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ABSTRACT 

 
Agricultural blue water consumption has increased due to the global pressure to attain food 

security for the burgeoning world population. Novel technologies are required that balance 

food production and optimal water usage. Moistube™ Irrigation (MTI) is a relatively new 

technology that potentially improves water productivity, water use efficiency, and 

subsequently crop yields. Oilseeds such as canola (Brassica napus L.) are strategic industrial 

crops that provide global nutritive and bio-fuel needs. Canola production requires optimal 

water supply and fertigation for improved yields. Moistube™ can potentially be used to irrigate 

and fertigate canola for maximised yields. In South Africa, canola production is primarily 

rainfed. South Africa imports 70% of oilseeds to meet its oilcake needs. Canola has a high 

Nitrogen (N) requirement, thus, optimal fertigation strategies are required for growers to adopt 

for improved yields. The use of MTI for canola production in South Africa can potentially 

reduce the reliance on imported oilseeds. Vadose contamination due to solute transport and 

leaching presents a challenge to the environment. Grower practices need upgrading to prevent 

contamination by adopting optimal fertigation regimes that balance costs, minimal 

contamination and optimal yields. Energy costs to power irrigation systems hinder profitable 

farming. Moistube™ is a polymeric Semi-Permeable Membrane (SPM) and low-pressure 

irrigation technology. In the absence of applied pressure Moistube™ discharge depends on soil 

matric potential. In addition, Moistube™ intrinsic qualities have the potential to supply water 

for plant root uptake under negative pressure or an evaporative demand. The literature review 

revealed a dearth in the body of knowledge of MTI for example, the literature review revealed 

little quantitative analysis on how alternate wetting and drying, exposure to UV radiation can 

impact on Moistube™ mechanical properties and the subsequent discharge performance. 

Another identified research gap considers how there is a dearth in information regarding 

Moistube fouling due to the use of various forms of effluent. Whilst researchers have 

investigated Moistube discharge under an applied pressure, there has not been a testing of the 

conceptual discharge concept of Moistube™ which states that discharge can be induced under 

a negative pressure or an evaporative demand. Line source wetting geometries are a function 

of emitter type and soil characteristics (texture and hydraulic conductivity (𝑘𝑠𝑎𝑡,𝑢𝑛𝑠𝑎𝑡)). 

Moistube is a line source emitter. No previous study has investigated the wetting geometry 

exhibited by MTI in heavy clay and sandy soils. Literature revealed how there is no systematic 

investigation on the use of MTI for fertigation. This document contains a literature review on 

Moistube™ technology and it highlights potential research gaps around the subject area. 
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1 INTRODUCTION 
 

Climate change poses the greatest threat to rain-fed agriculture (Smit and Skinner, 2002). 

Variable rains have seen a reduction in crop production in several parts of the world and sub-

Sahara Africa (SSA) causing food insecurity to the vulnerable population. Drip irrigation 

involves both surface and sub-surface systems. Irrigation mitigates the adverse effects of 

variable rainfall, however, the irrigation panacea consumes 70% of the earths’ blue water (Rost 

et al., 2008). Technologies such as drip irrigation and micro sprinklers have been developed to 

maximise crop production with minimal water usage. The water use efficiencies of these 

irrigation systems are estimated to be 95%. Sub-surface Drip Irrigation (SDI) is extensively 

used in arid regions of the world (Lamm et al., 2012) as it minimises non-beneficial water use, 

i.e. it prevents water losses due to soil evaporation, deep percolation and surface runoff. 

Furthermore, Lamm et al. (2012) presented challenges faced by farmers who adopt the SDI 

technology. For example,  due to no visuals, the SDI can be hard to manage since the problems 

occur underground. Previously SDI was achieved using buried ceramic clay pots (Cai et al., 

2017). The technique allowed water to migrate through the nano-pores in the direction of 

suction which  was induced by the differential soil water potential. 

 

Moistube™ Irrigation (MTI) is a semi-permeable membrane, and a relatively new technology 

that simulates the clay pot irrigation. The Moistube is an upgraded flexible Semi-Permeable 

Membrane (SPM) whose pores are in the nano-scale (Kanda, 2019). The technology was 

developed in China and Jun et al. (2012) did experimental work which proved that MTI had 

high water use efficiency and asserted its suitability for arid regions. The nano-pores are 

uniformly and densely distributed and hence high irrigation uniformity is easily achieved (Jun 

et al., 2012; Fan et al., 2018). 

