power generation, domestic water supplies, and 

for protecting environmental flows. Thus, the expansion of irrigated sugarcane to 
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increase cane production has implications that are more significant for irrigated 

agriculture compared to the production increase due to improved crop yield.  

 

Figure 1-1: Reported cane yields (t/ha) and harvested areas (ha) between 1961 and 

2020 (source: FAOSTAT, 2022) 

Although sub-Saharan Africa (SSA) is not considered water poor (Lautze & 

Giordano, 2007) as it contains about 9% of the world’s freshwater resources 

coupled with low per capita rate of water withdrawals (Hess et al., 2016), irrigated 

sugarcane production has great potential to alter local water balances, thus 

impacting on the dynamics, quality, and quantity of water supplies for competing 

uses at the watershed scale and beyond (Hess et al., 2016). Both sugarcane 

production and sugar processing can have significant impacts on water resources 

(Hess et al., 2014) with an estimated water consumption of about 209 m3/ton, 

making sugar production a major consumer of freshwater resources (Gerbens-

Leenes & Hoekstra, 2012). In India, the world’s second-highest sugarcane 

producer, irrigated production has led to extreme water shortages (Shrivastava 

et al., 2011) impacting on the long-term sustainability of the country’s sugar 

industry. Thus, the dependence on expansion of the cane cultivated area to 

support increased sugarcane production is not a sustainable option. 
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Understanding the impacts of future climate variability and drought risk on the 

reliability of water for irrigation and identifying appropriate technology and 

management options to improve water and energy efficiencies to improve yields 

are among the key challenges and priorities facing the agricultural sector in SSA. 

While crop yields are also impacted by local agro-climate variability and other 

factors including soil variability, irrigation system performance (including 

uniformity) has also been shown to have a major bearing on crop yields (Pérez-

Ortolá et al., 2015; Reinders, 1996; Solomon, 1998) and irrigation water use 

(Clemmens & Molden, 2007). Although uniform water application on its own is 

not a guarantee for improved yields since it is also possible to have uniform 

under- or over-irrigation, improved yields are often associated with uniform 

application of adequate water.  

Current irrigation systems performance gaps and the extent to which irrigation 

uniformity improvements (if any) might change yields, as well as the relationships 

between improving irrigation efficiency and energy consumption within sugarcane 

production in the SSA context are key research gaps in knowledge. Therefore, 

there is a need to develop a better understanding of the impacts of irrigation 

heterogeneity on cane yields, water and energy uses and the economic viability 

of implementing irrigation uniformity improvements to increase sugarcane yields 

for cane production in SSA. Quantifying the potential agronomic benefits 

(increased yields), water use efficiency (improved water productivity), 

environmental benefits (energy use) and economic benefits (increased revenues 

and reduced costs) as a result of improving irrigation uniformity in sugarcane 

production in SSA is critically important to support improved irrigation 

management decision making in the face of increasing water scarcity. 

1.1.1 Sugarcane Yield Response to Water Deficit  

Water is a critical input for cane production, as it impacts on yields by providing 

necessary conditions for cane germination and tillering, and making the crop well 

equipped for extensive water extraction and photosynthesis during the stalk 

elongation stage which accounts for about 70% of biomass accumulation (Carr & 
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Knox, 2011; Cock, 2003). Sugarcane requires between 1100 and 1800 mm of 

water with peak daily requirement of 6 –15 mm (Carr & Knox, 2011; Cock, 2003; 

Hess et al., 2014; Shrivastava et al., 2011; Steduto et al., 2012). Research into 

the relationships between water use and cane yields has shown that as more 

water is applied to the growing crop, more yield is likely to be realised (Steduto 

et al., 2007, 2012; Waller & Yitayew, 2016) until a point is reached when the law 

of diminishing returns is triggered (English, 1990a; English & Raja, 1996).  

Although sugarcane can tolerate moderate levels of drought stress (Steduto et 

al., 2012), the timing of stress during the growth cycle of sugarcane determines 

the significance of the impact on cane yields. The elongation stage of sugarcane 

growth and development is the most sensitive to water stress (Banda, 2019; 

Cock, 2003; Singels et al., 2005). Thus, cane crop that experience water stress 

(due to inadequate water supply) which coincides with the elongation stage would 

have its yields more significantly reduced than cane that experiences water stress 

during any other growth stage.  

While high yields are associated with adequate water supplies, adequate water 

supplies on its own is of no use without proper irrigation scheduling. The timing 

and frequency of irrigation applications determines the level of consistency in 

output as adequate irrigation scheduling prevents excessive water use, helps to 

reduce the costs of excess water pumping, and improves crop yield and quality. 

Proper irrigation scheduling involves correct timing and administering irrigation 

water applications in a manner that meets the water demands of the growing crop 

with minimal water, soil, plant nutrients, or energy wastage (Klausmeyer, 2005). 

In principle, proper irrigation scheduling demands that an irrigation system should 

be able to correctly apply irrigation at the right time, in the right quantity and with 

correct placement. While the timing and quantity of water are management 

decision as regards to when to irrigate (in non-automated systems), the 

application of irrigation water in-field is more to do with system design and 

configuration. The appropriate placement of adequate water where and when 

(uniformity) it is required helps to ensure maximum yields are attained across the 

field. 
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1.1.2 Irrigation water use, uniformity and yield relationships 

Solomon (1998) defined "irrigation uniformity" as the differences in water 

application depths from one location (spatial) to another within an irrigation 

system’s defined area of command. In essence, irrigation uniformity is among the 

indicators of how good a given system is in placing water within its area of 

command. The higher the variation of water application (depths applied) from one 

point to another, the poorer the irrigation uniformity and vice-versa. Heermann et 

al., (1990) determined that irrigation uniformities for overhead irrigation systems 

(including sprinkler and pivot systems) could be evaluated by measuring the 

spatial distribution of water depths caught in grid of catch cans. 

Uniform application of adequate water across the field would ensure that each 

point in the field provides maximum yields (assuming nutrient availability and 

other factors of crop production are not limiting). Non-uniform water application 

results in water wastage (in over-irrigated spots) and water stress (in under-

irrigated spots) – all of which result in yield losses and reduced profit margin. The 

uniformity of water application influences crop yields through the agronomic 

effects of under-irrigation and over-irrigation. Inadequate water leads to water 

stress and reduced crop yields while excess water reduce crop yields as a result 

of nutrient leaching, increased disease risks and/or growth stimulation failure of 

harvestable parts of the plants (Solomon, 1998). Thus, irrigation uniformity is an 

important system performance indicator for yield, water and energy use 

optimisation. 

1.1.3 Crop Water Requirements – Irrigation Water Use – Energy 

Nexus 

In irrigated agriculture, an irrigation system and its distribution network provide a 

means of pumping and delivering water from the source to the field. Since it is 

only in rare circumstances that field conditions coincide with water sources that 

facilitate gravity fed application in-field, pumping becomes necessary in irrigated 

agriculture. Water pumping requires energy and crop water requirements and the 

anticipated system inefficiencies determine the energy requirements for an 
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irrigation system operation that meets irrigation water requirement of the growing 

crop. Clemmens & Molden, (2007) indicated that where irrigation heterogeneity 

exists, the farmer can choose to either (i) reduce the irrigation heterogeneity or 

(ii) apply more water than required to compensate for the deficiencies in irrigation 

uniformity. The latter entails that the level of irrigation uniformity at which the 

system operates determines water use which in turn influences energy use. This 

highlights the interdependencies between crop water requirements, water and 

energy use with irrigation performance being the main determining factor. 

Coupled with correct irrigation scheduling, improvements in irrigation uniformity 

can help reduce irrigation water use and energy requirements for pumping, whilst 

increased water application to compensate for poor irrigation uniformity would 

lead to higher irrigation and energy uses. 

The relationships between crop yield and water usually takes a quadratic form 

(English, 1990b; English & Raja, 1996). This entails that beyond some defined 

point, additional applications of water do not produce additional yields. This 

makes high irrigation water uses undesirable and uneconomical, especially when 

such increases are a result of poor irrigation uniformity. Furthermore, increasing 

water use in the face of water scarcity with competing water uses among 

industries is also an unsustainable option.  

1.1.4 Water-Energy-Food Nexus and Need for Change in the 

Management of Irrigation Water  

The need to produce adequate food crops, including sugarcane, to meet the 

demands and food requirements for a growing global population, requires 

irrigation which requires energy. The need for more food would require more 

water and more energy (Tomlinson, 2013), all of which are interdependent 

variables. Water is a requirement for the production of both food and electricity, 

while energy is required for irrigation pumping. The complex nexus between 

water, energy and food (WEF) and understanding of their linkages and trade-offs 

is key to sustainable agricultural production (Naranjo et al., 2023).  
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Scientific evidence indicates that on average Africa will experience an increase 

in temperature and reduced precipitation due to climate change (Calvin et al., 

2023; IPCC, 2014). The rising temperatures and dwindling precipitation further 

entail that irrigation water needs are likely to increase (Fortes et al., 2022). The 

combination of a growing population (Paice, 2022), climate change (Calvin et al., 

2023; IPCC, 2014), increasing water scarcity (Cai & Rosegrant, 2003), and 

unreliable and expensive energy supplies (KfW Development Bank, 2020) are 

signals for the need to find more sustainable ways of crop production.  

The quest to improve and maintain sustainable crop productivity means it is 

increasingly necessary to improve the efficiency of irrigation systems (Malano, 

Burton, et al., 2004), because efficient irrigation systems enhance crop and water 

productivity. Thus, understanding and addressing the water, energy, and food 

related complexities is therefore a priority action area for sustainable irrigated 

agriculture. 

1.2 Aim and Objectives 

Despite significant potential for agricultural expansion, SSA’s agricultural 

productivity remains low (Zamanillo et al., 2017; Mukasa et al., 2017; Ritchie, 

2022; Sadras et al., 2015). Implementation of interventions that improve irrigation 

uniformity have potential yields benefits (Baillie, 2004; A. J. Clemmens & Molden, 

2007; Holzapfel et al., 1985; N. Inman-Bamber et al., 1998; Pérez-Ortolá et al., 

2015; Reinders, 1996; Solomon, 1998). However, the extent to which the 

implementation of such irrigation uniformity improvements impacts on cane 

yields, irrigation water and energy use as well as economics of irrigated cane 

production remains unknown. Thus, the overall aim of this PhD research was to 

evaluate the agronomic, environmental and economic impacts of improving 

irrigation uniformity in sugarcane production in sub-Saharan Africa (SSA). 

The research set out to address the following key questions: 

i. Are there irrigation related opportunities for improving cane yields, water 

and energy use and productivity in SSA? 



 

8 

 

ii. How does irrigation non-uniformity impact on cane yields, water and 

energy use and water productivity? 

iii. How does implementation of interventions to improve irrigation uniformity 

in the sugarcane industry in sub-Saharan Africa impact on the agronomic 

and economic benefits? 

The following research hypotheses were defined and tested in the course of the 

research: 

i. There are opportunities for further improvement in cane yields, and 

reductions in water and energy use in SSA sugarcane production. 

ii. Irrigation non-uniformity has an impact on cane yield, water and energy 

use and productivity. 

iii. Implementation of irrigation uniformity improvement interventions has 

agronomic, environmental and economic benefits. 

1.3 Thesis Structure 

The thesis sets out by initially benchmarking irrigation performance and water 

management practices in selected SSA countries to identify opportunities for 

improving cane yields, water use and productivity (Chapter 2). A biophysical 

model is then selected and used to simulate cane yield response to water using 

field data from a representative cane estate in Malawi (Chapter 3). This is 

followed by the development of a conceptual modelling framework that aids in the 

simulation of the impacts of irrigation heterogeneity on field-scale cane yields, 

water and energy use and productivity (Chapter 4). The conceptual modelling 

framework is then applied to a selected case study in Chapter 5. The key findings, 

methodological limitations and future research prospects are discussed in 

Chapter 6 with conclusions and contributions to knowledge and research drawn 

in Chapter 7. 
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Chapter 2. BENCHMARKING IRRIGATION 

MANAGEMENT PRACTICES FOR THE SUGARCANE 

INDUSTRY IN SUB-SAHARAN AFRICA 

2.1 Introduction 

In irrigated production, the irrigation system (comprising infield equipment, water 

pumping and conveyance and control structures) provides a means for supplying 

irrigation water to the growing crop. While the system is designed to apply water 

via a defined method of application (e.g. surface, subsurface or overhead), it is 

important that it should consider crop water needs and the soil characteristics 

(including texture and depth) in which the crop is growing, in order to minimise 

water wastage or crop stress due to inadequate water supply. Thus, the choice 

and performance of a particular irrigation system has an important bearing on the 

final crop yield.  

Therefore, where crop yields are deemed lower than what might be achieved by 

best management practices or through comparison with industry benchmark 

performance (what is considered attainable), the irrigation system offers options 

for possible yield improvement. Improvements in irrigation system performance 

(with irrigation uniformity as a performance indicator) have been shown to 

improve yields (Baillie, 2004; Holzapfel et al., 1985; Inman-Bamber et al., 1998; 

Pérez-Ortolá et al., 2015; Reinders, 1996). Achieving sustainable and increased 

cane yields would similarly require a commitment towards driving continuous 

improvements in irrigation systems performance. The need to enhance 

sustainable irrigated agricultural production in the face of dwindling water 

resources (Cai & Rosegrant, 2003; Neupane & Guo, 2019), means it is becoming 

increasingly necessary to improve the performance of irrigation systems (Malano, 

et al., 2004) which in turn would improve water use efficiency since inefficient 

irrigation systems negatively impact on crop, energy and water productivity. 

The need for more intensified agricultural production to meet demands for the 

growing population in the face of limiting and finite resources, including water for 

irrigation, demands more sustainable exploitation of these scarce resources. The 
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concept of sustainable exploitation of resources does not only ensure continued 

benefits into the future, but it also ensures that resources are exploited maximally. 

Thus, a sustainably managed farm unit maximizes financial outputs, preserves 

and protects the environment in the pursuit to meet society needs (Dillon et al., 

2009). Quantifying and understanding where and why gaps in performance exist 

is important to make improvements in any operation. The need to establish the 

performance ‘gaps’ to inform the processes required for continuous improvement 

and to ensure sustainable agricultural production has led to the development of 

various methods for assessing and/or evaluating on-farm performance. Among 

the commonly used performance assessment/evaluation methods includes 

baselining and benchmarking.  

A baseline is a point of reference from which performance progress can be 

measured (Satpathy, 2023). Thus, baselining is a process of self-assessment of 

performance from a known point of reference (baseline). It involves comparison 

of performance before and after an intervention or over time (Regoniel, 2013). 

Baselining is essential for performance assessment and measurement and also 

helps providing improvements in the accuracy of future target projections 

(Satpathy, 2023). 

On the other hand, a benchmark is a point of reference (known standard) from 

which a comparison is made (Malano & Burton, 2001). While Malano & Burton 

(2001, p. 1) defined benchmarking as “a systematic process for securing 

continual improvement through comparison with relevant and achievable internal 

or external norms and standards”, in essence benchmarking involves comparing 

or assessing attributes or criteria (key performance indicators - KPIs) of interest 

against known standard or point of reference – benchmark (Malano & Burton, 

2001). It can also involve a self-comparison of performance over time or between 

entities. Such comparison seeks to establish the extent and direction of deviation 

from the point of reference (performance gap). In a way, it is a method of gauging 

one’s performance (Knox et al., 2013). 
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Both baselining and benchmarking are tools can be applied to gauge the 

performance of business entities; however, the contrast between them is that 

baselining compares an entity’s performance against its own historical 

performance whilst benchmarking gauges performance in relation to a given 

standard (regarded to be best practice or result) which can be either internal or 

external. In this research, the identification of opportunities for improvement in 

irrigation management across a number of sugar estates in SSA will be carried 

out. Thus, benchmarking would be an appropriate tool for the assessment as it 

accommodates the comparison of indicators from different entities. 

The application of the benchmarking concept in agriculture, as a way of ensuring 

long-term sustainability of agribusiness and agri-food systems, has gained 

worldwide attention (Knox et al., 2013; Malano, et al., 2004). Benchmarking is a 

well-established technique and has been applied in different sectors including 

healthcare (Dewan et al., 2000), power generation (Andersson et al., 2018; 

Maldonado, 2015), education (Herman et al., 2010; Jaap & Hendriks, 2004), and 

water supply (Suchacek et al., 2018). In recent research, benchmarking has been 

used to assess the productivity and performance of rice irrigation schemes in 

Mauritania (Borgia et al., 2013). Mua et al., (2017) employed the benchmarking 

concept to identify a set of benchmarking indicators to evaluate the environmental 

performance of 55 dairy farms in selected western European countries. Muema 

et al. (2018) applied the concept of benchmarking to quantify and rank the 

irrigation performance of three rice schemes in Kenya. In Asia, Devkotaa et al., 

(2019) applied the benchmarking approach to identify gaps in rice yield, nitrogen 

use efficiency, profit, water productivity, and labour productivity in six countries. 

While working on a Life Cycle Analysis for the production of milk, pork, poultry, 

potato and wheat, Grinsven et al., (2019) used benchmarking concept to compare 

greenhouse gas (GHG) emissions per unit product among selected EU countries. 

In Poland, Lewandowska-Czarnecka et al., (2019) applied the benchmarking 

concept to establish the performance of farms in relation to sustainable 

development in the transformation period before the accession to the EU.  
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Inman-Bamber et al. (1998), Baillie (2004), Greaves (2007) and Karimi et al. 

(2019) applied the technique of benchmarking specifically to irrigated sugarcane 

production. Those studies focused on benchmarking agricultural performance 

using a crop modelling approach (Inman-Bamber et al., 1998), benchmarking 

irrigation management practices (Baillie, 2004), and benchmarking water inflows 

and outflows (to determine efficiency of water storage and conveyance 

structures) using a water accounting approach (Greaves, 2007) and identifying 

high and low performing sugarcane growers using remotely sensed irrigation 

performance indicators (Karimi et al., 2019). All the studies, except for Karimi et 

al., (2019), focused on how the performance of a given farm unit (estate) varied 

over time. While such comparisons would be essential for continuous 

improvement on a specific estate, they are of less importance to someone who 

would like to consider how benchmarking can be used to assess variations in 

performance across different estates. The work of Karimi et al., (2019) focused 

on establishing the utility of satellite-based ET products for improving irrigation 

management and how to establish irrigation performance indicators that were 

sensitive to different land holding sizes, management regimes, locations and 

types of irrigation systems in Eswatini. For example, it was determined that estate 

managed sugarcane farms were more water productive compared to farms 

managed by communities and individuals.  

2.1.1 Aim and Objectives 

The aim of this study was to apply the concept of benchmarking across selected 

Illovo Africa sugarcane estates in southern Africa to evaluate current practices, 

the extent to which irrigation performance varied across the sample and to identify 

opportunities for irrigation management improvement.  

Specifically, the research set out to answer the following questions: 

i. What irrigation systems are used across selected sugarcane estates and 

how does their relative performance impact on water use and crop yields? 

ii. How does cane water productivity vary between different irrigation 

systems and what factors might be responsible? 
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iii. To what extent do water supplies across the estates meet the sugarcane 

crop water requirements and how does the relative water availability 

impact on cane yields? 

iv. To what extent do irrigation water supplies meet irrigation water demands 

and how does the relative irrigation water supplies affect cane yields?  

2.2 Methodology 

A questionnaire was developed to determine data availability and then 

administered to five Illovo Africa estates. The available and appropriate datasets 

were collected and prepared for the determination of a set of benchmarking KPIs. 

A set of KPIs were then defined from the available datasets established from the 

preliminary questionnaire administration to enable the comparison of irrigation 

performance of irrigated sugarcane across the selected estates. Finally, a 

comparison of irrigation performance among the estates was completed. Figure 

2-1 provides an overview of the methodological approach. 
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Figure 2-1: Summarised methodological approach for the irrigation benchmarking 

used in the study 

2.2.1 Study Areas  

The benchmarking approach was applied across five sugarcane estates who 

were all part of the Illovo Sugar (Africa) group and located in Eswatini, Malawi, 

Tanzania and Zambia (Figure 2-2). The four countries are significant cane 

producers that collectively contributed on average >15% of the global cane 

production between 2000 and 2020 (FAOSTAT, 2022). The estates included in 

the study were Nchalo and Dwangwa in Malawi, Kilombero estate in Tanzania, 

Ubombo estate in Eswatini and Nakambala estate in Zambia.  

Identification 
and Planning  

• Type of data available (yield, climate, soil, management practices, variety etc)

• Length of period of data availability (2 years, 5 years, 10 years, 15 years etc) 

• Format of data availability (hardcopy, soft copy e.g. spreadsheet etc)

• Consitency of data availability from one estate to another (including format, type 
and period)

Defining 
Appropriate 

KPIs

• Craft suitable/appropriate KPIs from the available datasets

• Match KPIs and aim and objectives of the study 

Data 
collection

• Retrieve all the required datasets

• Maintain consistence in the process (type, format, integrity, length etc)

Data Analysis

• Presence of significant differences in KPIs between entities

• Trends and rates of change

• Performance gaps

• Possible reasons
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Figure 2-2: Location of the five estates involved in the irrigation 

benchmarking study 

2.2.2 Data Collection 

A preliminary questionnaire was developed and administered to the five estates. 