 

Canola (Brassica napus L.) is a commercial rape and oilseed crop. China is the biggest rapeseed 

producer and they have invested massively in breeding its varieties (Hu et al., 2017). Some 

canola cultivars are classified as industrial rapeseeds since they yield oils with 45% or more 

erucic acid (Raymer, 2002). The two main cultivars are the winter type Brassica napus L and 

the dominant Canadian grown type B. rapa L. The winter type is mainly grown in Africa, China 

and most parts of Europe, whereas the B. rapa is grown in northern Europe, India and China. 

Brassica napus L. has a high N requirement, as such, grower practices recommend rotating it 

with leguminous crops (Hocking et al., 1997). In addition, for improved rapeseed yield, farmers 
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have adopted nitrogen fertilisation (Hocking et al., 1997; Li et al., 2016; Gu et al., 2018). Over 

the past two decades canola production has surpassed peanut, cotton, sunflower, and 

cottonseed, with Europe, Canada and Asia being the primary producers (Raymer, 2002). 

Canola growing is relatively new in South Africa and its adoption has steadily increased since 

the 2008/2009 growing season. . South Africa makes use of both winter and spring cultivars 

and it projects an increase in participating growers to augment the oilseed cake deficit. Over 

the past six years South Africa has imported 70% of its oilcake requirements. The major canola 

producer in South Africa are located in the Northern Cape, Free State, and Eastern Cape, 

KwaZulu-Natal, with Limpopo and North West provinces producing in small quantities 

(DAFF, 2016). 

 

A lack of optimal fertigation regimes and a lack of information detailing the water use 

efficiency, yield response, and solute movement dynamics derived from adopting MTI for 

canola (Brassica napus L) farming motivates this research. In addition, a lack of empirical 

evidence on wetting dynamics of different soil textures under MTI is not documented. 

Although Kanda (2019) investigated wetting patterns for loamy sand and sandy clay loam, 

there exists a research gap on other soil textures. 

 

The document gives t gives an overview of Moistube™ technology followed by solute 

movement and modelling in MTI. Moistube™ physical characteristics and the subsequent 

upgrades made are detailed in the second chapter. The third chapter includes clogging 

characteristics as influenced by microbial presence. Canola farming and agro modelling tools 

are reviewed in the fourth chapter. Chapter five will present the discussions highlighting the 

research gaps and the subsequent conclusions drawn from the review. Finally, the sixth section 

presents the research proposal, research objectives and the corresponding methodologies, 

budget and the projected timeline for the project. 
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2 MOISTUBE™ IRRIGATION 
 

Moistube™ irrigation (MTI) technology can be classified as an upgrade of buried clay pot 

irrigation. The Moistube™ is made of a polymeric Semi-permeable membrane (SPM) that 

facilitates moisture movement by osmosis. Similar to the clay pot counter-part, the Moistube™ 

releases moisture at the rate at which the plant absorbs water (Anon, 2018). MTI uses 

membrane technology (Petty et al., 1995) with the inner surface of the Moistube™ closely 

simulating the vascular plant tissue. With approximately 100,000 nanopores per square 

centimetre and a pore diameter of 10 – 900 nm (Zou et al., 2017; Kanda, 2019), the inner 

membrane uses the soil-moisture gradient for advection (Yang et al., 2008) and it assumes a 

line source infiltration mechanism during irrigation (Fan et al., 2018). 

 

The Moistube™ effectively reduces water consumption by 75% (add refs for this!). Water is 

supplied at a constant rate in small quantities that are consistent with the rate at which plants 

uptake water (Anon, 2018). Unlike drip irrigation, the Moistube’s™ uniformly and densely 

spaced nanopores “sweat” i.e. allow water to ooze to the surrounding porous soil. The oozing 

is consistent with Darcy’s law (Zhang et al., 2002; Fan et al., 2018). The Moistube™ has a 

nominal diameter of 16 mm and a wall? thickness of 1 mm (Zhang et al., 2002). 

 

2.1 Mechanical Properties of Moistube™ 

 

Membranes have a high ratio of 2 dimensional area to 3 dimensional area i.e., thickness forms 

a distinctive feature of membrane technology. Polymeric porous membranes are commercially 

produced and are characterised by controlled stretching and tearing (Stucki et al., 2018). SPM 

have variable pore sizes and are used for various purposes in industry, for example, desalination 

of sea water, ultrafiltration (1 – 100 nm) and micro-filtration (0.1 – 10 µm) processes (Gadkaree 

& Hersh, 1994; Castejón et al., 2017). Polymeric membranes such as cellulose acetate are 

widely used for micro-filtration, ultrafiltration and reverse osmosis (Bai et al., 2012). Various 

studies have performed mechanical tests on polymeric SPM, for example, Bai et al. (2012) 

mixed Cellulose Acetate (CA), polyethylene glycol 600 (PEG 600) and N, N- 

dimethylformamide (DMF) and performed mechanical tests on the SPM. The performance was 

evaluated by membrane porosity, mean pore size, pure water flux, and mechanical tests such 

as tensile stress and elongation. The results revealed how the mixture enhanced the strength of 

the SPM.  
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Castejón et al. (2017) performed a series of tests on homo-polymers and their blends, the tests 

were evaluated by the following indices: pore morphology, thermal stability and 

thermomechanical performance. Pore structure morphology was analysed by scanning electron 

microscopy (SEM), thermal stability by thermogravimetric analysis (TGA), and 

thermomechanical performance by dynamic-mechanical-thermal (DTMA) analysis. Their 

findings revealed that there exists a relationship between pore morphology and registered 

permeability characteristics. 

 

Another polymeric membrane Polyvinilidene Fluoride (PVDF) was tested for tensile stress and 

adhesion tearing strength by Mataram et al. (2018) after being subjected to DMF solvent. The 

PVDF withstood loads of up to 312.3 KPa. Zhang et al. (2010) analysed the deformation 

behaviour and fracture characteristics of a polymer based biomaterial membrane by 

compression tests and finite element modelling (FE) and the experiment profiled a stress-strain 

relationship of the biomaterial. The mechanical tests were carried out using Instron 5569 

Electronic Universal Testing machine at load velocity of 1 mm.min-1. 

 

According to Zou et al. (2017) Moistube™ has undergone a number of  developmental stages 

namely first, second and third generation in terms of material and properties. The research to 

date has focused on the above-mentioned SPMs with no documented scientific evidence on the 

effects of periodic wetting and drying, temperature cycles and exposure to ultra-violet (UV) 

radiation on Moistube™ mechanical strength, tensile strength, pore morphology, and 

subsequently its discharge characteristics. The next section profiles wetting geometries 

exhibited by sub-surface irrigation mechanisms and techniques. 

 

2.2 Soil Water Dynamics Under Moistube™ Irrigation 

 

The two main drivers for uniform irrigation in subsurface irrigation and fertigation are lateral 

spacing and placement depth (Kandelous & Šimůnek, 2010). It is imperative that an optimum 

placement depth is maintained since deep buried conduits will facilitate deep percolation and 

limit water and nutrients availability to plants (Dukes & Scholberg, 2005; Kandelous & 

Šimůnek, 2010). Niu et al. (2017) performed a study that assessed the effect of placement depth 

on soil water dynamics for greenhouse-grown tomatoes. The preferred continuous irrigation 

(CI) technique provided by Moistube™ prevented soil salinization. Furthermore, the study 

revealed varying soil moisture patterns in each respective placement depths of 10 cm, 20 cm, 
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and 30 cm. Soil texture also determines the infiltration capacity under MTI. The infiltration 

effect of vertically placed Moistube™ under different heads (1 m, 1.5 m, and 2 m) and different 

soil textures (sand, sandy-loam and red loam) tested by Yu et al. (2017) were consistent with 

the Horton’s empirical model shown in Equation 2.1 (Horton, 1939; Horton, 1941; Beven, 

2004): 

 

 𝑓𝑝 = 𝑓𝑐 + (𝑓0 − 𝑓𝑐)𝑒−𝑘𝑡        2.1 

where 

 𝑓𝑝 = instantaneous infiltration capacity (m. s−1), 

 𝑓𝑐 = minimum constant infiltration capacity (m. s−1), 

 𝑓0 = infiltration capacity at 𝑡 = 0, (m. s−1) 

 𝑘 = decay coefficient, and 

 𝑡 = time from beginning of infiltration event (s). 