The managers responsible for irrigation were requested to complete the 

questionnaire with information that initially aimed to establish data availability for 

the benchmarking exercise including data types, sources and length of period 

over which data recording had been undertaken.  

The preliminary questionnaire established that each of the estates record and 

keep seasonal data on annual crop yields, cane varieties, seasonal net irrigation 

application depths, crop water requirements, local climate (rainfall, minimum and 

maximum temperature, wind speed, relative humidity, and solar radiation) and 

data on the different areas of cane under each type of irrigation system. Following 

the administration of the questionnaire, a series of online meetings were then 

held with the estate managers to clarify the data requirements and the 
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recommended format. Through these meetings, it was established that all the 

estates had an information management system that handles all the production 

records called Canepro (SQR Software, 2023). However, each estate had 

datasets spanning different time periods, for example, Dwangwa estate had 

records for 1979 to 2019, Kilombero estate was for 2001 to 2019, Nakambala 

estate was for 2000 to 2019, Nchalo estate was for 1992 to 2019, while Ubombo 

estate was from 2000 to 2019. However, application of data quality checks 

(including accuracy, completeness and consistency) showed that the quality of 

the data across the estates improved between 2009 and 2019. Thus, datasets 

spanning the period from 2009 to 2019, were retrieved from each estates’ 

CanePro database and used for the calculation of the defined KPIs.  

It was also established that the estates adopted the reference cane 

evapotranspiration (ETcane) approach in the determination of crop water 

requirements for the sugarcane crop. This approach follows the technique 

outlined in the work of Inman-Bamber & McGlinchey (2003). The estates 

calculate ETcane from daily weather data collected from their automatic weather 

stations located on each estate. Thus, all the estates employed a similar method 

for determining their irrigation water requirements. 

In general, it was observed that all estates followed similar practices including 

record keeping, their determination of crop water requirements, and irrigation 

management scheduling. The similarity of these practices across the estates was 

particularly important as it provided a useful common platform for conducting the 

benchmarking exercise.    

2.2.3 Defining Key Performance Indicators 

Having established the data availability form each estate, a set of KPIs were 

defined. Agricultural productivity and irrigation and water supply KPIs were used 

in this study. Table 2-1 summarises the KPIs and datasets that were required for 

their calculation. 
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Table 2-1: Key performance indicators (KPIs) and corresponding data 

requirements 

Domain 

Key 

performance 

indicator (KPI) 

Data requirement 

Agricultural productivity 

Irrigation system 

productivity (t/ha) 

• Cane yield (t) under given system 

• Harvested area (ha) under each 

system 

Water productivity (kg/m3) 

• Total cane yield (t) 

• Total harvested area (ha) 

• Seasonal irrigation water use (mm) 

• Total effective rainfall (mm) 

Irrigation system 

operation 

Relative water supply 

• Seasonal crop water requirement 

(ETc – mm) 

• Seasonal irrigation water use (mm) 

• Seasonal effective rainfall (mm) 

Relative irrigation supply 

• Seasonal crop water requirement 

(ETc – mm) 

• Seasonal irrigation water use (mm) 

• Seasonal effective rainfall (mm) 
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2.2.3.1 Irrigation systems productivity 

Irrigation system productivity in this study was defined as the cane yield (t/ha) 

under a given irrigation system. In an ideal situation, no significant differences in 

performance are expected from a given irrigation system from place to place. 

Differences in performance would likely be an indicator of poor irrigation 

management practices in the low performing estate. Thus, irrigation system 

productivity (yield tonnage per unit area of a given irrigation system) was used as 

a benchmarking indicator to gauge the performance of given irrigation systems 

from one estate to another. The common irrigation systems across the five 

estates were identified to determine their respective crop productivities. Crop 

yields (sugarcane yield tonnage per unit area) under each irrigation system 

common to the five estates were compared to gauge the performance of each 

system across the estates.  

The irrigation system productivity (SP) in t/ha for each estate was determined by 

equation (1) 

𝑆𝑃 =  
𝑦𝑖𝑟𝑟 𝑠𝑦𝑠

𝑎𝑖𝑟𝑟 𝑠𝑦𝑠
 (1) 

Where yirr sys is the cane production under the given irrigation system (t) and airr 

sys is the corresponding harvested area under the irrigation system (ha). 

2.2.3.2 Water productivity 

Ali & Talukder (2008) defined water productivity as the amount of yield produced 

per unit volume of water consumption. Cai & Rosegrant (2003) argued that water 

consumption includes both beneficial and non-beneficial water consumption and 

such water volumes could be ‘green’ water (effective rainfall) for rain-fed crops 

and/or ‘blue’ water (net irrigation) for irrigated crops. In this research the definition 

of water consumption as proposed by Cai & Rosegrant (2003) was extended to 

represent the total volume of water made available to the growing crop (both 

effective rainfall and net irrigation). With the extended definition, the net water 

volume includes both the beneficially consumed water (which has a direct 
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contribution to crop growth and yield) and non-beneficially consumed water 

(which has no direct contribution to crop growth and yield including evaporation 

losses, surface run-off and deep percolation losses). High water productivity is 

likely a result of proper irrigation water management practices including correct 

irrigation scheduling (amount and timing of water application), efficient irrigation 

systems (less non-beneficial water consumption), and higher crop yield as a 

result of improved beneficial water consumption and reduced crop stress.  

The water productivity (WP) in kg/m3 were determined by equation (2) 

 𝑊𝑃 = 10,000 (
𝑦𝑡𝑜𝑡𝑎𝑙

(𝑖𝑛𝑒𝑡 +  𝑟𝑒𝑓𝑓) ∗ 𝑎𝑡𝑜𝑡𝑎𝑙

) 
(2) 

 

Where ytotal is the total cane yield (t), inet is the net irrigation application depth 

(mm), reff is effective rainfall (mm) and atotal is the total harvested area (ha). 

2.2.3.3 Relative water supply (RWS) 

Sakthivadivel et al. (1993) and Kloezen & Garcés-Restrepo (1998) defined 

relative water supply (RWS) as the total amount of water made available to the 

crop from all sources including rainfall, groundwater and irrigation in relation to 

the theoretical crop water demand (ETcrop). It indicates relative water abundance 

or shortage during the season and overall water availability. The total crop water 

demand includes consumptive use, non-beneficial ET, losses to drains, and net 

flow to groundwater (Kloezen & Garcés-Restrepo, 1998). It includes water 

supplies from sources that are almost impossible to schedule and control like 

rainfall and groundwater, hence not necessarily a good measure of irrigation 

performance. However, it indicates the extent of water availability to the growing 

crop which is the basis for proper water resources management – one needs to 

know the total available water resources to plan efficient water allocations. RWS 

value greater than 1 indicates an over-supply and RWS less than 1 indicates 

insufficient water supply. 

The RWS values were determined by equation (3) 
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 𝑅𝑊𝑆 =
𝑖𝑛𝑒𝑡 +  𝑟𝑒𝑓𝑓

𝐸𝑇𝑐
 (3) 

Where inet is the net irrigation application (mm), reff is effective rainfall (mm) and 

ETc is the crop water demands (mm). 

2.2.3.4 Relative irrigation supply (RIS) 

Relative Irrigation Supply (RIS) is the water supplied via irrigation in relation to 

irrigation water demand (Kloezen & Garcés-Restrepo, 1998). It indicates how well 

an irrigation system meets irrigation water demands. While RWS takes into 

consideration of the total crop water requirements, RIS is only concerned with the 

irrigation water demand – the difference between total crop water demand and 

the water supplied from other sources like rainfall and groundwater (Kloezen & 

Garcés-Restrepo, 1998). It is a better measure of irrigation performance as it 

considers only water supplied to the crop via irrigation, which can be scheduled, 

controlled, and managed. While an ideal RIS is equal to 1, a RIS value higher 

than 1 signals over-irrigation and RIS less than 1 suggests under irrigation. 

The RIS values were calculated by equation (4) 

 𝑅𝐼𝑆 =
𝑖𝑛𝑒𝑡

(𝐸𝑇𝑐 −  𝑟𝑒𝑓𝑓)
 (4) 

Where the parameters inet, reff and ETc are as defined in equation 3. 

2.2.4 Data Analysis 

For each estate dataset and variable, the KPI values were estimatedand 

statistically compared between each estate to establish the performance trends 

for each KPI. Analysis of variance (ANOVA) was also performed on each of the 

calculated KPI values to establish statistical significance of the levels of variation 

across the estates. 
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2.3 Results 

2.3.1 Crop Water Requirements, Rainfall and Irrigation Water Use 

The seasonal and mean crop water requirements for each estate between 2009 

and 2019 are presented in Figure 2-3. While insignificant differences in seasonal 

crop water demands (p>0.05) were observed between Nchalo, Kilombero and 

Nakambala estates, there were significant differences in mean crop water 

requirements between Dwangwa and Ubombo estates. However, the average 

crop water requirements for both Dwangwa and Ubombo estates were 

significantly lower than those for Nchalo, Kilombero and Nakambala estates.  

Reported rainfall figures across the five estates were also compared. A 

comparison of the seasonal variation in rainfall and mean rainfall among the 

estates over the study period is presented in Figure 2-4. As can be observed, 

significant differences (p<0.05) in rainfall were observed between the five estates. 

Kilombero estate had the highest mean rainfall (1236 mm) while Ubombo estate 

had the lowest (585 mm). 

Figure 2-5 shows the average and variation in irrigation application depths at 

each estate between 2009 and 2019. Significant differences (p<0.05) in average 

irrigation depth were observed across all estates. Overall, the average irrigation 

applications for Nchalo were significantly higher than those of the other estates 

and Kilombero had the lowest irrigation applications.  
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Figure 2-3: Variation in crop water requirements (mm) between the 5 individual 

estates based on data from 2009 to 2019. The point inside the box denotes the 

average crop water requirements, the upper and lower whiskers represents the 

maximum and minimum crop water requirements, respectively within the period 

and the letters on each boxplot denote significant differences between estates. 

Estates with same letters are not significantly different from each other  
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Figure 2-4: Comparison of annual rainfall averages between the 5 individual 

estates based on met data from 2009 and 2019. The letters on each boxplot denote 

significant differences between estates. 



 

24 

 

 

Figure 2-5: Comparison of irrigation application depths (mm) between the 5 

individual estates based on data from 2009 to 2019. The letters a, b and c denote 

significant differences between estates. 

The irrigation applications for each system used on each estate over the study 

period is presented in Figure 2-6. The comparison between the centre pivot and 

furrow systems at Dwangwa estate showed that centre pivot applied significantly 

more water (p<0.5) than the furrow systems. No significant differences (p>0.05) 

in irrigation applications were observed between the centre pivot, furrow and 

sprinkler systems at Kilombero estate. At Nakambala estate, all the three systems 

(centre pivot, furrow and sprinkler) applied significantly different (p<0.05) 

amounts of water with the centre pivot and sprinkler systems reporting the highest 

and lowest water applications, respectively. Insignificant differences (p>0.05) in 

water applications were observed between the centre pivot and furrow systems 

at Nchalo estate, but the water applications for each of them was significantly 

lower than that of the sprinkler system. The amounts of water applied under the 

furrow and sprinkler irrigation systems at Ubombo estate were significantly 
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different, however their respective applications were not significantly different to 

that of the centre pivot.  

The KPI analysis of irrigation applications by system (Figure 2-7) revealed 

significant differences (p<0.05) in centre pivot applications from one estate to 

another. Comparisons of water applications under the furrow system at each 

estate was significantly different (p<0.05) except for at Nakambala and Ubombo. 

Also, there were significant differences in water applications under the sprinkler 

system between estates, except for Kilombero and Nakambala.  

 

Figure 2-6: Comparison of irrigation application depths (mm) by irrigation system 

across all estates. The letters on each boxplot denote significant differences 

between irrigation systems. Systems with same letters are not significantly 

different from each other 
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Figure 2-7: Irrigation application depths comparison by irrigation systems from 

one estate to another (2009 - 2019). The letters on each boxplot denote significant 

differences between estates. Estates with same letters are not significantly 

different from each other 

2.3.2 Irrigation Systems and Cane Productivity 

It was established that centre pivot, furrow and sprinkler systems were the 

dominant methods of water application (80%) used on the estates (Table 2-2). 

The other 20% of estates (Dwangwa) did not have sprinkler or drip irrigation 

systems. While the analysis included sprinkler systems it excluded drip irrigation 

systems even it was used on some estates because the period of use was not 

sufficient to conduct a statistically meaningful comparison. Some estates had 

only used drip system for one or two seasons, for example. 

Cane yield average for each estate between 2009 and 2019 are shown in Figure 

2-8. As can be observed, the yields had been highly variable within estates over 

the period under consideration. The average crop yields for each estate showed 
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significant variation (P<0.05) from one place to another. On average, the cane 

yields ranged between 83.90 t/ha and 108.89 t/ha with Dwangwa estate being 

the highest performer and Kilombero being the lowest.  

Table 2-2: Summary of irrigation systems in use at each estate between 2009 and 

2019. 

Irrigation 

type 
Irrigation System Nchalo Dwangwa Kilombero Ubombo Nakambala 

Surface Furrow ✔ ✔ ✔ ✔ ✔ 

Overhead 

Sprinkler ✔  ✔ ✔ ✔ 

Centre pivot ✔ ✔ ✔ ✔ ✔ 

Micro Drip ✔  ✔ ✔ ✔ 

 

 

Figure 2-8: Variations in annual cane yields (t/ha) by estate (2009 – 2019). The 

letters on each boxplot denote significant differences between estates. Estates 

with same letters are not significantly different from each other 
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The different irrigation systems used on each estate produced significantly 

different cane yield averages (Figure 2-9). No significant differences (p>0.05) in 

cane yields between irrigation systems were observed at Dwangwa (for furrow 

and centre pivot) and at Kilombero estate (for centre pivot, furrow and sprinkler). 

However, at Nakambala, Nchalo and Ubombo cane yields under each respective 

irrigation system (centre pivot, furrow and sprinkler) were significantly different 

(p<0.05) from each other. The centre pivot systems produced significantly higher 

yields at Kilombero, Nakambala, Nchalo and Ubombo while the sprinkler systems 

produced significantly lower yields at the same estates over the period of study.    

Significant yield differences (p<0.05) were also observed for the irrigation 

systems between each estate (Figure 2-10). Fields irrigated using the centre 

pivots at Dwangwa, Nakambala and Nchalo showed no significant differences in 

cane yields. However, the centre pivot fields at Kilombero and Ubombo showed 

significant yield differences although yields were significantly lower than those of 

Dwangwa, Nakambala and Nchalo estates. Cane yields for the centre pivot 

system across all estates ranged between 92.92 and 110.6 t/ha. A comparison 

of furrow irrigated fields at each estate showed significant yield differences 

(p<0.05). The average yields from furrow irrigated fields ranged between 85.47 

t/ha and 111.77 t/ha. There were no significant differences in average cane yields 

for sprinkler irrigated fields across all five estates (Dwangwa, Kilombero, 

Nakambala, Nchalo and Ubombo).  
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Figure 2-9: Cane yield variations by irrigation system within estates. The letters on 

each boxplot denote significant differences between irrigation systems. Systems 

with same letters are not significantly different from each other 
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Figure 2-10: Cane yield variation (t/ha) by estate within irrigation systems (2009-

2019). The letters on each boxplot denote significant differences between estates. 

Estates with same letters are not significantly different from each other 

2.3.3 Water Productivity 

Figure 2-11 shows the variations in water productivity at each estate between 

2009 and 2019. In general, the water productivities at Dwangwa, Kilombero and 

Nchalo estates were not significantly different (p>0.05). On the other, the water 

productivities at Nakambala and Ubombo were significantly different from the 

other estates with Nakambala having the highest average water productivity (7.8 

kg/m3).  

A comparison of water productivity between irrigation systems at each estate is 

presented in Figure 2-12. At Dwangwa, no significant differences (p>0.05) were 

observed between furrow and centre pivot systems. Similarly, at Kilombero there 

were no significant differences (p>0.05) across the three systems (centre pivot, 

furrow and sprinkler). Nakambala, Nchalo and Ubombo estates showed 
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significant differences across their respective irrigation systems. The centre pivot 

system had the highest water productivity at both Nchalo and Ubombo whilst 

furrow system was the most productive system at Nakambala. At three estates 

(Nakambala, Nchalo and Ubombo) the sprinkler system had the lowest water 

productivity.          

 

Figure 2-11: Water productivity variation between estates (2009 - 2019). The letters 

on each boxplot denote significant differences between estates. Estates with same 

letters are not significantly different from each other 

Figure 2-13 shows the variation in water productivities by irrigation system 

between 2009 and 2019. Ubombo estate’s centre pivot system was the most 

water productive (7.5 kg/m3) and Dwangwa and Kilombero estates’ centre pivots 

were jointly least productive (4.3 and 5.1 kg/m3, respectively). Nakambala’s 

furrow fields were the most productive (7.5 kg/m3) whilst water productivities at 

Dwangwa, Kilombero and Nchalo were the lowest (5.1, 5.6 and 5.2 kg/m3, 

respectively). Ubombo estate had the highest sprinkler water productivity (6.7 
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kg/m3) while Kilombero and Nchalo estates’ sprinkler fields were the least water 

productive (5.1 and 4.6 kg/m3, respectively).  

 

Figure 2-12: Variation in water productivity between irrigation systems within 

estates (2009 – 2019). The letters on each boxplot denote significant differences 

between irrigation systems. Systems with same letters are not significantly 

different from each other 
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Figure 2-13: Water productivity variation at each estate between 2009 and 2019. 

The letters on each boxplot denote significant differences between estates. 

Estates with same letters are not significantly different from each other 

2.3.4 Relative Water Supply (RWS) 

The calculated RWS across the five estates between 2009 and 2019 are 

presented in Figure 2-14. There were significant variations in the RWS across the 

estates (Figure 2-15). At Dwangwa there was a consistent over-supply of water 

(34%, on average, each year) while at Nchalo and Ubombo there was a more 

variable situation with the total water supply above crop water requirements in 

some years but inadequate in other years. Nakambala and Kilombero also 

showed consistently inadequate water supplies to meet crop water requirements. 

On average, Nchalo had 13% over-supply each year while Kilombero, 

Nakambala and Ubombo had average water supply deficits of 13%, 25% and 1% 

each, respectively. 



 

34 

 

 

Figure 2-14: Relative water supply (RWS) for each estate between 2009 and 2019 
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Figure 2-15: RWS variations within estates between 2009 and 2019. The letters on 

each boxplot denote significant differences between estates. Estates with same 

letters are not significantly different from each other 

2.3.5 Relative Irrigation Supply (RIS) 

The estimated RIS for each estate is summarised in Figure 2-16 and shows 

statistically significant (p<0.05) variations between each estate (Figure 2-17). At 

Dwangwa there was consistent over-irrigation (on average 105% over-irrigation 

per year). At Nchalo there was on average 23% over-irrigation but with consistent 

under-irrigation between 2016 and 2019 while at Ubombo, Kilombero and 

Nakambala there was an average of 2%, 26% and 40% under-irrigation per year, 

respectively. 
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Figure 2-16: Relative irrigation supply (RIS) for each estate between 2009 and 2019 
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Figure 2-17: Variation in RIS within estates between 2009 and 2019. The letters on 

each boxplot denote significant differences between estates. Estates with same 

letters are not significantly different from each other 

2.4 Discussion 

Significant variations were observed in reported crop yields, water productivity, 

RWS and RIS both within individual estates and between estates. Such 

differences are likely due to the impacts of water supply availability and irrigation 

management (scheduling) practices at each estate. Crop yield variations are 

expected between different locations due to the spatial differences in crop yield 

potential as a result of differences in factors influencing crop production including 

local agro-climate, soils and water availability. However, significant variations in 

water productivity in irrigated production are a sign of poor irrigation management 

practices, resulting in lower water productivities and irrigated yield benefits not 

being fully maximised. Thus, there were opportunities to improve the irrigated 
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yield benefits at Dwangwa, Kilombero and Nchalo estates as they were 

characterised as having the lowest water productivities. 

While it is acknowledged that the genetic characteristics for specific cane 

varieties determines levels of pest and disease resistance, drought tolerance, 

ratooning suitability, harvesting characteristics (Dumont et al., 2019), and hence 

yielding capabilities; this research did not consider the extent to which these traits 

impacted on yields and water productivity. Thus, only the water supply and 

irrigation water management components of the environment in which the cane 

is grown were considered as likely causes of yield variability. The assumption 

that cane yields in the selected estates were impacted by irrigation water 

management practices was made considering that the estates under 

consideration were part of the same company (Illovo Africa group) and thus the 

rest of crop husbandry practices (including land preparation, weed control, and 

crop nutrition) were assumed to be uniform across the estates. This assumption, 

however, might not always hold and might have affected the results, especially 

the crop yields differences between estates. 