 

The study revealed that soil-water distribution (vertical and lateral) was higher in red loam and 

sandy loam (𝑅2 > 0.80), whereas relatively low in sand (𝑅2 < 0.70). Jun et al. (2012) used a 

soil box to characterise wetted clay-loam soil under MTI and found out that Moistube™ 

produced a concentric wetting pattern and maintained soil moisture content of up to 90% of 

field capacity and exhibited a high irrigation uniformity of 95.62%. Another study by Zhu et 

al. (2018) assessed soil wetting patterns under different heads of 1 m, 1.5 m, and 2 m for Coffea 

arabica under jujube shading. The results revealed a direct relationship between wetting 

geometry/pattern and head; the wetting zones increased with flow rate. Figure 2.1 shows a 

typical wetting patterns from a drip emitter with varying pressure head. Ashrafi et al. (2002) 

and Siyal & Skaggs (2009) performed a laboratory experiment using a porous pipe in a 

horizontal configuration, whilst Khan et al. (2015) and Fan et al. (2018) used a vertically placed 

Moistube™ to asses different wetting patterns on silty loam, sandy-loam, and loam soils at a 

pressure head of 1.5 m. The two porous pipe configurations (horizontal and vertical) exhibited 

different soil-wetting geometries, with Khan et al. (2015) exhibiting a radial pattern which was 

a function of pipe diameter and pipe length. From the above, it is evident that few studies have 

investigated soil-water dynamics of MTI in heavy clay and coarse sand soil
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Figure 2.1 Different wetting patterns by a drip emitter at varying flow rates (after GardenSoft, 

2009). 

 

2.2.1 Spacing and depth of dripline/ Moistube™ irrigation laterals 

 

Emitter spacing and depth are functions of soil hydraulic properties (Bar-Yosef, 1999) and crop 

root distribution. According to Kandelous & Šimůnek (2010) water flow in a homogeneous 

and isotropic soil is governed by Richard’s equation (Equation 2.2). The equation can model 

2-D and 3-D saturated-unsaturated flow in tensor form with anisotropic condictivity (Deng & 

Wang, 2017). 

 

𝜕𝜃

𝜕𝑡
=

𝜕

𝜕𝑥𝑖 [𝐾𝑖𝑗(ℎ)
𝜕ℎ

𝜕𝑥𝑗] +
𝜕𝐾33(ℎ)

𝜕𝑥3 + 𝑆       2.2 

where 

 𝜃   = volumetric water content (m3m−3), 

 ℎ   = soil water pressure head (m),  

 𝑥𝑖  = cartesian coordinate (m),  

 𝑧   = vertical space coordinate (m), 

 𝑆   = the source and sink term due to plant water uptake (rainfall or irrigation) (s−1) 

 𝑡    = time (s), and 

 𝐾𝑖𝑗 = anisotropic hydrological conductivity tensor, with 𝑖, 𝑗 = 1, 2, 3, … … 𝑛   

Sand Loam Clay 

0.00225 m3. h−1 

0.0045 m3. h−1 

0.009 m3. h−1 

0.3 m 
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           (m. s−1), 

, 

Schwartzman & Zur (1986) suggested that the wetted geometry (depth and lateral geometries) 

exhibited by a point source emitter are dependent on the soil hydraulic conductivity, emitter 

discharge and duration of application. Dabral et al. (2012) modelled the horizontal width (𝑊) 

and vertical depth (𝑍) from a point source emitter as follows: 

 

𝑍 = 𝑡0.5𝑄0.25𝐾0.25         2.3 

 𝑊 = 𝑡0.67𝑄0.5𝐾0.17            2.4 

where 

   𝑍 = vertical depth (m), 

  𝑊 = horizontal soil width (m), 

    𝑡 = elapsed time (s), 

    𝑄 = discharge rate (m3. s−1), and 

   𝐾 = soil hydraulic conductivity (m. s−1). 

 

MTI exhibits a line source emission similar to subsurface drip emitters. A study by Singh et al. 

(2006) developed conceptual model that simulated wetting geometry from a line source SSI 

drip line. The wetting geometry was a function of soil hydraulic conductivity, emitter 

discharge, placement depth, and volume applied The models are shown in Equation 2.5 and 

2.6.,. 