Due to unavailability of appropriate data, the RWS and RIS were estimated at 

estate level rather than field level. Such spatial resolution had a potential to 

overshadow the possible differences in total water and irrigation water supplies 

across the estates. For example, it was observed that irrigation water uses 

significantly varied across systems with centre pivot system applying the most 

water and sprinkler system applying the least, on average. However, the average 

RIS might signal overirrigation at estate level due to the high-water application in 

centre pivots while obscuring the underirrigation in the sprinkler systems.      

2.4.1 Irrigation System and Cane Productivity 

In general, all estates reported yields below 120 t/ha which is considered globally 

to be “good” for irrigated sugarcane (Steduto et al., 2012). However, 

Waclawovsky et al. (2010) reported that actual commercial yields for irrigated 

sugarcane typically range between 80 and 150 t/ha while Hess et al. (2016) 
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estimated average productivity of 98 t/ha for irrigated cane. The commercial yield 

criterion makes Kilombero estate the only estate to fall outside the lower range. 

The performance (in terms of crop yield) of the different irrigation systems varied 

from one estate to the other. While the differences in irrigation system yield 

productivity between estates could be due differences in crop yield potential of 

the localities in which the cane was grown, it could also be an indication of 

differences in irrigation management practices. For example, it was observed that 

Dwangwa estate cane yields under the centre pivot and furrow systems were not 

significantly different from each other despite the irrigation applications being 

significantly different. Similarly, at the other estates (Kilombero, Nakambala, 

Nchalo and Ubombo) the systems that applied the highest irrigation applications 

did not deliver the highest yields. This could be an indication of poor irrigation 

management practices (including scheduling) and means that the potential yield 

benefits from irrigation were not being maximised.   

2.4.2 Water Productivity 

Svendsen et al. (2009) reported that average sugarcane water productivities for 

Eswatini, Malawi, Tanzania and Zambia were 14.20, 11.56, 10.24 and 12.55 

kg/m3 respectively. The estimated water productivities for all five estates  were 

below these reported potential productivity figures for each corresponding 

country. Hess et al. (2016) reported that irrigated sugarcane productivity is almost 

threefold higher than that for rain-fed cane production. However, the impact of 

irrigation can only be maximized if it is applied at the right time and in the right 

amount. The need for precise triggering of irrigation requires appropriate irrigation 

scheduling. The water productivity trends across the five estates showed that 

there is scope for improvement in scheduling practices that should be exploited. 

2.4.3 RWS and RIS 

It was observed that for all estates in many instances, the RIS values were rarely 

close to the ideal value (1.0). While RIS values of <1.0 indicate an inadequate 

mount of irrigation, any divergency (positive or negative) could also imply poor 
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irrigation management (including scheduling). Irrigation is meant to supplement 

rainfall to support cane production and applied when rainfall is insufficient to meet 

crop water requirements. The gap between actual and ideal RIS values highlights 

the need for improved scheduling including accurate in-situ monitoring of soil 

moisture fluctuations. 

While high yields are associated with adequate water supplies, adequate water 

supply on its own is of no use in the absence of appropriate water management. 

The management of irrigation determines the level of consistency in output of 

operations as adequate water management limits excessive non-beneficial water 

losses, reduces the costs of pumping, and can improve crop yield and quality. 

While rainfall and irrigation were both considered as the major water supplies for 

production in this study, much emphasis was directed to the impact of irrigation 

on yields as irrigation offers the flexibility to be managed and controlled for 

maximum benefit. 

2.5 Conclusions 

Various irrigation methods are used in SSA cane production including overhead 

(centre pivot and sprinklers), localised or micro (drip), and surface (furrow). The 

irrigation water use across the systems showed that centre pivot system uses the 

most water while the sprinkler system uses the least with furrow system falling in 

between. Further, the crop yields and water productivities under each system 

(from one estate to another) were not only variable, but also showed significant 

spatial differences.  

On the other hand, significant spatial and temporal differences were observed in 

both total water and irrigation water supplies across SSA. Despite the significant 

differences in irrigation water uses between irrigation systems, estate level 

averages showed that most of the estates met the irrigation water requirements 

of their cane. This finding, however, needs further exploring as the water supplies 

were considered at estate levels and not field level (due to lack of appropriate 

data). Such level of spatial resolution obscured potential impacts of irrigation 

systems on water use. This implies that there are opportunities for maximizing 
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the benefits from irrigated cane production in SSA. Such benefits may include 

increased cane yields, improved water productivity, reduced cost of irrigation 

operations and increased returns. 

 

Chapter 3. CROP MODEL SELECTION AND 

PERFORMANCE ASSESSMENT  

3.1 Introduction 

An over-simplified adage of crop yield maximization is that, “in order to achieve 

high crop yields it is fundamental to maximize the extent and duration of radiation 

interception, use the captured energy in an efficient photosynthesis process; 

partition the new assimilates in ways that provide optimal proportions of leaf, 

stem, root and reproductive structures and maintain the process at a minimum 

cost” (Cock, 2003, p. 6). However, the process of how crops produce and partition 

assimilates is not as straightforward as it sounds; it involves extremely complex 

and dynamic processes and some mechanisms underlying such processes are 

yet to be established (Ainsworth and Rogers, 2007). The lack of comprehensive 

understanding of all the mechanisms underlying the physiological processes 

responsible for crop growth and development makes it hard for crop scientists to 

pinpoint a single process that needs to be controlled for maximum water 

productivity (Banda, 2019). Observing and assessing yield response to varying 

water application levels via fieldwork and/or controlled experimental setup is not 

only laborious and time consuming; it is also an expensive process (Andarzian et 

al., 2011). 

The past fifty years have seen crop modelling develop into a valuable scientific 

discipline, more so due to the advancement in crop and environmental sciences 

as well as in computing technologies (Singels, 2014). Thus, the development and 

readily availability of crop models have simplified methods of understanding the 

impacts of different scenarios on crop growth and development and ultimately on 

crop yields.  
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While Bouman et al. (1996) defined a model as a basic illustration of a system 

with the system being finite part of reality that contains interconnected 

components, Singels, (2014, p. 542) defined crop modelling as “the construction 

of mathematical analogues of the cropping system and their use in dynamic 

simulation of constituent processes by numerical integration with the use of 

computers”. Thus, a crop model could be defined as a simplified representation 

of the crop system that contains interrelated elements that mimics the processes 

for crop growth and development in response to corresponding requirements (for 

example water, nutrients, sunlight and temperature) by means of algorithms run 

on computers. Crop models have been used to understand the impacts of 

different production scenarios in sugarcane farming. As such various models 

have been developed and used specifically for sugarcane including DSSAT 

Canegro(Inman-Bamber, 1991; Singels and Bezuidenhout, 2002), APSIM-

Sugarcane (Keating et al., 1999), CANESIM (Singels and Paraskevopoulos, 

2017) and AquaCrop (Raes et al., 2009). Models have an ability to assess the 

impacts of different factors affecting yields and derive optimal input – output 

conditions for different scenarios (Andarzian et al., 2011). Models assist in the 

understanding of new knowledge, analysis of scientific hypotheses and situation 

analyses, strategic and tactical decisions (Singels, 2014).  

3.1.1 Approaches to Crop Modelling 

There are two main approaches to crop modelling and these are the functional 

(empirical) modelling approach and the mechanistic (process-based) modelling 

approach (Singels et al., 2010). The empirical approach to modelling simplifies 

intricate crop growth processes and emphasises on macro-growth processes. 

Empirical models are suitable for large scale simulations (Vanuytrecht et al., 

2012) and are often employed to support management decisions (Singels 2014). 

On the other hand, mechanistic approach to modelling aims to develop an in-

depth understanding of the cropping systems and how plant growth and 

development processes relate to each other. Mechanistic models are mainly 

used in research (Singels, et al., 2010; Singels, 2014; Vanuytrecht et al., 2012). 
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Empirical models have advantages over mechanistic models in that they are less 

intricate and are easier to use and understand. They also require less input 

parameters that are mostly easier to obtain. However, empirical models employ 

generic algorithms which could result in less accuracy.  

3.1.2 Crop Growth Engines in Crop Modelling 

At the centre of any crop growth and development model, is a mechanism that 

controls biomass accumulation processes. There are three main approaches to 

biomass accumulation employed in crop modelling and these are (i) carbon - 

biomass conversion, (ii) conversion of intercepted solar radiation into biomass 

and (ii) transpiration – biomass conversion (Singels, 2014). As a result, models 

fall into three main categories based on the growth engine employed in the 

accumulation of biomass. 

3.1.2.1 Carbon-Driven Models 

The carbon – biomass conversion approach to biomass accumulation is based 

on the assumption that biomass is mainly composed of cellulose, hemicellulose, 

lignin, extractives/volatiles and ash, of which carbon (C) is a major component 

(Williams et al., 2017). Plants get C from the atmosphere via their stomata in the 

process of photosynthesis. Use of plant photosynthetic rate, in turn, helps to 

estimate how much C the plant receives in a day that could contribute to biomass 

accumulation (Figure 3-1). Thus, knowledge of carbon assimilated over a given 

period would lead to the estimation of the amount of biomass generated over the 

period. 
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Figure 3-1:  Biomass estimation pathway in carbon-driven crop models (adapted 

from Mokonoto (2018)). The processes not required in the modelling process have 

been greyed out. 

3.1.2.2 Radiation-Driven Models 

There is a direct relationship between radiation and biomass (Monteith, 1977) 

and studies on different crops have shown that radiation use efficiency (RUE) of 

well-watered crops (RUEo) is stable over different growing conditions for a given 

species (Singels, 2014). This is the understanding on which the radiation use 

conversion to biomass approach is based. The knowledge of the radiation 

interception of the crop and associated RUE help in the estimation of biomass in 

this approach. In the use of radiation use conversion approach to estimate crop 

productivity, data on radiation intercepted by the crop is a requirement. The 

method is less intricate and has fewer data requirements than the carbon 

conversion approach since lower-level processes and parameters (such as leaf 

photosynthetic efficiency) are taken care of in the reference radiation use 

efficiency (RUEo) parameter (Singels, 2014). The estimation of biomass in 

radiation-driven models follow route (b) as shown in Figure 3-2. 
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Figure 3-2: Biomass estimation pathway in radiation-driven crop models (adapted 

from Mokonoto (2018)). The processes not required in the modelling process have 

been greyed out. 

3.1.2.3 Water-Driven Models 

Water-driven models exploit the direct relationship between transpiration (T) and 

biomass. de Wit (1958) established a linear relationship between seasonal 

transpiration and biomass production, whose slope represents crop water 

productivity (WP). Steduto et al. (2007) showed the conservative nature of WP 

when normalised with reference evapotranspiration (ETo). Knowledge of the 

amount of water transpired by a crop and WP makes the estimation of biomass 

production possible. The conservative nature of normalised WP makes water 

driven models robust (Steduto, 2006) as reported by Mokonoto (2018). Biomass 

estimation in water-driven models follow route (c) as shown in Figure 3-3. 
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Figure 3-3: Biomass estimation pathway in water-driven crop models (adapted 

from Mokonoto (2018)). The processes not required in the modelling process have 

been greyed out. 

3.1.3 Sugarcane Crop Models 

Several crop models were reviewed to identify those commonly used models for 

cane modelling. The models reviewed were then compared for their suitability on 

the basis of purpose, applicability, accuracy and data requirements. The model 

suitability criteria included the ability to simulate cane yield on daily time step, 

determination of the soil water balance, the ability to define irrigation scheduling 

criteria, biomass simulation, and soil and crop characteristics handling.  

3.1.3.1 Agricultural Production Systems Simulator (APSIM) 

APSIM – Sugarcane model (Keating et al., 1999) is one of the widely used models 

for sugarcane crop growth and development simulation (O’Leary, 2000). It is 

embedded within the Agricultural Production Systems Simulator (APSIM) 

(Keating et al., 2003). APSIM – Sugarcane is a radiation-based model that 

considers radiation use efficiency (RUE) of the crop to determine biomass 

accumulation (Jiang et al., 2017). The RUE approach to the determination of 
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biomass accumulation, as applied in APSIM, assumes that the radiation use 

efficiency does not vary across crops.  

APSIM – Sugarcane has been employed in numerous applications around the 

world, including assessment of potential and attainable sugarcane yield in 

Mauritius (Cheeroo-Nayamuth et al., 2000), the development of a decision 

support system for the design of optimal water storage for sugarcane irrigation 

(Lisson et al., 2003) and examining the effects of different crop planting times and 

harvest age on productivity (McDonald & Lisson, 2001). APSIM – Sugarcane was 

also used in the benchmarking of sugarcane yields in Australia (Muchow et al., 

1997) and for the estimation of nitrogen losses from irrigated and rain-fed 

sugarcane cropping systems used in Australia (Stewart et al., 2006; Thorburn et 

al., 2010; Webster et al., 2009). In a quest to evaluate the merits of breeding for 

drought resistance and improved water-use efficiency, Inman-Bamber (2007) 

used APSIM-Sugarcane model to assess the economic effects of water stress on 

sugar production as well as investigating the optimum timing of limited irrigation 

water in Australia (Inman-Bamber et al. 1999) as reported by  Singels (2014). 

Singels (2014) reported that O’Leary (2000) established that APSIM simulated 

green biomass, fresh cane yield and sucrose mass with reasonable estimated 

root mean square error (RMSE). Furthermore, Singels (2014) reported that 

Cheeroo-Nayamuth et al. (2000) concluded that the model’s performance was 

reasonable in simulation of LAI, above ground biomass, cane yield and sucrose 

yield for four crops grown in Mauritius after calibration. However, Keating et al. 

(1999) observed that the model’s simulation on effects of water stress on sucrose 

build-up was not accurate, even though it accurately simulated the LAI and 

biomass responses. The model over-estimated yields towards the end of the 

season, most likely due to poor simulation of LAI and culm senescence (Keating 

et al., 1999). 

3.1.3.2 AquaCrop 

FAO’s AquaCrop, is one of the crop models that has been successfully used on 

different crops around the world (Heng et al., 2009). It is a water-based crop 
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model that simulates plant processes at the canopy level for a point in the field. 

It considers climate, crop characteristics, field, and management inputs to 

simulate crop growth and hydrological processes on a daily time step (Raes et 

al., 2009). AquaCrop considers water fluxes to determine crop yield responses 

based on daily transpiration (Raes et al., 2009) and exploits the strong connection 

between transpiration and biomass accumulation to estimate biomass production 

and yield (Singels, 2014). The robustness of AquaCrop makes it easy to adjust 

for a wide variety of crop types including grains, tubers, and forage crops (Steduto 

et al., 2012). Furthermore, it accommodates a wide variety of soils, field 

management conditions, irrigation techniques and strategies as well as initial 

conditions.  

Pérez-Ortolá et al., (2015) described AquaCrop as a crop model that has 

capability to accurately simulate crop response of biomass, canopy cover and 

yield to variations in weather and irrigation on a daily time scale given the limited 

input data requirement necessary for parameterising the model. While Steduto et 

al., (2012) indicated that AquaCrop is known for its simplicity, robustness and 

accuracy in simulation process, Linker et al., (2016) recommended the AquaCrop 

model as an effective tool for prediction of both total biomass and final yield in 

response to various irrigation strategies with reasonable accuracy. Bahmani and 

Eghbalian (2018) concluded that the AquaCrop model was an appropriate tool to 

simulate sugarcane yields and water productivity under deficit irrigation 

conditions as the model simulated both yield and water productivity with 

reasonable levels of accuracy. 

3.1.3.3 Canesim 

The quest to make sugarcane modelling more accessible, by focusing on 

simplified data requirements and a user friendly interface, led to the development 

of Canesim model (Singels, 2014). This is a daily time step, point-based 

simulation model driven by water, temperature and radiation (Singels and 

Paraskevopoulos, 2017). It circumvents the requirements for (1) detailed input 

data, (2) simulation of layer specific water redistribution and extraction and (3) 
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leaf and tiller development (Singels, 2014) by using a single layer soil module 

and a thermal time driven canopy cover development (Singels & Donaldson, 

2000). The model requires minimum input data on soil available water holding 

capacity, daily temperature, rainfall, and reference cane evaporation (McGlinchey 

& Inman-Bamber 1996) as reported by (Singels, 2014).  

Canesim model has been used in various applications for sugarcane. For 

example, Singels & Smith, (2006) used a web-based version of Canesim known 

as MyCanesim to provide operational irrigation scheduling advice to a group of 

small-scale farmers in Pongola, South Africa. Paraskevopoulos & Singels, (2014) 

used the Canesim model to benchmark crop yield response to irrigation 

scheduling scenarios in 15 sugarcane fields in South Africa. Canesim was also 

used to study the effects of sugarcane lodging on yields and profitability as 

influenced by crop cycle, climate and genotype (Paraskevopoulos et al., 2016).  

In the validation of the Canesim model, Singels et al. (1998) reported on the 

prediction of soil water content (SWC) to within 3 to 6 mm of available water in a 

1.2 m soil profile, while Singels & Donaldson, (2000) reported that the model 

estimated the fractional interception (FI) of photosynthetically active radiation 

(PAR) with a relative error of 21%. It was also able to predict culm and sucrose 

mass with reasonable accuracy (RMSEs of 4.49 and 2.55 t/ha, respectively) on 

the dataset that was also used for the validation of the Canegro model (Singels 

& Bezuidenhout, 2002). In their simulation of NCo376, Singels & 

Paraskevopoulos (2017) concluded that Canesim was acceptable for aerial dry 

mass and stalk dry mass estimation and reasonable for sucrose yield and content 

prediction. They reported that the observed and simulated areal and stalk 

biomasses were strongly correlated (R2 of 0.9229 and 0.8837, respectively) while 

observed and simulated sucrose yields and sucrose content were well correlated 

(R2 of 0.8693 and 0.7211, respectively). 

3.1.3.4 DSSAT Canegro 

The Canegro model was first published by Inman-Bamber (1991) and later, the 

biomass accumulation and partitioning algorithms were amended by Singels & 
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Bezuidenhout (2002). The model considers daily weather data, cultivar and field 

soil properties and management data, as inputs, to simulate sugarcane crop 

growth and development (Singels et al., 2008). It has since become one of the 

leading and extensively used crop model for sugarcane research and 

management (O’Leary, 2000; Singels et al., 2008). It is embedded within the 

Decision Support Systems for Agrotechnology Transfer (DSSAT) (Singels et al., 

2008). 

DSSAT Canegro determines canopy development at the tiller and leaf levels, 

intercepted radiation from leaf area index (LAI), biomass build-up by the radiation 

use efficiency/respiration approach, biomass apportioning to plant components 

using a source‐sink method and water balance by the use of soil-plant-

atmosphere continuum principle (Singels et al., 2008). Photosynthetically active 

radiation (PAR) use efficiency, which is affected by air temperature, water stress 

and growth respiration determines the biomass accumulation in Canegro (Singels 

& Bezuidenhout, 2002). The effects of water stress on photosynthesis and 

canopy development are determined by using two water stress factors which are 

determined by the relationship between transpiration rate and root water uptake 

(Dias & Sentelhas, 2017). 

Oliveira et al. (2018), Jones et al. (2015), Singels et al. (2014) and Knox et al. 

(2010), used DSSAT Canegro model to assess climate change impacts on 

sugarcane production in Brazil, South Africa, Australia and Swaziland, 

respectively. The model was also used to assess the influence of deficit irrigation 

on accumulation and partitioning of sugarcane biomass under drip irrigation in 

commercial varieties (Dias & Sentelhas, 2019; Santos et al., 2019). The model 

was as well employed to assess  potential and attainable yields in South Africa 

(Inman-Bamber, 1995) as well as determining the optimum harvest age and the 

milling season length for whole farms in South Africa (Bezuidenhout et al., 2002; 

Inman-Bamber, 1994). McGlinchey & Inman-Bamber, (1996) used the DSSAT 

Canegro model to assess the effects of irrigation scheduling on water use 

efficiency and yields in South Africa.  
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Singels & Bezuidenhout (2002) used 19 cultivars observed in four experiments 

at three sites in South Africa to validate the Canegro model. The model predicted 

aerial dry mass, culm dry mass, and sucrose with respective RMSEs of 6.94, 5.48 

and 2.6 t/ha and concluded that the performance of the model was reasonable. 

Singels et al. (2010) compared the simulated above ground biomass, green leaf 

area index (GLAI); stalk mass and sucrose mass with measured data from 

Australia, Brazil, South Africa, Thailand, and Zimbabwe. It was established that 

the model estimated the parameters with RMSE ranging from 11 to 45%, 14 to 

26%, 13 to 34%, and 7 to 34% for GLAI, biomass, stalk dry mass, and sucrose 

mass, respectively (expressed as a percentage of the mean measured value). It 

was concluded that the model performance was reasonable considering the wide 

differences in cropping situations and variety types in which it was tested. 

However, it was observed that the model needed improvement in dynamic tiller 

development algorithm for adequate simulation of temperature and radiation 

effects.  

Figure 3-4 shows the summarised data requirements for the DSSAT Canegro 

model. Specifically, it requires data on soil (depth, texture and colour) and plant 

(varieties and genetic make-up) characteristics, climate (including daily rainfall, 

minimum and maximum temperature, relative humidity, windspeed and solar 

radiation) and crop husbandry practices (including planting date and harvesting 

dates, fertilizer application, and irrigation).  
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Figure 3-4: Summarised DSSAT Canegro model simulation and data requirements 

3.1.4 Model Selection 

A summary of the four crop models and how they compare to each other in terms 

of meeting specific selection criteria for this research are presented in Table 3-1. 