 

 𝑍  = 𝐴1𝑉𝑛1 (
𝐾

𝑄𝐷
)

(𝑛1−0.5)

        2.5 

 𝑊 = 𝐴2𝑉𝑛2 (
𝐾

𝑄𝐷
)

(𝑛2−0.5)

        2.6 

where  

 𝐴𝑖   = constant of proportionality (𝑖 = 1, 2), 

 𝐷   = placement depth (L), 

 𝑛𝑖   = constant obtained graphically from the 𝐷 and 𝑉 relationship (𝑖 = 1, 2), and 

 𝑉   = total amount of water in soil per unit length (L2). 

 

It can be hypothesised that the MTI vertical (𝑍) and horizontal (𝑊) wetting geometry is a 

function of placement depth (𝐷), soil hydraulic conductivity (𝐾), total amount of water in soil 

per unit length (𝑉), discharge per unit length of lateral (𝑄), and the matric potential per unit 
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mass of soil (𝜓). The matric potential induces a negative pressure effect that prompts discharge 

from the Moistube™. The relationship can be modelled using to Equation 2.7  

 

          𝑍, 𝑊 = 𝑓(𝐷, 𝐾, 𝑉, 𝑄, 𝜓)       2.7 

 

Kanda (2019) investigated the soil-water dynamics of loamy sand and sandy clay loam textures 

and revealed that lateral and downward distances for loamy sand to be 23 cm and 24.6 cm 

respectively, whereas for sandy clay loam the lateral and vertical distance was 19 cm. The 

Moistube™ was placed at a depth of 20 cm. Another equally important parameter to consider 

when determining dripline placement depth is type of crop. Different crops require varying 

placement depths. For instance Niu et al. (2017) implemented a depth of 10 cm, 20 cm, and 30 

cm on greenhouse tomatoes and recommended a depth of 10 cm. Dukes & Scholberg (2005) 

investigated yield response for sweet corn in sandy soils using semi permearble membrane 

(SPM) irrigation was placed at depths of 23 cm and 33 cm,  respectively.. The former had an 

improved yield over two growing seasons whereas the latter was found to be too deep for 

optimal nutrient uptake. MTI is a fundamental technology used in China’s arid regions. China 

has adopted MTI for production of crops such as winter wheat, summer sweet corn (Zhang et 

al., 2017b), vegetables such as tomatoes and onions (Guo et al., 2017; Niu et al., 2017), and 

they have extended the usage to orchard irrigation (Han et al., 2015). 

 

Regarding lateral spacing Zhang et al. (2017b) empirically investigated yield response of 

winter wheat and summer sweet corn under MTI in Lou soil region in China. The lateral 

spacings adopted were 20 cm, 40 cm, and 60 cm. The results revealed improved water use 

efficiency and optimal yield response were achieved when Moistube™ were 60 cm apart. Both 

crops exhibited improved water use efficiency under MTI. Researchers have not treated canola 

crop in much detail in terms of production under MTI.  

 

2.3 Fertigation Under Moistube™ Irrigation 

 

Fertigation is a process whereby plant nutrients are supplied in solute state to plants via an 

irrigation network system (Hagin & Lowengart, 1996). Fertigation complements irrigation in 

increasing crop yield and plant biomass. Old fertigation techniques such as broadcasting are 

still common in developing countries, whilst fertigation practices in the developed world have 

generally shifted to micro-fertigation (Bar-Yosef, 1999). Incorporating micro-fertigation in 

crop production has numerous benefits including time saving, avoids nutrient fluctuations in 
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the soil, retards pathogenic activity and improved nutrient absorption capacity by plants (Bar-

Yosef, 1999). 

 

Semi-permeable membranes are classified as micro-fertigation technologies and they can 

potentially improve plant nutrient uptake (Bar-Yosef, 1999; Phuntsho et al., 2011). Subsurface 

fertigation maximises nutrient uptake since the nutrients are applied in areas where root 

concentration is high. Empirical investigations by Bar-Yosef (1999) revealed that crop yield in 

potato and cotton were high under subsurface fertigation than surface fertigation, in addition, 

the investigation also revealed minimised nitrate leaching whilst maintaining desired crop and 

fruit yields. Current investigations have not fully exhausted the response of industrial crops, 

such as canola, to fertigation or chemigation under MTI. 