As can be observed, both the DSSAT Canegro and APSIM – Sugarcane models 

have fallen short of only one parameter (data requirement and batch processing, 

respectively), making them joint top-most suitable models. O’Leary (2000) 

described both APSIM-Sugarcane and DSSAT Canegro as the most preferred 

and widely used models for the simulation of sugarcane growth and development. 

Jones et al. (2021) and O’Leary (2000) established no significant differences in 

performance between APSIM-sugarcane and DSSAT Canegro models. Thus, a 

trade-off was made between running the simulations in batches with a high data 

requirement model or running a single simulation at a time with minimum data 

requirement model. While minimal data requirement would be an important factor 

in the choice of the model, the current study demanded an evaluation of different 

combinations of irrigation scenarios (different irrigation applications) that required 

running the simulations in batches. This could only be accomplished easily with 
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batch processing. The DSSAT Canegro model met these criteria and was 

therefore considered the most appropriate model for use in this study. 
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Table 3-1: Comparative assessment of each crop model against defined selection criteria for this study 

Parameter DSSAT Canegro APSIM-Sugarcane Canesim AquaCrop 

Growth engine 

Carbon-driven 

(Singels et al., 2008; Singels, 

2014) 

Radiation-driven (Jiang et al., 2017) Carbon-driven 

(Singels & Paraskevopoulos, 

2017) 

Water-driven 

(Steduto et al., 2009) 

Daily time-step simulation 
✓ (Singels et al., 2008; Singels et 

al., 2010) 

✓ (O’Leary, 2000) ✓ (Singels & Paraskevopoulos, 

2017) 

✓ (Pérez-Ortolá et al., 2015) 

Biomass/yield simulation ✓ (Singels et al., 2008) ✓ (Singels, 2014) 
✓ (Singels & Paraskevopoulos, 

2017) 
✓ (Steduto et al., 2009) 

Canopy cover/LAI development simulation ✓ (Singels et al., 2008) ✓ (Singels, 2014) 
✓(Singels & Paraskevopoulos, 

2017) 
✓ (Steduto et al., 2009) 

Scale of simulation Canopy level (Singels et al., 2008) Canopy level (Singels, 2014) 
Canopy level (Singels & 

Paraskevopoulos, 2017) 
Canopy level (Steduto et al., 2009) 

Soil moisture simulation ✓ (Singels et al., 2008) ✓ (Singels, 2014) 
✓ (Singels & Paraskevopoulos, 

2017) 
✓ (Steduto et al., 2009) 

Data requirement (input parameters) X High (Todorovic et al., 2009) ✓ Minimal (Dias & Sentelhas, 2017) ✓ Minimal (Singels, 2014) ✓ Minimal (Steduto et al., 2009) 

Soil characteristics handling ✓ (Singels et al., 2008) ✓ Singels, 2014) 
✓ (Singels & Paraskevopoulos, 

2017) 
✓ (Steduto et al., 2009) 

Crop water stress simulation ✓ (Singels et al., 2008) ✓ (Singels, 2014) ✓ (Singels, 2014) ✓ (Steduto et al., 2009) 

Batch processing ability ✓ (Singels et al., 2008) X X X 

Irrigation scheduling  ✓(Singels et al., 2008) ✓ (O’Leary, 2000) 
✓ (Singels & Paraskevopoulos, 

2017) 
✓ (Steduto et al., 2009) 

Phenology simulation ✓ (Singels et al., 2008) ✓ (Singels, 2014) X X 

Easy and free model 

accessibility/availability 
✓ (DSSAT Foundation, 2021) 

✓ (Holzworth et al., 2014; Sabatier 

et al., 2015) 
X ✓ (FAO, 2021)  

Developer’s support availability and 

accessibility 
✓ (DSSAT Foundation, 2021) ✓ (APSIM, 2021) X ✓ (FAO, 2021) 
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3.1.5 Aim and Objectives 

The aim of this chapter was to select an appropriate crop model and assess its 

suitability for the simulation of cane yield response to water application. 

Specifically, the chapter set out to answer the following questions: 

i. What could be an appropriate crop model for simulation of cane growth 

and development based on selected criteria including simulation 

timestep, scale of simulation, data requirement and availability, batch 

processing ability, support availability and ease of model accessibility? 

ii. What is the performance of the selected model in terms of ability in 

simulating cane yields for modelling the impact of irrigation 

heterogeneity on cane yields, energy and irrigation water uses? 

3.1.6 Methodology 

3.1.7 Study Site 

The performance assessment of the DSSAT Canegro model was based on 

datasets collected at Nchalo estate (Figure 3-5) in the southern region of Malawi, 

about 50 km south of Blantyre. It is Malawi’s largest sugar producer, with about 

13,500 ha of irrigated sugarcane (Banda et al., 2019). It also processes irrigated 

sugarcane from additional 2,885 ha owned by out-grower farmer cooperatives. 
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Figure 3-5: Map of Malawi showing the location of Nchalo estate 

3.1.8  DSSAT Canegro Model Performance Assessment 

The required datasets for the DSSAT Canegro model were collected from the 

Nchalo estate records database including historical data on cane yields. The 

model performance was assessed by comparing the simulated cane yields 

against observed yields on a fresh weight basis. It is important to note that in this 

study, the DSSAT Canegro model was used to simulate cane yield response to 

water using the available datasets rather than trying to assess the model’s 

performance or goodness of fit for the study site under specific conditions. Thus, 

no calibration of the model was made. However, the model was validated with 

datasets for three irrigation systems running with each running for nine years. 

Cane yields for NCo376 variety were obtained together with other data (soil, 

management practices, crop characteristics and climate) to simulate cane yields 

for eight cropping seasons between 2010/11 and 2018/19 for three fields under 

three different irrigation systems – centre pivot, furrow and sprinkler (Figure 3-6). 
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The soil input parameters included soil depth, soil colour, soil textural class and 

drainage characteristics. The management practices included irrigation 

application (amount and timing), crop nutrition and crop husbandry practices 

(growth start and harvesting dates, row spacing). The climate data included daily 

precipitation, daily minimum and maximum temperatures, daily relative humidity, 

daily windspeed, daily solar radiation and daily sunshine hours. For the crop 

characteristics, default crop coefficients for reference variety (NCo376 cultivar) 

were used. This was done due to unavailability of crop coefficients data. 

Furthermore, appropriate adjustments were made to the model parameters to 

account for whether the simulation was for ratoon or plant cane. 

A statistical comparison between the simulated and observed yields for each 

season and irrigation system were made to assess the utility and performance of 

the crop model. The performance and the utility of the model was assessed by 

conducting a paired t-test to compare the closeness with which the model 

simulated average yields were in relation to historical (observed) average yields 

with default crop coefficients. 

 

Figure 3-6: Historical cane yields between 2010/11 and 2018/19 seasons for three 

fields under three different irrigation systems at Nchalo estate 
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Plant population decline and the amount of yield that is left behind due to 

inefficient harvesting and haulage mechanisms are seldom addressed by crop 

models. These, however, have the potential to affect the performance of a given 

model. To address this challenge, datasets on plant population decline and 

amount of cane left behind the fields during cane harvesting and haulage (left-

over cane) were also collected for the analysis. However, the available data on 

plant population decline and left-over cane only spanned between 2017 and 2019 

for all the irrigation systems. 

3.1.9 Results 

3.1.1 Model Performance Assessment 

Figure 3-7 shows the graphical presentation of observed and simulated cane 

yields for the three systems (centre pivot, furrow and sprinkler) over the period 

under consideration. The statistical comparison (t-test) of the observed and 

simulated yields across irrigation systems showed that there were insignificant 

differences (p>0.05) between individual systems ( Figure 3-8). Furthermore, no 

significant differences (p>0.05) in yields were observed between the observed 

and simulated yields under the centre pivot and furrow irrigation systems, while 

the observed and simulated yields for the sprinkler system showed significant 

differences (p<0.05). The crop model simulated the cane yields with RMSE 

values of 19.56 t/ha, 32.72 t/ha and 48.94 t/ha for centre pivot, furrow and 

sprinkler systems, respectively ( 

Table 3-2). 
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Figure 3-7: Observed and simulated cane yields for the three irrigation systems 

(Centre pivot, furrow and sprinkler) between 2010/11 and 2018/19 cropping 

seasons. Note that in 2015/16 season, there were no observed and simulated 

yields under furrow system because the field was left fallow 
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Figure 3-8: Comparison of observed and simulated cane yields under each 

irrigation system between 2010/11 and 2018/19 seasons 

 

Table 3-2: Residual mean standard error for the observed and simulated cane 

yields for each irrigation system 

Irrigation system RMSE (t/ha) 
RMSE % of observed 

yield 

Centre pivot 19.56 15.4 

Furrow 32.72 29.9 

Sprinkler 48.94 48.0 

 

The analysis of plant population decline under the respective irrigation systems 

between 2017 and 2021 showed that the plant population decline under sprinkler 
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fields was significantly higher (p<0.05) compared to the centre pivot but not 

significantly different (p>0.05) from the furrow irrigated fields (Figure 3-9). Further 

analysis of the amount of cane left behind in the fields during harvest and after 

haulage from 2018 to 2021 (Figure 3-10) showed that fields under the sprinkler 

system had significantly higher left-over cane compared to fields under the centre 

pivot but were not different to that of the furrow system. No significant differences 

in left-over cane were observed between fields under centre pivot and furrow 

systems.  

 

 

Figure 3-9: Comparison of plant population decline under the three systems 

between 2017 and 2021 
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Figure 3-10: Comparison of left-over cane under the three systems between 2018 

and 2021   

3.1.2 Discussion 

The comparison of the different sugarcane models, based on the defined criteria, 

showed that DSSAT Canegro model was suitable for simulating cane yield 

response to water. Furthermore, the simulations showed that the DSSAT 

Canegro model estimated cane yields with no significant differences between 

observed and simulated yields under two systems (centre pivot and furrow). The 

observed average yields under the sprinkler systems were significantly lower 

than the corresponding simulated yields. The sprinkler system had shown that it 

also had significantly higher plant population decline and left-over cane than the 

centre pivot systems and was not different from the furrow system. The RMSE 

results, however, were in agreement with findings reported in the literature 

(Singels, 2014). The significant difference in observed and simulated cane yields 

for sprinkler fields were potentially due to the combined impacts of plant 
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population decline and the left-over cane trends rather than due to poor model 

performance.  

The model has been reported to be highly accurate in simulating cane yields 

(Coelho et al., 2020; Mishra et al., 2019). Coelho et al., (2020) established that, 

for better performance, the model’s cultivar parameters need to be 

parameterised. Cultivar parameters of the model regulate partitioning of biomass, 

growth and development of canopy and phenological phasing (Singels et al., 

2008). Thus, the parameterisation of the cultivar related coefficients would be 

informed by experimental data. This is one of the reasons that  inconsistences 

are observed in the performance of the model under experimental and 

commercial field conditions (Dias & Sentelhas, 2017). Thus, while the model 

performance was considered satisfactory the use of default cultivar parameters 

may mean that model performance could be further improved.   

3.1.3 Conclusions 

The screening and assessment for an appropriate model identified DSSAT 

Canegro model as the most suitable model for this study requiring the simulation 

of cane yield response to water. This was based on rigorous comparison with 

several other potentially relevant sugarcane crop growth models. Furthermore, 

the model simulated cane yields for two different irrigation systems (centre pivot 

and furrow) over nine years each producing no significant differences between 

observed and simulated average yields while significant differences between 

observed and simulated average cane yields were reported for the sprinkler 

system due to a decline in cane plant population and significant amounts of left-

over cane during harvesting and haulage.  

Furthermore, the ability of the DSSAT Canegro model to simulate the cane yield 

response to water (as evidenced from its accuracy in simulating cane yields) 

means that it has the potential to simulate yields under varying levels of irrigation 

application. This ability is paramount for modelling the impacts of irrigation 

heterogeneity on cane yields, energy and water productivity. Thus, the DSSAT 

Canegro model was considered most suitable for this study.     
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Chapter 4. DEVELOPMENT OF A CONCEPTUAL 

MODELLING FRAMEWORK TO EVALUATE 

IRRIGATION HETEROGENEITY, SUGARCANE YIELD 

AND WATER PRODUCTIVITY RELATIONSHIPS  

4.1 Introduction 

The relationship between transpiration and yield (Steduto et al., 2007, 2012), 

entails that the more water is applied to the crop, the more yield will be realized 

until a point is reached when the law of diminishing returns is triggered. In 

extension, this further supports an assertion that a crop growing at any point in 

the field that gets inadequate water (less than the crop water requirement 

throughout the season) would not produce maximum potential yields. This entails 

that maximum yields at any point in the field can only be achieved when the given 

point in the field gets adequate water. Irrigation becomes necessary where rainfall 

does not fully meet the crop water requirements of the growing crops. The need 

for adequate water for maximum yield means that irrigation systems should be 

able to supply adequate water to every point in the field for maximum yield. 

Applying adequate water to every point in the field means uniform water 

application. In irrigated crop production, a relationship between water application 

uniformity and yield has been demonstrated for various crops including onions 

(Pérez-Ortolá et al., 2015) and sugarcane (Reinders, 1996; Solomon, 1998). 

Thus, understanding the relationship between level of water application 

uniformity and crop yields is paramount in improving crop yields and water 

productivity. 

Solomon (1998) broadly defined irrigation uniformity as the spatial variation in 

distribution of water applied within a given command area. There are several 

indicators of water application uniformity with the Christiansen Coefficient of 

Uniformity (CU) and Distribution Uniformity (DU) being among them (ASEA, 

2001; Pereira, 1999). CU is defined as a measure of average deviation from the 

mean water application depth (Griffiths, 2007). In essence, the CU is the average 

of  absolute differences of individual application depths caught in each catch can 
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and the mean application depth divided by the mean application depth 

(Maroufpoor et al., 2010). 

On the other hand, DU is defined as “a measure of the uniformity with which 

irrigation water is distributed to different areas in a field” (Burt et al., 1997). DU is 

the ratio of the lowest accumulated water depths caught in the distribution to the 

mean water depth caught in all the catch cans (El-Wahed et al., 2016). In other 

words, DU quantifies the average application depth in the low quarter of the field 

(Griffiths, 2007) as shown in equation (8). It gives an indication of the average 

amount of water applied in the inadequately irrigated areas of the field. By 

knowing the average amount of water received by the inadequately irrigated 

portions of the field, it helps one to gauge the extent of irrigation deficiency.  

A direct relationship between water application uniformity and crop yield has been 

confirmed for various crops (Pérez-Ortolá et al., 2015; Reinders, 1996; Solomon, 

1998). Although uniform water application on its own is not a guarantee for 

maximum yields, as it is also possible to have uniform under-irrigation or over-

irrigation, maximum yields at field level are associated with uniform application of 

adequate water. Non-uniform water application results in water wastage in the 

over-irrigated spots and water stress in under-irrigated spots (El Chami et al., 

2019; González Perea et al., 2018) – all of which result in yield losses and 

reduced profit margin. Uniformity in water application influences crop yields 

through the agronomic effects of under-irrigation and over-irrigation. Inadequate 

water leads to water stress and reduced crop yields while excess water reduce 

crop yields as a result of nutrient leaching, disease proliferation and/or growth 

stimulation failure of harvestable parts of the plants (Solomon, 1998). Thus, 

irrigation systems must be able to supply and apply water at the right time, rate 

and quantity, and within specified location (Eisenhauer et al., 2021) consistent 

with the soil hydraulic properties. Against these indicators (uniformity, timing, rate 

and quantity of application), irrigation systems can be evaluated to determine 

level of performance and impact on yields. 
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4.2 Aim and objectives 

The aim of the research was to develop a conceptual framework for modelling 

the relationships between irrigation heterogeneity, sugarcane yields and water 

productivity. In the process, the study set out to answer the following research 

questions: 

i. Does non-uniform irrigation water application have any impact on field-scale 

cane yields? 

ii. What are the implications of non-uniform water application on water use and 

water productivity? 

4.3 Methodology 

The crop yield response to non-uniform water application was determined by 

modelling. The DSSAT Canegro model (Singels et al., 2008) was used to 

simulate cane yield response to varying levels of irrigation. The modelling used 

datasets obtained from Nchalo estate. The DSSAT Canegro model simulates 

yield response to water application at a given point in a field. In principle, it is 

assumed that every other point in the field receives the same amount of irrigation 

water as specified in the input tab of the model. However, considering the 

inherent irrigation application heterogeneities of irrigation systems and other 

factors that influence irrigation management, this assumption does not always 

hold. Depending on the type of irrigation system, several factors affect the 

uniformity with which the system applies water. Such factors include operating 

pressure, wind speed and direction, sprinkler spacing and configuration (for 

overhead systems); furrow length and slope, flowrate, soil type and management 

practices (for surface systems). 

James (1993) demonstrated that for a normal distribution, the coefficient of 

variation (CV) is described by equation (5.  

 CV  =   
σ

Da
  =

1 − CU

0.798
 (5) 
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Where CU is the coefficient of uniformity that is typically used to describe the 

uniformity of water application, Da is the mean water application depth and σ is 

the standard deviation of the water application depth.  

The normal distribution assumption (adopted above) entails that when Da and CU 

are known, then the application depth in each percentile (of the normal 

distribution function) can be estimated from an inverse normal distribution 

function. With the knowledge of Da, corresponding yield in each decile can be 

simulated. Thus, making it possible to estimate yield at field scale (Figure 4-1). 

This shows that during an irrigation event water application across the field 

follows a normal distribution function (represented by the normal distribution 

curve) and each depth of application results in a corresponding yield whose 

average would be average cane yield at field-scale. 

 

Figure 4-1: Graphical representation of the production function between cane yield 

(t/ha) and irrigation depth (mm) at the field scale (adapted from Banda, (2019)) 
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4.3.1 Cane yield-water production function 

In the DSSAT Canegro model, an optimised irrigation schedule under three 

irrigation systems (centre pivot, furrow and sprinkler) was generated by setting 

the model to automatically trigger irrigation application when required (Figure 

4-2); that is to say that if the crop required a given amount of water, for example, 

but the soil moisture could not provide that amount due to soil moisture deficit, 

then the irrigation system provided the deficit. The optimised irrigation schedule 

ensured that the crop did not experience any water stress and this assumed an 

ideal irrigation depth was applied at a given timing which in turn determined the 

of potential cane yield. A series of simulations were then run with the optimised 

schedule with application depths ranging between 120% and 5% of the full 

irrigation depth at 5% interval. While the irrigation depths were changed, the 

timing of application were left unchanged. This was done to capture impacts of 

both over and under-irrigation. The simulation outputs included cane yields for 

each application depth, which in turn resulted in the generation of a cane yield – 

water production function. 

 

Figure 4-2: An optimised irrigation schedule generated from the DSSAT Canegro 

model. The simulation of cane yields was based on a year of average irrigation 

requirements as determined from DSSAT Canegro. The average irrigation year 

was determined from irrigation requirements for 9 years between 2002 and 2020 
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(Table 4-1). While the soil, climate and management parameters used in the 

simulation were collected from Nchalo estate, default input cultivar characteristics 

for NCo376 were used. The estate also grows NCo376 variety and default cultivar 

coefficients were used in the simulation due to the unavailability of experimental 

data for the same. The detailed input parameters for the simulation are provided 

in the Appendix.  Table 4-1: Irrigation water requirements (ranked) for Nchalo 

estate between 2002 and 2020 to identify typical ‘wet’, ‘average’ and ‘dry’ years 

 

4.3.2 Cane yield – CU production function 

Having established the average optimum application depth, standard deviations 

for a range of CU values were then determined using equation (6). The standard 

deviations for each CU in turn gave corresponding water application depth for 

each of the percentile across the normal distribution function. The water 

application depths and their corresponding cane yields for each CU value were 

then estimated from the cane yield-water production function. CU and cane yield 

relationship was then established and the extent to which water application 

uniformity CU impacted on cane yields and irrigation water use were determined 

by plotting the cane yield against its corresponding CU value.  

Season
Precipitation 

(mm)

Transpiration 

(mm)

Potential 

ET (mm)

Effective 

Irrigation (mm)

Season 

classification

2018/2019 1113 1505 1876 1498 Wet year

2011/2012 874 1476 1831 1512 Wet year

2014/2015 1098 1431 1784 1531 Wet year

2013/2014 644 1472 1826 1535 Wet year

2012/2013 680 1502 1848 1620 Wet year

2016/2017 872 1566 1970 1627 Average year

2010/2011 493 1523 1886 1654 Average year

2006/2007 1000 1578 1957 1656 Average year

2007/2008 751 1568 1942 1669 Average year

2017/2018 804 1544 1956 1672 Average year

2008/2009 557 1577 1949 1674 Average year

2005/2006 947 1633 2012 1694 Average year

2009/2010 469 1560 1939 1754 Average year

2019/2020 622 1574 1966 1763 Average year

2015/2016 453 1620 1932 1766 Dry year

2001/2002 692 1633 2072 1806 Dry year

2003/2004 483 1603 2011 1806 Dry year

2004/2005 464 1644 2012 1835 Dry year

2002/2003 669 1688 2089 1879 Dry year

Means for wet season 552 1638 2023 1539

Means for average season 724 1569 1953 1685

Means for dry season 882 1477 1833 1818
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where Da, CU and σ are as defined in equation (5) 

4.3.3 Irrigation uniformity impact on water use 

Martin et al. (2010) built on the work of Clemmens (1992) and developed an 

enhanced water balance model that had capabilities of partitioning irrigation 

water application into net infiltration, deep percolation and surface runoff based 

on normal distribution function. The approach was adopted in this research in the 

assessment of the impact of irrigation uniformity on water use. The approach 

requires the knowledge of required adequacy (proportion of the field area to be 

irrigated) required application depth, the CU and surface loss fraction (a fraction 

of the total water supplied that is lost to surface runoff). An application adequacy 

of 100% was used since the simulation strives for yield maximization at field level 

(every point in the field should be adequately irrigated). The required irrigation 

application depths and the surface runoff fraction for each of the three systems 

were determined from the DSSAT Canegro simulation. Two CU values (50% and 

90%) were selected for the demonstration of how irrigation water requirements 

change as the CU changes. 

4.4 Results 

4.4.1 Cane Yield Response to Water Application 

The yield response to varying water application levels under furrow, centre pivot 

and sprinkler are shown in Figure 4-3. The simulation of the yield response to 

water showed that under average irrigation requirement conditions, the full 

irrigation requirement for centre pivot, furrow and sprinkler systems were 1563 

mm, 1542 mm and 1559 mm, respectively. The differences in the annual irrigation 

requirements were mainly due to differences in soil types across the fields on 

which the modelling of the three systems were based. The average potential 

yields for the respective full irrigation depths were 144 t/ha, 148 t/ha and 142 t/ha 

 𝜎 = 𝐷𝑎

1 − 𝐶𝑈

0.798
 (6) 
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under centre pivot, furrow and sprinkler systems. The respective rainfed cane 

yields under the three irrigation systems (as indicated by the y-intercept of each 

plot) were 31 t/ha, 50 t/ha and 33 t/ha. The relationship between relative irrigation 

application (amount of irrigation water applied in relation to full irrigation amount) 

and cane yields were as indicated under each plot. However, the equations are 

only valid when the relative irrigation application is between 0 and 1. There were 

no significant differences (p>0.05) in both average water productivity and 

marginal yield benefit realized from marginal irrigation depth among the three 

irrigation systems. While the mean water productivity for centre pivot, furrow and 

sprinkler systems were 15 kg/m3, 16 kg/m3 and 17 kg/m3 respectively, a unit 

change in irrigation application depth resulted in 0.06 t/ha yield change in centre 

pivot, 0.05 t/ha yield change in furrow and 0.05 t/ha yield change in sprinkler, on 

average up to the 120% crop irrigation requirements. 

 

Figure 4-3: Cane yield – water relationship under each of the three irrigation 

systems 
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4.4.2 Cane Yield Response to Irrigation Heterogeneity 

The impact of irrigation non-uniformity on cane yield is shown in Figure 4-4. As 

can be observed, the minimum and maximum application depths respectively 

increase and decrease as the CU increases. As expected, the cane yields also 

follow a similar trend (Figure 4-5). Cane yields across the field flatten as the CU 

increases. The portion of the field that gets the least water (10th decile) gives low 

yields while the area of the field that gets the most water (90th decile) gives high 

yields.     

 

Figure 4-4: Impacts of irrigation application uniformity (CU) on irrigation 

application depth (mm) distribution across a representative field (based on the 

centre pivot system simulation) 
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Figure 4-5: Impact of irrigation application uniformity on cane yield distribution 

across a field (based on centre pivot simulation) 

The relationships between cane yields and irrigation application uniformity under 

each of the three systems are shown in Figure 4-6Error! Reference source not 

found.. No significant differences in both average CU productivity (average yield 

per unit CU) and CU marginal yield benefits (unit change in yield per unit change 

in CU) were observed among the irrigation systems (P>0.05). On average, the 

CU productivity for centre pivot, furrow and sprinkler systems were 3.34 t/ha, 2.36 

t/ha and 3.31 t/ha, respectively and a unit change in CU resulted in marginal yield 

benefits of 0.49 t/ha for the centre pivot system, 0.50 t/ha for furrow system and 

0.40 t/ha sprinkler system. A function describing each graph is indicated in the 

respective plot. By the definition of CU and its calculation, it is not possible to 

have a zero or less than zero CU. Thus, it is important to note that although the 

trendline stretches back to zero, on the x-axis (CU values), the function becomes 

invalid when applied up to the zero value.  
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Figure 4-6: Relationship between average cane yield at the field level and irrigation 

application uniformity (CU) for each respective irrigation system 

4.4.3 Irrigation Heterogeneity Impact on Water Use and Productivity 

Figure 4-7 shows the distribution of irrigation water across the field under the 

three irrigation systems. The dotted line in each graph indicates full irrigation 

depth (in this case 1563 mm for centre pivot, 1542 mm for furrow and 1559 mm 

for sprinkler). The results show that at 90% CU, a farmer would be required to 

apply up to 2000 mm (about 450 mm more) to meet the target full irrigation depth 

while a total of 4000 mm would be required to meet the same target if the irrigation 

system is operating at a CU of 50%. Further, the results show that even after 

applying the 4000 mm about 5% of the field area would still not receive any water 

while more than 50% of the field area would likely lose water to run-off and deep 

percolation. It was also observed that both the 90% and 50% CU values would 

lead to water loss due to run-off and deep percolation, but the water loss under 

the 50% CU was about eight times higher than that under the 90% CU. Similarly, 
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the analyses show that there are some areas of the field that receive less than 

the full irrigation depth, leading to water stress of varying degrees across the field. 

However, such areas are higher (about eight-fold more) under 50% CU than the 

90% CU. 

 

Figure 4-7: Modelled irrigation water distributions under the three contrasting 

application systems for two different assumed CU values based on a normal 

distribution function. 

4.5 Discussion 

The irrigation water requirements (1542 – 1563 mm) and the average cane yields 

(142 – 148 t/ha) established in this study, fall within the ranges reported in 

literature (Baillie, 2004; Knox et al., 2010; Waclawovsky et al., 2010). On the other 

hand, the water productivity figures are relatively higher than those reported by 

Svendsen et al., (2009) for the Malawi context. However, the difference in water 

productivity could be because the simulations (in this study) were run for a single 
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year based on average climate conditions that did not account for all the possible 

variations in climate. 

It has been noted that higher CUs minimise cane yield variations across the field. 

However, it is also important to note that uniform water application (due to higher 

CU) is not synonymous with adequate water application; as it is also possible to 

have a uniform irrigation that is either an under or /over application. Thus, at field 

level, yields can only be maximised when each part of the field receives adequate 

water which can only be achieved by ensuring that the irrigation is applied with at 

high levels of uniformity (CU).  

At the maximum CU (99%), the maximum cane yields were determined to be 153 

t/ha for centre pivot, 145 t/ha for furrow and 156 t/ha for sprinkler. The marginal 

cane yield from the corresponding CU change means that a percent reduction in 

CU across all the systems will reduce the cane yields by 0.3%, on average. These 

results are in agreement with results reported by Baillie (2004), Reinders (1996) 

and Solomon (1998). 

As observed, during an irrigation event some areas receive more than the 

scheduled irrigation application depth whilst others receive less than the 

scheduled irrigation application depth with CU controlling the extent of the 

over/under irrigation. This entails that water loss due deep percolation and 

surface run-off occurs in the over-irrigated areas while the under irrigated areas 

experience varying degrees of water stress. These water-stressed areas of the 

field are likely to produce lower than the potential yield for fully irrigated fields 

than areas that receive sufficient water. A farmer might deliberately choose to 

apply more water to compensate for poor CU values, however, the observation 

that at lower CU values even when a farmer puts more water to meet the full 

irrigation depth some parts of the field would still not receive adequate water is 

likely to have more significant implications on water use and productivity. The use 

of more water would have a bearing on cost of water pumping (energy, water and 

labour costs) while the yields at field level might still not be at its maximum as 

some areas of the field might still not give the maximum yield output. 
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4.6 Conclusions 

In conclusion, a model with cane yield response to water and enhanced water 

balance simulation capabilities was developed. The model was developed by 

using DSSAT Canegro model and Martin et al. (2010)’s enhanced water balance 

model. The combination approach incorporated both DSSAT Canegro’s cane 

yield simulation capabilities and the capabilities of partitioning irrigation water 

application into net infiltration, deep percolation and surface runoff based on 

normal distribution function. The model was then used to simulate cane yield 

response to varying irrigation water depths and impacts of irrigation uniformity on 

cane yields and irrigation water use.  

The model confirmed that cane yield response to varying irrigation water levels 

follows a quadratic function and confirmed that irrigation non-uniformity impacts 

on the amount of water supply by determining the amount of water that a given 

point in the field receives. By determining the water supply to each part of the 

field, the irrigation uniformity is also a determinant of average yield at the field 

level.  

Farmers can opt to apply more water than the target application depths to 

compensate for low CU values. However, the amount of water required for 

compensation of poor CU values increases as the CU value lowers which might 

have significant implications on irrigation operating costs.  
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Chapter 5. QUANTIFYING THE IMPACTS OF 

IRRIGATION HETEROGENEITY ON SUGARCANE 

YIELDS AND WATER PRODUCTIVITY: A CASE OF 

NCHALO ESTATE IN MALAWI  

5.1 Introduction 

Sugar is an important commodity crop for Malawi’s economy. It contributes about 

10% to the national GDP, 35% of total exports and between 9 and 12% of total 

foreign exchange earnings (Chinsinga, 2017; MITC, 2023). Malawi’s annual 

sugar production stands at an average of 300,000 t (Kamphoni, 2022) which 

represents about 3% of Africa’s total production. Three factories are responsible 

for all the sugar production and supplies in Malawi including Dwangwa, Nchalo 

and Salima. Illovo Sugar Africa owns about 76% of the Dwangwa and Nchalo 

estates while AUM Sugar Company owns 60% of Salima sugar estate with the 

Malawian government owning the remainder. Illovo’s Dwangwa and Nchalo 

sugar mills produce more than 80% of sugar in Malawi. About 60% of the sugar 

production is consumed by local markets (both households and industry) with the 

balance being exported (Kamphoni, 2022). The USA, EU, and regional markets 

are the main target markets for Malawian sugar. 

All of Malawi’s sugar is produced from sugarcane. The three estates grow as well 

as procure sugarcane from out-grower farmers. Nchalo is the largest estate in 

terms of landholding. Respectively, Dwangwa, Nchalo and Salima sugar estates 

own about 6,500 ha, 13,500 ha and 1,000 ha of farmland on which they grow 

irrigated sugarcane. Nchalo estate is also responsible for processing sugarcane 

from an additional 2,885 ha of irrigated sugarcane grown by out-grower farmer 

cooperatives. It [Nchalo estate] therefore provides a significant contribution to 

Malawi’s sugar production and national economy. 

Nchalo estate grows sugarcane under centre pivot, drip, furrow and sprinkler 

irrigation systems. The estate utilises water from Shire River, the only outlet of 

Lake Malawi, for its irrigation and domestic uses. The estate’s water abstraction 
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licenses show that the estate is entitled to abstract up to 2,322,000 m3/day for 

irrigation uses.  

The Lake Malawi-Shire River hydrological system offers enormous benefits to the 

Malawi’s economy. The Shire River provides over 90% of the hydropower 

generated and used in Malawi, provides irrigation water to more than 20,000 ha 

along the lower shire valley, contributes in excess of 48,000 tonnes of fish 

annually which is about 60% of animal protein in Malawi (Shela, 2000). It is also 

home to about 600 fish species out of which more than 200 are endemic to the 

lake. It also offers ideal grounds for fish breeding and spawning. The system also 

offers water transport route alternatives to and from Mozambique and Tanzania, 

handling in excess of 200,000 passengers and 100,000 tonnes of goods in the 

process, annually. It is also a source of water for domestic and industrial uses to 

urban and rural areas including the city of Blantyre. It hosts some of the best 

tourist attraction centres in Malawi including Lake Malawi and Liwonde national 

parks. The Lake Malawi national park was listed as UNESCO’s World Natural 

Heritage. 

To a large extent, the flows in the Shire River depend on water levels in Lake 

Malawi (Kumambala & Ervine, 2010; Shela, 2000). Historical data have identified 

declining water levels in Lake Malawi over the past two decades, with the lowest 

water levels being recorded in 2017. Several studies have also projected that the 

water levels will continue to decline in the future (Bhave et al., 2020, 2022; Jury, 

2014; Kumambala & Ervine, 2010; Mtilatila et al., 2020; Mulumpwa et al., 2018; 

Shela, 2000), not reaching its historical maximum level recorded in the 1980s 

(Kumambala & Ervine, 2010) and even reaching point of no outflow (Bhave et al., 

2020).   

Meteorological data from Nchalo estate indicate that between 1971 and 2019 it 

received an annual average rainfall of 700 mm with December, January, February 

and March receiving most rain (Figure 5-1). With an average crop water 

requirement of over 1500 mm (Chapter 4), it confirms that irrigation is a necessary 

requirement for sustaining yields in this region. The Shire River’s high 

dependence on the Lake Malawi’s water levels for its flows has exposed the 
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vulnerability of the Nchalo estate to several factors including rising temperatures, 

declining rainfall and catchment degradation which have been prevalent in recent 

times. The combined influence of these factors has caused low flow regimes in 

the Shire River, which have posed an immense uncertainty to the Malawi’s sugar 

industry. An analysis of the water level trends at the Nchalo estate’s main water 

intake point along the Shire River has shown that the estate experienced severe 

water shortages that disrupted irrigation schedules between 2016 and 2019 

(Figure 5-2). These were also the periods where the estate recorded lowest cane 

yield averages in about three decades. This demonstrates how much the sugar 

production at Nchalo estate depends on the water levels in the Lake Malawi and 

how vulnerable the same is to the climate shocks. The impacts of low water levels 

are even more compounded when you consider that 100% of the energy for 

irrigation at the estate comes from the same river. Thus, low water flow regimes 

in the river generally intensifies the competition for water allocation between 

irrigation and power generation. That the sugar production at the estate highly 

depends on the water levels at the lake Malawi which has been established to be 

under threat of further decline in the future, calls for the need to cushion the cane 

production from the impacts of future inadequate water supplies. 
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Figure 5-1: Rainfall distribution for Nchalo estate derived from monthly rainfall 

data from 1971 to 2019. The points within the boxes represent monthly average 

rainfall between 2000 and 2019, the points outside the boxes represents outlier 

rainfall figures (values beyond the 10th and 90th percentiles) recorded over the 

same period. 
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Figure 5-2: Daily water levels recorded at Nchalo estate’s main water intake 

between 2016 and 2019. At both the upper and lower water depth thresholds, water 

volumes at the intake reservoir are not sufficient to run all six pumps. As such, 

the thresholds were technically determined to reduce pump breakdowns/wear and 

tear and economic inefficiencies associated with frequent 

engagements/disengagements of the pumps. 

Inadequate water supply and competition for water between different sectors are 

among the drivers for increased crop water productivity in irrigated crop 

production. Water productivity is the net benefit from using a given unit of water 

(Molden et al., 2010). In crop production, this could be extended to mean the 

amount of crop yield realised from using a given unit of water – crop yield per unit 

crop water use. In principle, increasing crop water productivity would mean using 

irrigation water efficiently while maximising crop yields. At field level, this would 

entail (i) maximising crop yield return from each part of the irrigated field area, (ii) 

maximising yield benefit from every drop of irrigation water by keeping all water 

losses to the minimum and (iii) maximise the use of rainfall. Maximising yield 

return from each part of the irrigated field area would mean ensuring each point 

in the field gets supplied with adequate water when needed. Timely supply of 

adequate water to each point in the field signals the need for uniform water 

application. In essence, improving water productivity would require the farmer to 
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determine and control irrigation water volumes, timing and rate of application of 

irrigation water in a manner that would reflect proper planning and efficiency. 

5.1.1 Aim and Objectives 

The aim of this chapter was to assess the impact of improving irrigation uniformity 

on sugarcane yields and water productivity at Nchalo estate. The research set 

out to answer the following questions: 

i. What are the typical ranges in irrigation application uniformity across typical 

irrigation systems used in sugarcane production at Nchalo estate and how 

does their relative performance impact on water and energy use?  

ii. To what extent would improvements in irrigation uniformity change cane yields, 

water productivity and energy use at Nchalo estate? 

iii. How would improving irrigation uniformity change the economics of sugarcane 

production? 

5.2 Methodology 

In order to evaluate the economic costs and benefits associated with improving 

irrigation uniformity, I envisaged that it is important to understand; (i) the cane 

yield response to water, (ii) the typical irrigation water distributions for different 

irrigation uniformities and (iii) the typical costs and benefits for a given application 

uniformity. In this study, the yield response to water was defined as the amount 

of yield realised from a given unit of water use (crop yield per unit of water use). 

The yield response to water determined the yield realised from a given water 

application while the water distribution response to irrigation uniformity (water 

distribution as a function of irrigation uniformity) determined the distribution of 

water across the field. The water distribution across the field was important in 

estimating the percentage of the field area that got at least the crop water 

requirement depth, thus being able to estimate the crop yield at field level. Again, 

the water distribution as a function of irrigation uniformity determined the amount 

of irrigation water that needed to be supplied to the field at a given application 

uniformity. In essence, the yield response to water and the water distribution in 

response to application uniformity determined the level of revenue and irrigation 

cost, respectively. The revenue and costs, in turn influence the gross margin of 
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improving irrigation uniformity from one level to another. Thus, three models were 

used in the assessment of the economic benefits associated with improving 

irrigation uniformity. These models were (i) a biophysical crop model (DSSAT 

Canegro), (ii) an irrigation water distribution model and (iii) an economic model 

(Figure 5-3). In the Figure 5-3, climate change influences both the crop and 

irrigation water requirements. The crop water requirements were determined by 

DSSAT Canegro which in turn determined the amount of crop yield from the given 

crop water requirements. The level of yield response to water (when the sugar 

recovery and sugar selling price are incorporated) determined the revenue 

realised from using a given amount of water. On the other hand, the irrigation 

water requirements were influenced by the irrigation system’s efficiency (which 

to an extent depends on irrigation system type). The uniformity system influences 

how the water is distributed across the field. Martin et al., (2010)’s water balance 

and distribution model was used to determine water distribution across the field. 

The water distribution model determined the gross irrigation water requirements 

based on the level of irrigation uniformity. The gross irrigation water requirements 

in turn determined the energy requirements for water pumping. Both the irrigation 

and energy requirements (when labour and cost of energy were considered) 

determined the cost of irrigation. The revenue and cost were the necessary inputs 

to the economic model that eventually determined the gross margin of supplying 

a given irrigation water depth at a given level of irrigation uniformity.      
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Figure 5-3: Models used in the assessment of the economic benefits 

associated with improvement of irrigation uniformity. 

5.2.1 Irrigation Systems Evaluation 

In Chapter 4, the impact of irrigation heterogeneity on cane yields, water use and 

water productivity were determined. However, it will be important to note that the 

impact of the irrigation heterogeneity on the mentioned parameters was 

determined from a range of CU theoretical values within the CU range. To have 

a practical application of the impact of the irrigation heterogeneity on cane yields, 

water and energy use as well as water productivity it meant that irrigation systems 

evaluations should be carried out. This aided in the establishment of the existing 

ranges of irrigation uniformity with which the irrigation apply the water to the field 

across systems and use them to determine how the improvement of the same 

would impact the yields, water and energy use as well as water productivity. 

therefore, it is also important to note that the CU ranges used in Chapter 4 and in 

this chapter were different.     

Irrigation uniformity was defined as the spatial heterogeneity in irrigation water 

application across the field (Solomon, 1998). Determining such variation in water 

application meant conducting a series of in-field irrigation system evaluations to 

measure system performance and uniformity.  
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Three irrigation systems (centre pivot, furrow and sprinkler - dragline) were 

evaluated to determine their typical irrigation uniformities. A total of twenty-seven 

fields (4 centre pivots, 6 dragline fields and 17 furrow fields) were sampled and 

evaluated. Coefficient of uniformity (CU), distribution uniformity (DU) and 

adequacy of water application were the indicators that were used in the irrigation 

system evaluation. While the DU and CU were used to assess the uniformity with 

which each system applied the irrigation water, the adequacy reflected on the 

extent to which the systems met the intended irrigation application depths as it is 

also possible to uniformly under/over-irrigate. The CU, DU and adequacy were 

be determined by equations (7), (8) and (9), respectively. 

 

 
 (7) 

  (8) 

 
          Ad =

x̄

Xdesign

 (9) 

Where:  Ad is the system adequacy 

  Xi is the amount of water caught in the ith collector (mm). 

 x̄ is the average amount of water caught in all collectors (mm) 

 x̄25% is the average amount of water caught in the low quarter (mm) 

 Xdesign is the intended/planned application depth of the system (mm) 

 N is the total number of observations. 