 

2.3.1 Concentration and intensity of fertilizers 

 

Soluble fertilisers injection in water pumped or gravity driven irrigation systems facilitates 

precise, controlled, and balanced application of nutrients to plants (Moreira Barradas et al., 

2014). Careful consideration has to be taken before micro-fertigation commences. Initial soil 

nutrient levels need to be noted before fertigation with MTI. The underlying concept of MTI 

is based on solute transfer via forward osmosis (FO). Phuntsho et al. (2011) performed FO 

using a SPM to desalinate water. The FO technique, though implemented in desalination, has 

potential to perform well in MTI. The FO technique can be beneficial in agricultural practices 

since it does not require high hydraulic pressure (Phuntsho et al., 2011). MTI is yet to be tested 

for its suitability to use intrinsic osmotic potential difference between the solutes and the 

surrounding saline or sodic soils. 

 

Fertigation regimes vary depending on grower practices and recommendations from industry. 

Previous studies by Hanson et al. (2006) on evaluating fertigation with SDI adopted fertigation 

strategies or regimes from industry and growers. There has been little quantitative analysis of 

the effects of the recommended crop specific fertigation regimes using MTI. Since MTI 

effectively saves water it can be hypothesised that the technology facilitates effective nutrient 

uptake with minimal nitrate leaching and minimised soil salinization. According to Moreira 

Barradas et al. (2014) fine textured soils e.g., clay soils, are susceptible to salinization as 

compared to coarse textured soils. It is against this backdrop that effects of continuous 

irrigation by MTI be investigated and assess the degree of salinization in the soil media. 
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Gärdenäs et al. (2005) suggested that growers’ lack the motivation to adopt fertigation 

strategies since the incentive derived has minimal economic benefit. The economic advantage 

derived from adopting is a small fraction of the total production costs; however, it is worth 

mentioning that effective fertigation strategies lower energy costs. In addition, the improved 

strategies minimise vadose zone contamination. 

 

2.4 Simulating Using Numerical Models 

 

In order to understand water and chemical movement in the vadose zone, modelling tools 

become handy (Šimůnek et al., 2008). Numerical modelling is an economic and time saving 

exercise implemented to monitor and predict solute transport in soils. Various studies have 

used numerical modelling for various crops under subsurface irrigation. HYDRUS is a model 

that simulates subsurface multiple solute transport and water movement. The model has 

undergone upgrades from HYDRS-1D to HYDRUS-2D and finally HYDRUS 2D/3D, which 

simulates in both 2D and 3D domains. HYDRUS 2D/3D has incorporated a sink term that 

accounts for water uptake by plant roots (Šimůnek et al., 2008; Kanda et al., 2018a). Ajdary et 

al. (2007) used a two-dimensional solute transport model HYDRUS-2D to model nitrogen 

leaching in permeable soils such as sandy loam. Gärdenäs et al. (2005) used HYDRUS 2D to 

model nitrate leaching under different fertigation strategies/regimes. Their study revealed how 

seasonal leaching was significant for coarse textured soils. Furthermore, they identified that 

lateral movement of nitrates in fine textured soils was enhanced by surface ponding. Ravikumar 

et al. (2011) modelled to evaluate fertigation scheduling for sugarcane. 

 

SALTMED is a powerful physically based modelling tool (Ragab, 2015) that can be used to 

simulate two dimensional soil-water dynamics and solute transport in porous media. The model 

is capable of simulating grain yield, and total dry biomass. The model employs established 

water uptake, water and solute transport, and evapotranspiration equations (Ragab, 2002; Silva 

et al., 2013). The model has been upgraded to incorporate crop growth according to solar 

radiation, subsurface irrigation, irrigation techniques such as deficit irrigation (DI) and partial 

root zone drying (PRD), soil temperature and nitrogen (N) dynamics models to mention a few 

(Ragab et al., 2016). 

 

A comparative study by Karandish & Šimůnek (2019) investigated the capability of HYDRUS 

2D/3D and SALTMED to simulate solute transport, soil salinity, crop N uptake, and water 

footprints (WF). SALTMED successfully simulated the soil water content more accurately than 
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HYDRUS 2D/3D. The comparison was based on the normalised mean bias error (nMBE). The 

model successfully simulated with relative accuracy the crop N uptake, and soil salinity. 

SALTMED, however, underestimated above ground biomass (DM) and leaf area index (LAI). 

An added benefit of SALTMED was its capability to estimate crop yield using the relative 

yield index method (RY) using the crop growth status, and the latter is more precise, where-as 

HYDRUS 2D/3D estimates yield as a RY ratio of potential to actual evapotranspiration (𝐸𝑇𝑜). 