The uniformity evaluation for the overhead systems adopted the irrigation 

systems evaluation procedure defined in ASEA (2001).  

The following steps were followed for the centre pivot system evaluation: 

i. Catch cans were laid out at 10 m spacing interval along the radius 

of the pivot 
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ii. Pressure and design application depth were noted from pressure 

gauges installed at the lateral line connecting from the pump and 

control panel of the machine, respectively  

iii. Pivot was run until it had passed over all the catch cans 

iv. Water depth caught in each can was measured and recorded 

v. CU and DU were calculated from the recorded water depths 

The following steps were followed for the evaluation of the sprinkler system: 

i. A flat area with no overgrown cane was identified. 

ii. Four sprinklers set up in a rectangle, spaced at 18 m x 15 m. 

iii. Catch cans spaced at 3 m x 3 m and laid out within the rectangle 

formed by the 4 sprinklers. 

iv. Pressure and flowrate of each of the four sprinklers was measured 

and recorded 

v. The irrigation system was run for an hour and depth of water 

caught in each can was recorded. 

vi. CU and DU were calculated from the recorded water depths 

In both cases (centre pivot and sprinkler systems evaluation), average wind 

conditions (wind speed and direction) during the time of the field test were noted 

and recorded. 

The surface system evaluation followed the guidelines applied by Hess et al. 

(2009) with pegs/markers installed at 10 m intervals along the furrow. For the 

furrow system evaluation, water was pumped into a test furrow using a syphon of 

known diameter and flowrate. The time taken for the water to advance to each 

marker was noted. The water flow was cut off when the water front reached the 

last marker along the furrow. The time taken for the water to infiltrate at each 

marker was recorded, this was the recession time. Advance and recession curves 

were developed for each of the sample fields. The contact time and infiltration 

depth at each marked point along the furrow were determined and the CU, DU 

and adequacy were then calculated.  

Infiltration tests were conducted in furrow fields to determine typical infiltration 

rates. The infiltration tests were done with the aid of double ring infiltrometer. The 
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cylinders were driven into the soil to a depth of 30 – 50 mm as recommended by 

Hess et al., (2009). The cylinder sides were driven vertically into the ground with 

the aid of driving plate and mallet while ensuring minimal disturbances to the soils 

inside the cylinders. Where necessary, soil was tapped into the spaces between 

the soil and the cylinder walls to avoid exaggerated infiltration. Known quantities 

of water were added into the middle ring to a reasonable head above the soil 

surface and water was also be added into the outer ring to the same level as the 

inner ring while ensuring no disturbances to the soil. Time at the start of the test 

was noted and recorded. Known quantities of water was added at intervals, each 

time noting both the time taken and volume of water infiltrated. The heads in both 

the inner and outer rings were kept the same each time of refill. The process was 

run until the infiltration rate remained constant. 

Kara et al., (2008) reported that Christiansen et al., (1966) developed an equation 

for the estimation of cumulative infiltration depth at a point as a function of 

infiltration opportunity time which is as represented by equation (10). Thus, the 

equation (10) was used to determine the cumulative infiltration depths at the 

marked points along the furrow. 

                                 𝐼 =  𝑎𝑡𝑏 (10) 

Where  I is cumulative infiltration in mm 

t is the infiltration opportunity time in h (the difference between 

recession and advance time) 

a and b are the constants for a given soil at specific soil moisture 

content. 

When the logarithms of cumulated time and cumulated infiltration depths from the 

infiltration tests are plotted, they resultant graph is a straight line. Constants a 

and b are, respectively, the slope and y-intercept of the straight-line graph of the 

logarithms of the cumulative time and infiltration depth. Thus, a and b constants 

were estimated from the infiltration tests and aided the estimation of the infiltration 
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depths at the marked points along the furrows for the calculation of CU, DU and 

adequacy. 

5.2.1.1 Test of Normality 

The assumption that irrigation water application follows a normal distribution 

pattern needed to be validated and confirmed before analysing the data since the 

reliability of the results is highly dependent on the validity of the assumption. 

Testing for normality is an important step in data analysis, as this helps one to 

decide on the most appropriate method of data analysis or data transformation to 

check the reliability and validity of the results. In cases where data has been 

ascertained to follow normal distribution, parametric tests (including linear 

regression, ANOVA, t-tests) become appropriate for more powerful inferences 

about a population based on sample data (Tsagris & Pandis, 2021). On the other 

hand, where data has been proven to not follow any particular distribution, data 

transformation approaches can be applied to transform the data to follow a given 

distribution. Thus, the application of test of normality to the data, in this study, 

was to determine whether it would be appropriate to transform the data before 

analysis so as to exploit the power that comes with the use of parametric tests in 

enhancing the reliability of the results of the analysis. This is why the application 

depths for each system from the irrigation systems evaluation results were 

subjected to a test of normality to ascertain whether the water applications 

followed a normal distribution pattern. 

The normality of the irrigation system evaluation datasets was assessed using Z-

score. Z-scores for a given dataset was calculated by dividing the skewness of 

the dataset by its standard error (Ghasemi & Zahediasl, 2012; Mishra et al., 

2019). The data is said to be normal when the Z – score is between -1.96 and 

+1.96 when the number of observations (n) are less than 50 and between -3.29 

and +3.29 when n is 50 or more but less than 300 (Mishra et al., 2019). The Z-

scores for the datasets were determined using the SPSS software (Frey, 2017). 

5.2.1.2 Irrigation Uniformity Impact on Water and Energy Use  

The amount of irrigation water applied under each irrigation system was 

determined from Martin et al. (2010)’s water balance model and distribution. The 
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model has capabilities of partitioning irrigation water application into net 

infiltration, deep percolation and surface runoff based on normal distribution 

function. The model also which incorporates irrigation uniformity in determining 

the gross irrigation requirements. The gross amount of irrigation water, in turn, 

was used to determine the energy requirement. For each system, water and 

energy use under the observed and improved irrigation uniformity conditions 

were then estimated from the model and statistically compared to each other 

cane yield response to irrigation non-uniformity. 

The cane yield response to water for each of the three irrigation systems was 

estimated using the production functions developed in Chapter 4. The DSSAT 

Canegro model (used to develop the production functions) simulates yield 

response to water application at a point in the field. To account for deficiencies in 

water application due to non-uniform water application, it was assumed that the 

spatial distribution of water application follows a normal distribution. The use of 

the assumption incorporated the impact of non-uniform water application on cane 

yields at field level. 

5.2.1.3 Impact of Irrigation Application Uniformity on Cane Yields 

The cane yield under the observed irrigation uniformities for each of the irrigation 

systems were compared to cane yields under what is deemed attainable 

uniformities reported in literature. Several studies have reported potential CU 

values to be within the ranges of 86-94% for the centre pivot, 78-90% for the 

furrow and 81-91% for the sprinkler system (Burt et al., 1997; Clemmens & 

Dedrick, 1994; Reinders, 1996). In this study, the upper limit of the reported 

ranges for each system were regarded as the level to which each of the systems 

could be improved. Cane yields corresponding to the upper limit CU values for 

each system were determined and statistically compared (using analysis of 

variance - ANOVA) to the cane yields for the corresponding observed CU under 

each irrigation system. This comparison enabled the establishment of whether 

there were any significant differences in cane yields under the observed and the 

improved uniformities. 
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5.2.2 Economic Analysis 

It is important to state that the analysis was conducted at the field scale. The field 

level analysis approach simplified the need to account for the contribution of 

individual pumps in a network towards water supplies to individual dams, fields 

and other uses other than irrigation (including domestic and factory uses). Such 

need for proper water accounting could be intricate, especially when and where 

such records are not available. Thus, consideration was only given to the 

irrigation water that reached the field edge of a given irrigation system.   

5.2.2.1 Cost and Revenue 

The data that were used to generate the cost and revenue functions for the 

sugarcane production were collected from Nchalo estate records. Further, it has 

to be noted that only in-field irrigation related costs were considered in this study, 

costs associated with other crop husbandry practices including land preparation, 

crop nutrition, weeding, harvest and transport were held constant. Both the unit 

costs and the revenue were calculated and determined on a per ha basis.  

The revenue realised from sugar sales (MK/t) was the product of the sugar selling 

price (MK/t) and the sugar production function - while observing the limits within 

which the production function remains valid. The sugar production function was 

transformed from the sugarcane production function using the average sugar 

recovery percentage (equation (11). The sugar recovery percentage data were 

obtained from the Nchalo Estate field records.     

            R(w) = Ps ∗ β ∗ y(w) = Ps ∗ β ∗ (c1w2 + b1w + a1) (11) 

Where: 

R is the revenue realised from a tonne of sugar (MK/ha) as a function of 

water application w (mm),  

Ps is the sugar selling price (MK/t) c1, b1 and a1 are constants defining the 

characteristics of the sugarcane production function. 

β is the sugar recovery % 
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Cost is a linear function (English & Raja, 1996) with the slope indicating the 

marginal variable cost associated with pumping a given amount of water and the 

vertical intercept representing the fixed cost (equation (12).  

Where: 

C is the cost (MK) associated with pumping (w) amount of water (mm),  

b2 is the marginal variable cost associated with pumping w amount of 

irrigation water (MK/mm)  

a2 is the fixed irrigation cost (MK).  

The fixed cost of irrigation (a2) was made up of cost of irrigation-related insurance 

and maintenance, taxes and/or levies. It has to be borne in mind, however, that 

the consideration of only the water that had reached the field edge made the fixed 

cost to be insignificant such that its impact on the total cost of irrigation operation 

was negligible.     

The cost of irrigation to produce one tonne of sugar per ha includes the water 

cost (stipulated in the water abstraction licence), the cost of pumping and the cost 

for labour to manage the irrigation operation. The cost of water pumping is 

equivalent to the cost of energy (electricity). The energy cost included both off-

peak and on-peak operations of the irrigation. The cost of electricity was deduced 

from irrigation electricity bill records that the estate paid to the power supply 

company. The labour cost was estimated from the number of people working on 

a given irrigation shift, the number of hours per shift, the total number of irrigation 

hours in a season and the labour rate per hour. The seasonal irrigation hours 

were estimated from the seasonal irrigation water requirements (volume) divided 

by the discharge rate of the irrigation system. 

By incorporating CU, the relationships between CU and revenue - R(CU) as well 

as CU and cost - C(CU) were established. It was established in Chapter 4 that 

             C(w) = b2w + a2 (12) 
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the relationship between cane yield and CU follows a quadratic function. This 

entails that revenue associated with a given CU would be the product of the yield-

CU production function, the selling price of the sugar and the sugar recovery % 

(equation (13). Also, it has been observed that as CU changes the amount of 

irrigation water to achieve a given yield also changes. The change in irrigation 

water requirements with changes in CU means that cost of irrigation also changes 

with CU (equation (14).   

            R(CU) = Ps ∗ β ∗ y(CU) = Ps ∗ 𝛽 ∗ (c3CU2 + b3CU + a3) (13) 

            C(CU) = b4CU + a4 (14) 

Where, 

a4 and b4 are the fixed and marginal costs of irrigation in MK and MK/mm, 

respectively. 

5.2.2.2 Yield and Returns Maximising Irrigation Depth 

In irrigated production, assuming other factors remain constant, and where water 

is not a limiting factor of production, it becomes economically sound that revenue 

from the irrigated crop is maximised and this can only be done by producing 

maximum yields as long as the marginal costs do not exceed the marginal 

benefits (English, 1990b; English & Raja, 1996). Thus, it is important for the 

farmer to know how much irrigation water needs to be supplied to achieve 

maximum yields. On the other hand, achieving efficient water use becomes 

imperative in cases where water is scarce, whereby farmers are required to 

maximise returns on every drop of water supplied to the crop rather than 

achieving maximum returns.  

The irrigation depths that maximise cane yields and returns on irrigation were 

respectively determined by equations (15) and (16). Graphically, these are points 

on the graph at which the revenue function transitions from decreasing marginal 

returns to diminishing total returns and where the average net returns (ANR) 

function is tangent to the net irrigation returns (NIR) function, respectively. The 
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ANR was defined as the amount of money realised from applying a given amount 

of irrigation water depth whereas the NIR was defined as the difference between 

revenue and cost of applying a given irrigation water depth.  The NIR and ANR 

are defined by equations (17) and (18), respectively.     

            wym = −
b3

c3

 

 
(15) 

            𝑤opt = √
𝑃𝑠a3 − a4

Psc3

 

 (16) 

            NIR = R − C (17) 

           𝐴NR =
𝑁𝐼𝑅 − 𝑁𝑅𝑟𝑎𝑖𝑛𝑓𝑒𝑑

𝑤
 

(18) 

Where: 

 C is the cost of production 

 NRrainfed is the net return realised from rainfed production 

 R is the revenue 

 wym is the yield maximising irrigation depth 

 wopt is the optimum irrigation depth 

 w is amount of irrigation water applied (mm) 

a3, a4, c3 and Ps are parameters as defined in equations (13) and (14). 

5.3 Results 

5.3.1 Irrigation Application Uniformity  

5.3.1.1 Test of Normality 

The test of normality for the irrigation systems evaluation is shown in Table 5-1. 

The Z-scores showed that all centre pivot fields followed normal distribution 
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pattern in water application, all 6 dragline fields, except one, showed non-

normality and 4 furrow fields out of 13 showed non-normality. This represents 

100% normality in centre pivot system, 77% in furrow system and 17% normality 

in sprinkler system (Table 5-1).  
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Table 5-1: Numerical normality test results for the three irrigation systems evaluated 

System 
Field 

Number 

Number of 
observations 

(n) 

Flowrate 
(l/h) 

Furrow 
length (m) 

Pressure 
(kPa) 

Mean 
wind 

speed 
(km/h) 

CU 
(%) 

DU 
(%) 

 Adequacy 
(%) 

Mean 
depth 
(mm) 

Standard 
Error 
(mm) 

Skewness 
Z-

score 
Test 

Statement 

Centre 
Pivot 

2141 61 - - 420 1.0 82.4 67.7 82.8 15.66 0.664 1.99 3 Normal 

4123 71 - - 280 3.0 81.5 68.5 75.9 15.56 0.438 -0.62 -1.42 Normal 

3221 95 - - 280 0.5 84.5 52.9 71.2 13.32 0.492 -0.83 -1.69 Normal 

9007 86 - - 258 2.0 82.6 65.8 66.9 13.38 0.396 -0.13 -0.33 Normal 

Sprinkler 

1232 38 - - 235 4.0 61.7 45.2 58.4 3.523 0.223 0.16 0.72 Normal 

1234 38 - - 210 7.9 59.6 42.6 47.7 2.877 0.2 0.63 3.15 Non-normal 

3251 38 - - 285 8.3 67.1 51.1 64.1 3.871 0.269 0.73 2.71 Non-normal 

3254 38 - - 150 8.3 60.0 44.2 45.8 2.767 0.227 0.8 3.52 Non-normal 

3252 38 - - 420 10.1 79.6 62.0 63.9 3.855 0.179 -0.86 -4.8 Non-normal 

3253 38 - - 180 11.2 67.2 52.2 51.4 3.105 0.228 1.44 6.32 Non-normal 

Furrow 

3701 19 14688 190 - - 84.6 70.4 86.0 34.59 0.34 1.01 2.97 Non-normal 

1418 18 14688 180 - - 93.3 88.0 92.4 33.13 0.69 -1.64 -2.39 Non-normal 

7508 21 14688 210 - - 98.4 96.8 87.5 34.53 0.17 -0.81 -4.79 Non-normal 

7509 21 14688 210 - -  98.1 95.3 90.1 28.09 0.19 -1.47 -7.62 Non-normal 

3704 17 14688 170 - - 84.6 70.4 86.0 64.59 3.10 -1.38 -0.45 Normal 

1411 12 14688 120 - - 92.6 88.8 94.9 30.73 0.77 -0.20 -0.26 Normal 

1409 18 14688 180 - - 93.5 89.7 91.0 34.37 0.6 -0.48 -0.8 Normal 

1417 15 14688 150 - - 87.6 79.2 69.7 61.30 2.39 -0.61 -0.26 Normal 

2418 13 14688 130 - - 96.6 94.7 99.8 32.10 0.35 -0.49 -1.39 Normal 

2525 8 14688 80 - - 95.7 91.3 73.8 36.68 0.78 -1.17 -1.50 Normal 

2516 17 14688 170 - - 97.5 96.5 91.1 42.22 0.31 -0.35 -1.13 Normal 

2527 15 14688 150 - - 92.8 87.2 84.7 26.94 0.61 -0.89 -1.47 Normal 

3538 11 14688 110 - - 90.9 84.6 80.5 40.44 1.43 -0.95 -0.66 Normal 

 

3536 9 14688 90 - - 97.5 96.9 87.1 20.99 0.22 0.30 1.36 Normal 

3528 10 14688 100 - - 80.4 73.1 65.0 50.22 3.67 0.00 0.00 Normal 

6207 10 14688 100 - - 78.7 67.7 58.6 43.43 3.61 -0.52 -0.14 Normal 

7204 12 14688 120 - - 92.2 86.3 87.2 36.46 1.01 -1.09 -1.08 Normal 
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5.3.1.2 Irrigation Systems Evaluation 

Results from the irrigation system evaluation are presented in Figure 5-4,Figure 

5-5 and Figure 5-6. The evaluation showed significant differences (p<0.05) in CU 

(Figure 5-4) across the three systems (centre pivot, furrow and sprinkler). The 

respective mean CU for centre pivot, furrow and sprinkler were 83%, 90% and 

66% with the CU values ranging from 82% to 85% in centre pivot fields, 79% to 

98% in furrow fields and 60% to 80% in sprinkler fields. 

Figure 5-5 shows that while no significant differences (P>0.05) in mean DU were 

observed between centre pivot and sprinkler irrigation systems, the mean DU in 

furrow system was significantly higher (p<0.05) than mean DU for both sprinkler 

and centre pivot systems. The DU in furrow fields ranged between 68% and 97%, 

53% and 69% in centre pivot fields and from 43% to 62% in sprinkler fields with 

respective mean CU values of 87%, 64% and 50%. 

On the other hand, the adequacy with which each of the three systems applies 

irrigation showed that centre pivot and furrow systems had no significant 

differences. However, both the centre pivot and furrow systems applied the 

irrigation water with significantly higher adequacy (p<0.05) than the sprinkler 

system. The adequacy of water application under centre pivot ranged between 

67% and 82%, 59% and 100% in furrow system and 46% and 64% in sprinkler 

system with the respective mean adequacy values of 74%, 84% and 55%. 
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Figure 5-4: Box and whisker plot showing the coefficient of uniformity (CU) for 

centre pivot (n=4), furrow (n=17) and sprinkler (n=6) systems. The letters a, b and 

c show that all the systems are significantly different from each other and dots 

outside the boxes are outliers 
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Figure 5-5: Distribution uniformity (DU) variation across systems (furrow – n=17, 

pivot – n=4 and sprinkler – n=6). The letters a, b and c show that all the systems 

are significantly different from each other and dots outside the boxes are outliers 
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Figure 5-6: Variation of irrigation application adequacy across the three irrigation 

systems. The letters a, b and c show that all the systems are significantly different 

from each other and dots outside the boxes are outliers 

5.3.1.3 Impacts of irrigation uniformity on water and energy use  

The impacts of improving irrigation uniformity on water use is shown in Figure 

5-7. The comparison of irrigation water use under observed irrigation uniformity 

and envisaged level of irrigation uniformity are represented by two graphs under 

each system. The dotted arrows show the average irrigation water requirements 

for each irrigation system. The results show that at the respective observed 

irrigation uniformities (80% for centre pivot, 90% for furrow and 66% for sprinkler), 

centre pivot system would require 2600 mm of irrigation water to meet the full 

irrigation water requirements (1563 mm), furrow system would use about 2000 

mm against the required 1542 mm and sprinkler would require about 3800 mm 

to meet the required 1559 mm. On the other hand, all the systems would need 

about 2000 mm of irrigation water to satisfy the full irrigation requirements if they 

operated at the improved level of irrigation uniformities (95% for centre pivot, 90% 
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for furrow and sprinkler). This entails that improving the irrigation uniformities from 

0.8 to 0.95 for the centre pivot system and from 0.66 to 0.9 in sprinkler system 

would reduce respective irrigation water uses by an average of 30% and 90%.  

 

Figure 5-7: Impact of irrigation application uniformity improvement on irrigation 

water use 

 

Figure 5-8 compares the response of energy use under observed and improved 

irrigation uniformities. The dotted arrows indicate the average energy 

requirements per ha for each system. It is also important to note that the analysis 

only considered the energy requirement for the water that has already reached 

the edge of the field under consideration (refer to subsection 5.2.2). The results 

show that to meet the average irrigation needs for each irrigation system (1563 

mm – centre pivot, 1542 mm – furrow and 1559 mm - sprinkler), the energy 

requirements for each system would be 3750 kWh for centre pivot, 3700 kWh for 

furrow and 3740 kWh for the sprinkler system. While operating at the observed 

irrigation uniformities the centre pivot would require about 6175 kWh to pump 
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2600 mm, furrow would need about 5030 kWh to pump 2000 mm and sprinkler 

would need 9416 kWh to pump 3800 mm required to meet the respective full 

irrigation requirements. Operating the irrigation at the improved irrigation 

uniformity would result in the energy requirement being 4620 kWh for the centre 

pivot and 5030 kWh for the furrow and sprinkler systems.  

 

Figure 5-8: Energy use response to irrigation uniformity 

5.3.1.4 Irrigation Uniformity Impact on Cane Yield 

The cane yield response to irrigation uniformity is shown in Figure 5-9. This figure 

is identical to Figure 4-6, only that here an extension has been made to compare 

cane yields under the observed and improved irrigation uniformities for each 

respective irrigation system. The red arrows show the observed uniformity for 

each of the systems and their corresponding field average cane yields while the 

black dotted arrows indicate the improved irrigation uniformity and the associated 

cane yields. The results show that under the observed irrigation uniformities for 

each of the systems, centre pivot system yields 146.05 t/ha, furrow system yields 

145.13 t/ha and 150.62 for the sprinkler system. Improving the irrigation 

uniformity to the respective levels under of the system, would improve the cane 
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yields to 151.18 t/ha under centre pivot, 145.13 t/ha in furrow system and 155.68 

t/ha for the sprinkler system.   

 

Figure 5-9: Cane yield improvement as a result of improvements in irrigation 

uniformity for the respective irrigation systems. 

5.3.2 Economic Analysis 

5.3.2.1 Cost and Revenue Functions 

It was established that the estate pays 0.02 MK/m3 for every volume of water 

abstracted, 0.24 MK/m3 for energy use and 5.95 MK/m3 for labour in centre pivot 

operation, 3.57 MK/m3 for labour used in furrow system and 5.89 MK/m3 for 

labour use in sprinkler system. The difference in labour charges is due to 

differences in the flowrates and labour requirement for each of the systems. As 

could be observed, sprinkler system is more labour cost effective (5.89 MK/m3) 

than centre pivot (5.95 MK/m3) despite having lower flowrate (200 m3/h) than 

centre pivot’s 360 m3/h – this is because centre pivot system at Nchalo estate 

had a higher labour requirement (5 man-days per shift) than sprinkler system’s 4 
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man-days per shift.  Thus, the marginal variable cost for each system was 

estimated by adding up the respective unit costs of water, energy and labour 

(Table 5-2). The cost functions for centre pivot, furrow and sprinkler systems are 

as indicated in equations (19, (20 and (21, respectively (the w is the amount of 

irrigation water abstracted and applied to the growing crop in mm). 

Figure 5-10 shows the relationship between irrigation uniformity and irrigation 

water use. As can be observed, at 50% irigation uniformity the farmer would be 

required to abstract and apply about 12000 mm to meet the full irrigation 

requirements for growing cane in an attempt to achieve maximum yields. Putting 

this in context, it would mean spending about 745, 200 MK/ha on centre pivot 

irrigation, an amount six times higher, due to poor irrigation uniformity. While the 

feasibility of irrigating 12000 mm in a season might not be attainable due to 

practical limitations, this, however, gives an indication of the extent and 

significance to which poor irrigation uniformities impact on irrigation water use 

and cost of water.   

Equations (22), (23) and (24) are the cost functions expressed in terms of CU. 

These were generated by transforming the cost functions (equations (19), (20) 

and (21)) using the relationship between irrigation water application and irrigation 

uniformity as shown in Figure 5-10.  

Table 5-2: Marginal variable costs (units) under each irrigation system 

Irrigation System 
Marginal Variable Cost 

(MK/m3) 

Marginal Variable Cost 

(MK/mm) 

Centre pivot 6.21 (£0.005 per m3) 62.1 (£0.05 per mm) 

Furrow 3.59 (£0.003 per m3) 35.9 (£0.03 per mm) 

Sprinkler 6.15 (£0.005 per m3) 61.5 (£0.05 per mm) 

 

            C(w) = 62.1w + 0 (19) 
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            C(w) = 35.7w + 0 (20) 

            C(w) = 61.5w + 0 (21) 

 

Figure 5-10: Relationship between irrigation application depth and irrigation 

application uniformity. 

            C(CU) = 4073635.8CU2 − 6883722.9CU + 3030604.2 (22) 

            C(CU) = 2341848.6CU2 − 3957309.3CU + 1742231.4 (23) 

            C(CU) = 4034277.0CU2 − 6817213.5CU + 3001323.0 (24) 

The sugar recovery percentage was incorporated into the yield response to 

irrigation uniformity function for each system as shown in Figure 5-7 to generate 

the respective revenue function. It was established from the Nchalo estate 

records that the estate recovers sugar from the sugarcane at 13% on average 

while the prevailing selling price for the sugar was 1,031,491.08 MK/t. The 
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revenue functions for each of the centre pivot, furrow and irrigation systems are 

indicated by equations (25, (26 and (27, respectively. It is important to note that 

the equations are only valid as long as CU is greater than zero. 

          R(CU) = −3075039.95CU2 + 9966256.5CU + 13579683.2 (25) 

          R(CU) = −5985814.94CU2 + 11966534.3CU + 13539455.1 (26) 

          R(CU) = −6118567.84CU2 + 12370425CU + 14698025.8 (27) 

5.3.2.2 Revenue and Net Returns Maximising Irrigation Depths 

The yield and returns maximising irrigation depths are shown in Figure 5-11. As 

can be observed, the figure shows that the maximum revenue (19,570,716 MK/ha 

– about £15,124 per ha) could be attained when a total of 1541 mm of irrigation 

water was applied (solid curved line). On the other hand, the average net return 

could be maximised at 100 mm of irrigation depth with a corresponding average 

net return of 16,133 MK/mm – about £12.5 per mm (dotted straight line).    

 

Figure 5-11: Net returns and average net returns on irrigation as a function of 

irrigation application depth   
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5.4 Discussion 

The irrigation systems evaluation has shown that all the sprinkler fields that 

showed non-normality were evaluated in windspeeds range between 8 and 11 

km/h. While wind speed impacts on the uniformity of irrigation water application 

(Faria et al., 2015; Dukes, 2006), the wind speed ranges under which the 

evaluation was conducted did not qualify for a range that could render the results 

invalid (ASEA, 2001). On the other hand, the furrow fields that showed non-

uniformity in water distribution were those whose furrow length ranged between 

180 and 210 m. This shows that furrow length has an impact on water distribution 

patterns. Overall, the results on the irrigation systems evaluation indicate that 

under normal operating conditions (pressure, wind speed, sprinkler spacing 

configuration, furrow length; among other factors), spatial distribution of irrigation 

water follows a normal distribution. 

Further, both the CU and DU values from the system evaluation show that only 

sprinkler system fell below the attainable CU ranges reported by Burt et al., 

(1997); Clemmens & Dedrick, (1994) and Reinders, (1996). Although the wind 

speed conditions, under which the evaluation of the sprinkler system 

performance was conducted, might have had some impacts on the accuracy of 

the CU, Moazed et al., (2010) established no significant decrease in CU for wind 

speed below 7 m/s (25 km/h). This entails that, despite the impact of wind speed, 

the observed CU values under the sprinkler system were a true reflection of the 

performance of the system.  

All the irrigation systems were found to apply less irrigation water depth than their 

respective design capacities. Non-uniform irrigation application coupled with 

inadequate irrigation water leads to compound yield losses.  This means that 

even though the irrigation application uniformity could be improved, there is also 

a need to ensure that the adequacy of irrigation water application is also 

achieved.  

Improving irrigation uniformities for each of the systems to the respective levels 

(95% for centre pivot, 90% each for furrow and sprinkler) would reduce irrigation 

water use by 30% in centre pivot and 90% in sprinkler system while striving to 
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supply full crop requirement depth to each part of the field. It would also see the 

energy use for irrigation reduced by 34% in centre pivot and 87% in sprinkler 

system while the cane yields would improve by 5.13 t/ha in centre pivot and 5.06 

t/ha in sprinkler system.  

In monetary terms, the improvement in irrigation uniformity would reduce 

irrigation related costs by 37,260 MK/ha (about £29 per ha) in centre pivot and 

110,700 MK/ha (£86 per ha) in sprinkler system. Similarly, the improvement in 

irrigation uniformity would improve revenue by an additional 709,068 MK/ha 

(£548 per ha) in centre pivot system and 699,392 MK/ha (£540 per ha) in sprinkler 

system. 

When water is not a limiting factor of production, yields would be maximised when 

1541 mm is applied to the cane. This is the level of irrigation that would maximise 

the net return on irrigation an equivalent of 19,570,716 MK/ha (£15,124 per ha). 

On the other hand, the water use efficiency relative to average net returns were 

maximized at 100 mm. This means that water would be more of a limiting factor 

of cane production when the available water is less than 100 mm. At this point, 

the farmer would have to switch attention from maximising total returns by 

targeting to produce maximum yields to maximising the average net returns on 

every depth of water applied. Both the yield and average net returns maximising 

irrigation depth are in strong agreement with the findings reported by Banda et 

al. (2019). 

5.5 Conclusions 

It was established that the irrigation systems at Nchalo estate apply irrigation 

water with varying levels of uniformity and adequacy significantly different from 

one system to another. It was also established that the sprinkler irrigation system 

applied irrigation water with the lowest uniformity among the three irrigation 

systems while furrow system had the highest application uniformity. On average, 

the estate foregoes about 5.13 t/ha of cane yield in centre pivot and 5.06 t/ha in 

sprinkler system, by operating the systems at the observed levels of irrigation 

uniformities. Improving the operating levels of irrigation uniformity to the 

maximum attainable levels of uniformity would also reduce water use by 30% in 
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centre pivot and 90% in sprinkler system while the energy use would be reduced 

by 34% in centre pivot and 87% in sprinkler system. Similarly, by operating at the 

observed levels of irrigation uniformity, the estate forgoes revenue equivalence 

of about 709,067.60 MK/ha (£548 per ha) in centre pivot system and 699,392.21 

MK/ha (£540 per ha) in sprinkler system while operating at the level that costs 

the estate additional 37,260 MK/ha (£29 per ha) in centre pivot and 110,700 

MK/ha (£86 per ha) in sprinkler system. 
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Chapter 6. DISCUSSION 

The overall aim of this PhD research was to evaluate the agronomic, 

environmental and economic impacts of improving irrigation uniformity in 

sugarcane production in sub-Saharan Africa (SSA). This was necessitated by the 

economic importance of the sugarcane crop and the need to maintain sustainable 

irrigated sugarcane production in the face of dwindling water resources and 

intense competition for the same water resources among disciplines. 

The research set out to address the following key questions: 

i. Are there irrigation related opportunities for improving cane yields, water 

and energy use and productivity in SSA? 

ii. How does irrigation non-uniformity impact on cane yields, water and energy 

use and water productivity? 

iii. How does implementation of interventions to improve irrigation uniformity in 

the sugarcane industry in sub-Saharan Africa impact on the agronomic and 

economic benefits? 

The overall aim of the research was addressed by: 

i. identifying irrigation-related performance gaps. This was done by 

benchmarking irrigation management practices across selected sugarcane 

estates in SSA. Among the irrigation related performance gaps that were 

identified included low irrigated yields, high irrigation water use and low water 

productivities. High irrigation water uses and low water productivities are likely 

a sign of poor irrigation management practices including poor scheduling 

techniques and inefficient irrigation systems. Irrigation non-uniformity is among 

the factors that make an irrigation system inefficient (Kranz, n.d.) and results 

in low yields (Pérez-Ortolá et al., 2015; Reinders, 1996) and high irrigation 

water use (Clemmens & Molden, 2007) thus, leading to low water productivity.  

ii. An irrigation systems evaluation was, thus, conducted across the different 

systems of irrigation on a case-study sugar estate in Malawi to establish the 

levels of irrigation uniformity with which the systems apply water. The impacts 
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of the irrigation non-uniformity on cane yields, water use and productivity were 

assessed through crop modelling. Cane yield response to varying levels water 

and uniformity was modelled using DSSAT Canegro coupled with a water 

balance model. The simulated cane yields associated with improved irrigation 

uniformity was compared with corresponding yields associated with the 

observed irrigation uniformities under each irrigation system.  

iii. Finally, the economic benefits associated with the implementation of the 

irrigation uniformity improvements were then evaluated, with the established 

impacts of irrigation non-uniformity on cane yields, water use and productivity 

in mind.   

6.1 Agronomic Impacts of Irrigation Non-Uniformity 

The modelling of yield response to water showed that yield decreases with 

irrigation non-uniformity and vice-versa. Similar trends were previously 

established in sugarcane (Baillie, 2004; Reinders, 1996), onions (Pérez-Ortolá et 

al., 2015), barley (El-Wahed et al., 2016) and lettuce (Brennan & Calder, 2006). 

On average, percent change in irrigation uniformity resulted in a 0.3% change in 

cane yield. This was in agreement with results reported by Baillie (2004), 

Reinders (1996) and Solomon (1998). The reduction in cane yields, as a function 

of irrigation non-uniformity, is a result of agronomic impacts of under and/or over-

irrigation (nutrient leaching due to deep percolation – in the overirrigated areas, 

poor aeration in the root zone due to water stagnation – in the overirrigated areas, 

water stress due to inadequate water supply – in the inadequately irrigated areas, 

proliferation of pests and diseases due to water logging – in the overirrigated 

areas, salinity due to the rise of the water table – in the overirrigated areas). Poor 

irrigation uniformities widen the gap in irrigation application depths between the 

areas of the field that get at least the target application depth (adequately 

irrigated) and those that get less than the target application depth (inadequately 

irrigated). The differences in water application depths due to poor irrigation 

uniformity, also result in corresponding yield differences across the field which 

also widens with poor irrigation uniformity and thus resulting in low yield averages 

at the field scale. Further, when compared to potential performance indicators 
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reported in literature, actual indicators characterise SSA as a region of low water 

productivities with yields that are less than the world-wide good yield mark. 

Svendsen et al. (2009) reported that average sugarcane water productivities for 

Eswatini, Malawi, Tanzania and Zambia were 14.20 kg/m3, 11.56 kg/m3, 10.24 

kg/m3 and 12.55 kg/m3 respectively. The estimated water productivities for all five 

estates were 4.96 kg/m3, 5.09 kg/m3, 7.52 kg/m3, 5.93 kg/m3 and 7.22 kg/m3 for 

Dwangwa, Kilombero, Nakambala, Nchalo and Ubombo estates, respectively. 

The estimated water productivities are less than the reported potential 

productivities for corresponding country. This is in agreement with Ritchie, (2022), 

Mukasa et al., (2017), Zamanillo et al., (2017) and Sadras et al., (2015) who also 

characterised SSA as a region of very low crop, land and water productivities 

relative to other regions.  

While it is expected to have variations in cane yields and irrigation water use due 

to variations in climate, soils and potential yields across the region, significant 

differences in water productivity are not expected in irrigated cane production 

where proper irrigation water management practices are followed – proper 

irrigation water management practices ensure maximum yield benefit from 

irrigation, which should not significantly change with location. The variations in 

water productivity in the irrigated cane production is a sign that yield benefits from 

irrigation is not maximised (in the estates with low water productivities) due to 

poor irrigation water management practices (including poor scheduling and/or 

inefficient irrigation systems). However, such variations provide an avenue for 

performance improvement. While improvement in yields would accelerate the 

closure of the yield gap, which is wider in SSA (Mukasa et al., 2017; Ritchie, 

2022; Sadras et al., 2015); improving water productivity would likely lead to 

efficient utilisation of irrigation water and maximising the yield benefits from 

irrigation  and thus, avoiding incurring unnecessary irrigation related costs and 

maximising returns on production in the process.  

Improved irrigation uniformity by itself is not guarantee for improved yields and 

water productivity. To fully benefit, it is important to ensure that other irrigation 

management practices, including appropriate irrigation scheduling practices, are 
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within acceptable ranges of performance. For example, a farmer who always 

applies irrigation water off-schedule would likely miss out on the benefits of 

improved irrigation uniformity no matter how good the irrigation uniformity is. It is 

therefore important that irrigated sugarcane production entities/estates should 

include irrigation related KPIs (including correct irrigation scheduling, relative 

irrigation supply, uniformity of irrigation water application and water productivity) 

in their performance monitoring metrics in order to enhance sustainability and 

productivity of the irrigated sugarcane production. Performance appraisals of 

farm managers at Nchalo estate where the major part of the thesis was carried 

out, as an example, dwell much on the tonnage of cane produced at the end of 

the cropping season while irrigation performance related metrics are not 

scrutinised in detail. Paying little attention to details of irrigation related 

performance indicators would likely lead to under/over-irrigation and thus under-

exploitation of irrigation related yield benefits leading to low water productivities 

and poor returns on irrigated cane production.  

The modelling of the impacts of irrigation non-uniformity on cane yields, irrigation 

water and energy use was generally based on CU values derived from field tests 

of a single event.  Clemmens & Molden, (2007) indicated that water application 

variations due to an irrigation system’s non-uniform application tend to be 

systematic and without overruling presence and occurrence of some 

randomness, the random tendence tend to be too insignificant to overshadow the 

systematic pattern. This entails that a field area that receives inadequate water 

during one irrigation event would still have a water deficit in the subsequent 

irrigation events. By extension, this also means that CUs drawn from a single 

event, might not be significantly different from CUs drawn from multiple events.  

6.2 Environmental Impacts of Irrigation Non-Uniformity 

The research showed that irrigation uniformity has potential benefits to the 

irrigated sugarcane production industry including reducing irrigation water and 

energy use. Similar benefits were also reported by Brennan, (2008), Brennan & 

Calder, (2006), Clemmens & Molden, (2007), as well as El-Wahed et al., (2016). 

Irrigation uniformity impacts on the distribution of irrigation water across the fields. 
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The modelling of the irrigation water distribution across the field showed that poor 

irrigation uniformities do not only reduce field-scale yield averages, it also widens 

the gap (in irrigation application depth) between the adequately and the 

inadequately irrigated areas; leading to water wastage in areas of the field that 

receive more than the target application depth (over-irrigation). Over-irrigation is 

undesirable as it is an indication of inefficient irrigation management practice that 

has a potential to waste water. Over-irrigation leads to surface runoff, and nutrient 

leaching due to deep percolation. All these are associated with potential 

increased environmental risks. 

Surface runoff also contributes to erosion of topsoil, chemicals and/or 

undissolved fertilizers applied on the soil surface. The erosion of the topsoil and 

washing away of chemicals and fertilizers respectively lead to siltation and 

pollution of water channels and/or water bodies, leading to reduced capacities of 

water bodies and surface water quality degradation. Another common problem 

associated with soil erosion is eutrophication – significant growth of algae and 

other aquatic plants due to nutrient-enrichment of water bodies that leads to low 

levels of dissolved oxygen (Chislock et al., 2013). Eutrophication inhibits light 

penetration thereby causing die-offs of aquatic plants in the littoral zone, depletes 

inorganic carbon due to high levels of photosynthesis and raises pH to extreme 

levels – impacting the survival of pH sensitive aquatic organisms (Chislock et al., 

2013). Deep percolation, on the other hand, leads to contamination of ground 

water resources as a result of nutrient/chemical leaching (Bayabil et al., 2022). 

Deep percolation could also lead to rising of the water table, which has a potential 

to cause salinity (Saidi & Hammami, 2016). 

6.3 Economic Impacts of Irrigation Non-Uniformity 

High irrigation uniformities reduced irrigation water used and variations in water 

application across the field which in turn  resulted in uniform yield distribution 

across the field leading to high yield average across the field (Brennan, 2008; 

Brennan & Calder, 2006; El-Wahed et al., 2016; López-Mata et al., 2010; 

Nascimento et al., 2019; Ortega Álvarez et al., 2004). In this research, for 

example, a 10% improvement in irrigation uniformity (from 80% to 90%) led to 
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reduction in modelled water use by an average of 30% in centre pivot and a 30% 

(from 60% to 90%) improvement in uniformity under sprinkler system led to 90% 

reduction in irrigation water use while the cane yields improved by 5.13 t/ha in 

centre pivot and 5.06 t/ha in sprinkler system. The increase in yield means 

improved total returns and the reduction in water use has potential to reduced 

irrigation related costs including energy and labour for irrigation operation. The 

increase in total returns and reduced irrigation related costs led to wider gross 

margin (Ortega Álvarez et al., 2004). Energy use was reduced by 34% under the 

centre pivot system and 87% for the sprinkler system in response to 10% and 

30% improvements in irrigation uniformity (from 80% to 90% and 60% to 90% in 

the respective irrigation systems), respectively. Consequently, the irrigation-

related costs were reduced by 37,260 MK/ha in centre pivot and 110,700 MK/ha 

in sprinkler system and the revenue improved by an additional 709,068 MK/ha 

and 699,392 MK/ha in centre pivot and sprinkler system respectively. 

6.4 Methodological Limitations 

The methodological approaches employed in this research, as with any other 

modelling-based research, were informed by data availability. Efforts were made 

to ensure that appropriate methods were used based on the available data that 

was of high quality. In this research the financial and environmental indicators 

were not considered for the benchmarking exercise because the focus was 

mainly on irrigation management practices. While financial and environmental 

parameters are equally important indicators for irrigation systems performance, 

they were considered to be influenced by and dependent on irrigation water 

management practices. Thus, no attempt was made to collect appropriate 

datasets for the estimation of financial and environmental KPIs for the 

benchmarking exercise. The exclusion of the financial and environmental 

performance indicators in the benchmarking means that the research did not 

draw a conclusively dissected performance picture of the estates. Thus, there 

might have been a chance of reporting under-performance of some estates that 

are performing highly or obscuring an opportunity for improvement in the 

excluded performance indicators.  



 

117 

The DSSAT Canegro model requires some parameters that are not easily 

attainable outside experimental setup. Due to the nature of the study site 

(commercial sugar estate), some data for crop modelling were not readily 

available. Data on crop coefficients related to cultivar parameters that regulate 

partitioning of biomass, growth and development of canopy and phenological 

phasing (Singels et al., 2008), were not available. Such data is mostly acquired 

from experimental trials. Cultivar coefficients are a requirement input parameter 

for the DSSAT Canegro model and parameterisation of the cultivar coefficients 

improves model performance (Coelho et al., 2020). However, the unavailability 

of such data necessitated the use of default crop coefficients of a reference 

cultivar for the modelling. 

While five estates were involved in benchmarking of irrigation management 

practices – to identify opportunities for performance improvement, the 

conclusions on the impacts of irrigation non-uniformity on cane yields, water and 

energy use and productivity were based on a single estate. This was due to 

practicality of conducting the assessment in all the estates within the 3-year 

timeline allocated for the research. It is important to note, however, that while the 

general trend in cane yield response to varying water and uniformity levels has a 

general application, the extent of the yields, water productivity and revenue 

improvement as well as the irrigation water and energy use and cost reductions, 

as a result of improvements in irrigation uniformity, are site specific and prevailing 

economic conditions (including cost of water, labour, energy and prices of sugar). 

Thus, improving irrigation uniformity might be economically viable option in some 

estates and not in others.  

6.5 Areas for Future Research 

Future research should aim at building on the scope and findings of this research 

while addressing the shortcomings of the methodological approaches used in this 

research. Thus, future research prospects should aim to (i) benchmark the 

performance of irrigation systems in the selected estates using financial and 

environmental performance indicators – this would likely develop an exhaustive 

understanding of opportunities for performance improvement in the cane 
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production, (ii) calibrate and validate the performance of the DSSAT model by 

firstly determining and parameterising the DSSAT Canegro cultivar-related 

parameters based on the study site and (iii) provide answers regarding irrigation 

uniformity improvement options, associated cost of uniformity improvement for 

each option and develop a framework for deciding the best option for given 

prevailing economic conditions. 

Irrigation system performance, rather than irrigation system type, significantly 

affect cane yields (Mudima, 2002). It is for this reason that the key findings 

highlighted in thesis cannot be the basis for switching from one irrigation system 

to another. However, choice of irrigation system should be guided by such factors 

as they relate to physical, social, economic and environmental considerations. 
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Chapter 7. CONCLUSIONS 

The research set out to provide answers to three questions that were key to the 

accomplishment of the aim of the study. The questions and their corresponding 

conclusions are as outlined in the subsequent paragraphs: 

i. Are there irrigation related opportunities for improving cane yields, water and 

energy use and productivity in SSA? 

It was established that there were opportunities to improve performance of 

irrigated cane production in the SSA region. Benchmarking of irrigation 

management practices, that was employed to identify opportunities for improving 

cane yields, water and energy use and productivity in selected countries in the 

region established that cane production is characterised by low cane yield 

averages that were below the ‘good yield’ mark reported in the literature that 

ranged between 84 t/ha and 109 t/ha, high irrigation water uses and water 

productivities lower than respective potentials that ranged between 5.0 kg/m3 and 

7.8 kg/m3. Thus, the SSA region offers opportunities for the improvement of cane 

yields and water productivity as well as reduce irrigation water and energy use 

through improvement of irrigation system performance. The null hypothesis 

(there are no opportunities for improvement of cane yields, water and energy use 

and productivity in SSA) is rejected.  

ii. How does irrigation non-uniformity impact on cane yields, water and energy 

use and water productivity? 

Irrigation non-uniformity reduces field-average yields while increasing irrigation 

water and energy requirements. This implies that irrigation systems that operate 

at low uniformities are likely to lead to low field average crop yields, high irrigation 

water and energy uses and low water productivities, that lead to high irrigation 

related costs. The modelling of cane yield response to varying irrigation 

uniformities using DSSAT Canegro model coupled with a water balance model 

showed that a percentage change in irrigation uniformity changed average cane 

yield between a range of 0.2 t/ha and 0.5 t/ha and reduced both irrigation water 

and energy use by 3%. This finding satisfied the condition for the rejection of the 
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null hypothesis that stated that irrigation non-uniformity has no impact on cane 

yield, water and energy use and productivity. 

iii. How does implementation of interventions to improve irrigation uniformity in 

the sugarcane industry in sub-Saharan Africa impact on the agronomic and 

economic benefits? 

The implementation of irrigation uniformity improvement interventions improves 

crop yields, reduces water and energy use and irrigation-related costs and thus 

leading to the rejection of the null hypothesis that stated that implementation of 

irrigation uniformity improvement interventions does not have agronomic, 

environmental and economic benefits. The agronomic and financial benefits of 

implementing irrigation uniformity improvement interventions; assessed using a 

combination of DSSAT Canegro model, water balance model and an economic 

model; showed that a percentage improvement in irrigation uniformity improved 

revenue by a range between 23,300 MK/ha and 70,900 MK/ha (about £18 – 

65/ha) and reduced irrigation-related costs by 3,700 MK/ha (about £3/ha). 

Overall, the research has contributed to science and knowledge of practice by 

developing new methodologies, establishing new findings and confirming already 

known theoretical knowledge and empirical evidence. In this research, two new 

methodological approaches were developed. One method combined the 

capabilities of DSSAT Canegro in simulating cane yield response to water and 

Martin et al., (2010) enhanced water balance model to simulate the impacts of 

irrigation non-uniformity on cane yields, water and energy use and productivity. 

The other method involved the integration of a financial model to determine the 

impact of irrigation non-uniformity on marginal returns. These methodological 

approaches were used and integrated in a novel way for the first time to study 

cane yield response to water and the financial impacts of irrigation uniformity on 

cane yields, water and energy yields. 

This research has also provided new empirical evidence on the impacts of 

irrigation non-uniformity on yields, water and energy use, water losses and 

irrigation costs, revenues and returns. These are important for understanding 

options and responses associated with addressing agronomic and economic 
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factors linked to low irrigation uniformity. Finally, the research confirmed that 

there is a declining trend in cane yields in SSA (FAOSTAT, 2022). It also 

confirmed that irrigation application depths across fields typically follow a normal 

distribution and that the application uniformities of overhead irrigation systems 

are affected by wind speed and direction (Dukes, 2006; Faria et al., 2015, 2019) 

and operating pressure (El-Wahed et al., 2016; Maroufpoor et al., 2010) while the 

application uniformity of surface irrigation systems are also affected by furrow 

length (Burt et al., 1997). 
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APPENDICES 

Appendix A : Data Collection Tools 

A.1 Initial Questionnaire 

Benchmarking the performance of irrigated sugarcane at Illovo 

Sugar - questionnaire for data collection.  

On 12th December 2019 a new 3-year PhD research contract between 

Illovo Sugar (Africa) and Cranfield University was established. The aim of 

the research is to evaluate irrigation management practices at selected 

Illovo sites in Africa and identify measures to improve water and energy 

efficiency for sugarcane production. 

The project will involve Mavuto Banda (PhD student) with supervision by 

Professor Jerry Knox and Professor Tim Hess from Cranfield University. The 

technical leads in Illovo include the Group Agriculture Engineering 

Specialist (Mr. Darran Boote), Agriculture Manager – Nchalo (Mr Keith 

Domleo) and Agriculture Engineer – Nchalo (Mr Jaco Burger). 

One of the initial objectives of the research is to carry out a benchmarking 

exercise to establish current levels of performance and identify best 

practices among the estates across the Illovo (Africa) group. This 

preliminary questionnaire, aims to identify the types of data required and 

available. This will help in supporting future interviews/discussions with key 

informants at each estate and in developing more detailed questionnaire. 

The findings from this benchmarking exercise will inform the research 

direction of the subsequent steps. The findings will also be shared with 

Illovo staff involved in irrigation management. It is emphasised that the 

data collected in this exercise and subsequent analyses will be solely used 

for the purposes of the PhD research.  The contract between Cranfield 

and Illovo and the PhD student includes detailed provision for data 

protection and confidentiality. Thank you for your support in this research. 

 

Directions for completing the questionnaire 

1. The questionnaire has been developed with interactive capabilities, so 

it can be electronically completed saved and then sent without having 

to make a print out. 

2. For most questions, please choose the appropriate answer(s) from 

given options. It is advisable that you properly check whether a given 

question requires them to select only one option or multiple options, 

type in your own words/figures or select an option from the dropdown 

menu. 
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3. Questions that require you to input your own words or figures have 

been customized to accept an appropriate input type e.g. numbers 

only, words only or a combination of both text and numbers. Please 

check you enter numbers/text in the appropriate format.   

4. Please do not hesitate to contact Mavuto Banda via the email address 

provided below if you need clarifications on any of the questions. 

5. After completing the questionnaire, save the file with a new filename 

and then email to m.banda@cranfield.ac.uk 
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Section A: Respondent Identification 

A1. Name:       A2. Position: 

 

Section B: Operation Identification Details 

B1. Country:       B2. Estate:  

 

B3. Total cane area (ha) on estate (exclude out grower area):  

 

B4. Does the estate have data/maps (GIS files) showing estate 

boundaries, field boundaries, water abstraction points, storage reservoirs, 

canal/pipeline networks either in form of hardcopy (paper) maps or 

electronic/digital maps? (Select ONE applicable option below) 

 

Yes      No 

 

Section C: Irrigation Systems, Water Abstraction, Conveyance 

and Application 

C1. Which of the following irrigation systems are used at the estate? Please 

tick all that apply (select ALL applicable options) 

 

Basin 

Border strip 
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Furrow 

Sprinkler (hand moves, dragline and/or solid set) 

Centre pivot 

Linear move 

Surface and/or subsurface drip 

Other (Specify)________________________ 

    

 

 

C2. What is the area (ha) under each irrigation system selected above? 

(Enter the corresponding area for each system in the right-hand side) 

 

Irrigation System Area (ha) 

Basin     

Border strip  

Furrow  

Sprinkler (hand moves, dragline or solid-set)  

Centre pivot  

Lateral move  

Surface/sub-surface  

Other  

TOTAL Area  
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C3. Does the estate keep records of irrigation abstraction (volume and 

time) and monitor water use at selected points along the conveyance 

system? (Select ONE applicable option below) 

 

Yes      No 

 

C4. If yes to in (C3, in what format are these records? (Tick ALL applicable 

options) 

Spreadsheet 

Canepro 

Books (hardcovers or similar) 

Loose paper record 

Other (Specify)________________________ 

     

C5. How long has the practice of keeping such records been in place?  

 

 

 

C6. Does the estate keep records of irrigation events (timing and amount 

of water applied during each irrigation event)? (Select ONE applicable 

option below) 
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Yes      No 

  

C7. If yes to C6, in what format of recording are these records? (Tick ALL 

applicable options) 

 

Spreadsheet 

Canepro 

Books (hardcovers or similar) 

Loose paper record 

Other (Specify)________________________ 

 

 

C8. How long has the practice of keeping such records been in place?  

 

 

C9. Does the estate conduct and keep records of field tests to evaluate 

irrigation uniformity (e.g. catch can tests, advance and recession etc.)?  

 

Yes      No 
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C10. If yes to C9 above, in what format of recording are these records? 

(Tick ALL applicable options) 

 

Spreadsheet 

Canepro 

Books (hardcovers or similar) 

Loose paper record 

Other (Specify)________________________ 

 

C11. If yes to C9 above, how frequent are these tests conducted?  

 

 

C12. How long has the practice of keeping such records been in place?  

 

 

C13. Does the estate keep records of irrigation system failure due to 

breakdowns, power failure and/or any other causes (Lost Time Available - 

LTA)?  

 

Yes      No 
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C14. If yes in (C12) above, in what format of recording are these records? 

(Tick ALL applicable options) 

Spreadsheet 

Canepro 

Books (hardcovers or similar) 

Loose paper record 

Other (Specify)________________________ 

C15. If yes in (C12) above, since when has the practice (of keeping such 

records) been in place?  

 

C16. Which of the following are the sources of energy are used for 

irrigation pumping on the estate? (Tick ALL applicable options) 

Hydro-electricity 

Fuel (petrol/diesel) 

Solar panels 

Wind turbines 

Other (specify) 

__________________________________________ 

 

C17. Does the estate keep records of irrigation related energy 

consumption (electricity bills, sunshine intensity/hours and/or fuel cost)?  

 

Yes      No 
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C18. How long has the practice of keeping such records been in place?  

 

 

C19. Does the estate keep ‘first burn – first irrigation’ record? 

 

Yes      No 

 

C20. How long has the practice of keeping such records been in place?  

 

 

Section D: Crop Production 

D1. Does the estate keep records of cane productivity (yield) at the field 

level (t/ha)? 

 

Yes      No 

 

 

 

D2. If yes in (D1) above, which of the following does the estate record? 

(Tick ALL applicable options) 

Growth start date 
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Date of harvesting 

Tons cane per hectare 

Tons sugar per hectare 

Sucrose recovery 

Moisture content at the factory 

 

D3. If yes in (D1) above, since when has the estate been recording the 

production parameters?  

 

Section E: Climate and Soil data 

E1. Does the estate have a weather station? 

 

Yes      No 

 

E2. If yes to (E1) above, specify the type of weather station below (Tick ALL 

applicable options) 

Automatic weather station 

Manual weather station 

Combination of both manual and automatic 

 

E3. If yes to (E1) above, which of the following elements are recorded at 

the weather station? (Tick ALL applicable options)  

Rainfall 
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Temperature (max and min) 

Evapotranspiration (ET) 

Relative humidity 

Wind speed 

Solar radiation 

Sunshine hours 

Soil temperature 

Other (specify) 

 

E4. How long has the practice of keeping such records been in place?  

 

 

E5. Does the estate have field level records of soil characteristics (texture, 

organic matter content, soil depth, water holding capacity etc.)? 

 

Yes      No 

 

C4. If yes in (E5) above, what was the method of data collection for these 

records? (Tick ALL applicable options) 

Field sampling and lab analysis 

Electromagnetic induction (EMI) scanning 

Other (Specify)________________________ 
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END of Questions – thanks for your time! 

 

 

 

 

 

 

 

 

Appendix B : Cost and Benefits Analysis Input 

Parameters 
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Irrigation systems under consideration

Furrow

Centre pivot

Sprinkler

Unit Input value Source of data

Irrigation system elements

1. Furrow

Application uniformity (CU) decimal 0.90 field tests

Adequacy decimal 0.84 field tests

flowrate m3/h 43.20 Calculated

flow velocity m/s 0.01 field tests

canal x-section area m2 1.20 field tests

2.Centre pivot

Application uniformity (CU) decimal 0.80 field tests

Adequacy decimal 0.74 field tests

flowrate m3/h 75.00 field tests

life span yrs Literature

3. Sprinker

Application uniformity (CU) decimal 0.66 field tests

Adequacy decimal 0.55 field tests

flowrate m3/h 65.00 field tests

life span yrs Literature

Area under each irrigation system

Furrow ha 10.80 Nchalo estate records

Centre pivot ha 30.40 Nchalo estate records

Sprinker ha 16.00 Nchalo estate records

Yields and prices

1. Furrow

cane yield t/ha 142.00 Cane yield response to water simulated by DSSAT Canegro model

sugar recovery % 13 Nchalo estate records

sugar yield equivalent t/ha 18.46 Calculated

sugar selling price £/t 1100 Nchalo estate records

2. Centre pivot

cane yield t/ha 124.89 Cane yield response to water simulated by DSSAT Canegro model

sugar recovery % 13 Nchalo estate records

sugar yield equivalent t/ha 16.24 Calculated

sugar selling price £/t 1100 Nchalo estate records

3. Sprinkler

cane yield t/ha 134.92 Cane yield response to water simulated by DSSAT Canegro model

sugar recovery % 13 Nchalo estate records

sugar yield equivalent t/ha 17.54 Calculated

sugar selling price £/t 1100 Nchalo estate records

Seasonal crop water requirements and water supply

1. Furrow

Potential ET mm 1840.83 Simulated by DSSAT Canegro model

Precipitation mm 755.70 Simulated by DSSAT Canegro model

Effective Irrigation mm 1542.05 Simulated by DSSAT Canegro model

Transpiration mm 1472.23 Simulated by DSSAT Canegro model

Soil Evaporation mm 346.60 Simulated by DSSAT Canegro model

Runoff mm 175.92 Simulated by DSSAT Canegro model

Drainage mm 113.67 Simulated by DSSAT Canegro model

2. Centre pivot

Potential ET mm 1906.35 Simulated by DSSAT Canegro model

Precipitation mm 717.40 Simulated by DSSAT Canegro model

Effective Irrigation mm 1255.34 Simulated by DSSAT Canegro model

Transpiration mm 1171.95 Simulated by DSSAT Canegro model

Soil Evaporation mm 454.69 Simulated by DSSAT Canegro model

Runoff mm 268.00 Simulated by DSSAT Canegro model

Drainage mm 45.53 Simulated by DSSAT Canegro model

3. Sprinkler

Potential ET mm 1,760 Simulated by DSSAT Canegro model

Precipitation mm 963 Simulated by DSSAT Canegro model

Effective Irrigation mm 1,550 Simulated by DSSAT Canegro model

Transpiration mm 1,419 Simulated by DSSAT Canegro model

Soil Evaporation mm 319 Simulated by DSSAT Canegro model

Runoff mm 111 Simulated by DSSAT Canegro model

Drainage mm 169 Simulated by DSSAT Canegro model

Water allocation and abstraction

Annual licensed volume m3 1,000,000.00  Nchalo estate records

Annual irrigation water use volume m3 Calculated/Simulated by Clemmens' statistical approach

Annual over-abstracted volume m3 Nchalo estate records

Over abstraction penalty £/m3 6 Nchalo estate records

Annual substription fees & levies £ 100 Nchalo estate records

Unit cost of water £/m3 0.08 Nchalo estate records

2. Centre pivot

Annual licensed volume m3 1,000,000.00  Nchalo estate records

Annual irrigation water use volume m3 Calculated/Simulated by Clemmens' statistical approach

Annual over-abstracted volume m3 Nchalo estate records

Over abstraction penalty £/m3 6 Nchalo estate records

Annual substription fees & levies £ 100 Nchalo estate records

Unit cost of water £/m3 0.08 Nchalo estate records

3. Sprinkler

Annual licensed volume m3 1,000,000.00  Nchalo estate records

Annual irrigation water use volume m3 Calculated/Simulated by Clemmens' statistical approach

Annual over-abstracted volume m3 Nchalo estate records

Over abstraction penalty £/m3 6 Nchalo estate records

Annual substription fees & levies £ 100 Nchalo estate records

Unit cost of water £/m3 0.08 Nchalo estate records

Energy tarriffs and use

1. Furrow

Specific energy requirement kWh/m3 0.6 Nchalo estate records

Seasonal electricity use kWh Calculated

proportion of offpeak operation % 75 Nchalo estate records

proportion of onpeak operation % 25 Nchalo estate records

offpeak electricity unit cost £/kWh 0.16 Nchalo estate records

onpeak electricity unit cost £/kWh 0.5 Nchalo estate records

2. Centre pivot

Specific energy requirement kWh/m3 0.6 Nchalo estate records

Seasonal electricity use kWh Calculated

proportion of offpeak operation % 75 Nchalo estate records

proportion of onpeak operation % 25 Nchalo estate records

offpeak electricity unit cost £/kWh 0.16 Nchalo estate records

onpeak electricity unit cost £/kWh 0.5 Nchalo estate records

3. Sprinkler

Specific energy requirement kWh/m3 0.6 Nchalo estate records

Seasonal electricity use kWh Calculated

proportion of offpeak operation % 75 Nchalo estate records

proportion of onpeak operation % 25 Nchalo estate records

offpeak electricity unit cost £/kWh 0.16 Nchalo estate records

onpeak electricity unit cost £/kWh 0.5 Nchalo estate records

Labour requirements

1. Furrow

Nmbr of people per shift Nmbr 2 Nchalo estate records

Nmbr of hours per shift hr 8 Nchalo estate records

Total nmbr of irrigation hrs in a season hr

Labour rate (£/h) (£/hr) 1.8 Nchalo estate records

2. Centre pivot

Nmbr of people per shift Nmbr 4 Nchalo estate records

Nmbr of hours per shift hr 8 Nchalo estate records

Total nmbr of irrigation hrs in a season hr

Labour rate (£/h) (£/hr) 1.8 Nchalo estate records

3. Sprinkler

Nmbr of people per shift Nmbr 2 Nchalo estate records

Nmbr of hours per shift hr 8 Nchalo estate records

Total nmbr of irrigation hrs in a season hr

Labour rate (£/h) (£/hr) 1.8 Nchalo estate records
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Appendix C : DSSAT Canegro Input Parameters 
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