Both models utilise the same water and solute equations for simulation (Karandish & Šimůnek, 

2019). 

 

2.4.1 Solute movement  

 

SALTMED is capable of modelling solute transport. For accurate results, the model needs to 

be calibrated and validated using data fromtwo consecutive growing seasons respectively. The 

model uses Richard’s equation (Equation 2.2) to simulate two dimensional water flow in the 

soil. 

 

The diffusion-dispersion-convection equation (Equations 2.8 and 2.9) is used to simulate 

nutrient transport (Karandish & Šimůnek, 2019). The partial differential equations governing 

two-dimensional non-equilibrium chemical transport of solutes involved in a sequential first-

order decay chain during transient water flow in a variably saturated rigid porous medium are: 

 

 
𝜕𝜃𝐶1

𝜕𝑡
+ 𝜌

𝜕𝑆1

𝜕𝑡
=  

𝜕

𝜕𝑋𝑖
(𝜃𝐷𝑖𝑗,1

𝜕𝐶1

𝜕𝑋𝑖
) −

𝜕𝑞𝑖𝐶1

𝜕𝑋𝑖
− 𝜇𝑤,1𝜃𝐶1 − 𝜇𝑠,1𝜌𝑆1 − 𝑆𝑐𝑟,1  2.8 

 
𝜕𝜃𝐶𝑘

𝜕𝑡
+ 𝜌

𝜕𝑆𝑘

𝜕𝑡
=

𝜕

𝜕𝑋𝑖
(𝜃𝐷𝑖𝑗,𝑘

𝜕𝐶𝑘

𝜕𝑋𝑖
) −

𝜕𝑞𝑖𝐶𝑘

𝜕𝑋𝑖
− 𝜇𝑤,1𝜃𝐶𝑘 − 𝜇𝑠,𝑘𝜌𝑆𝑘 + 𝜇𝑤,𝑘−1𝜃𝐶𝑘−1 +

             𝜇𝑠,𝑘−1𝜌𝑆𝑘−1 − 𝑆𝑐𝑟,𝑘 , 𝑘 𝜀 (2, 𝑛𝑗)       2.9 

 

where 

 

𝐶 and 𝑠 are solute concentrations in the liquid [ML−3] and solid [MM−1] phases, respectively; 

𝑞𝑖 the 𝑖th component of the volumetric flux density [LT−1], 𝜇𝑤 and 𝜇𝑠 first-order rate constants 

for solutes in the liquid and solid phases [T−1], respectively, providing connections between 

individual chain species, 𝜌 the soil bulk density [ML−3] , 𝑆 the sink term [L3L−3T−1] in the 

water flow equation (Eq. 2.2), 𝑐𝑟 the concentration of the sink term [ML−3], 𝐷𝑖𝑗 the dispersion 

coefficient tensor [LT−2] for the liquid phase, Subscript 𝑘 the 𝑘th chain number, and 𝑛𝑠 is the 

number of solutes involved in the chain reaction. The last term in both equations represents 

passive nutrient uptake through the product of root water uptake, 𝑆, and species concentration. 
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The adsorption isotherm relating 𝑠𝑘 and 𝑐𝑘 is described by a linear equation (Hanson et al., 

2006) of the form: 

 

 𝑠𝑘 =  𝐾𝑑,𝑘𝑐𝑘         2.10 

where 

𝐾𝑑,𝑘 [L3M−1] is the distribution coefficient of species 𝑘. The first species in the chain reaction 

(urea) or an independent specie (P and K) are represented by Equation 2.3. Equation 2.5 

signifies second and other solutes in the sequential first-order decay chain (ammonia and 

nitrate). 𝜇 which is the first order decay coefficient is a sink term in Equation 2.8 and a source 

in Equation 2.9. 

 

2.4.2 Modelling tools validation and evaluation 

 

SALTMED and HYDRUS are calibrated using the default values of soil and crop parameters. 

The calibration process will, be adjusted using the measured values for the adapted first 

growing season for model validation. The experimentation parameters measured are above 

ground biomass, LAI, soil water content, soil electrical conductivity, crop yield and the soil 

𝑁𝑂3− content. The data collection for the next growing season is used to evaluate the model. 

Model validation and evaluation involves running the model using the measured input 

parameters from the experimentation process. Statistical and graphical representations are 

frequently used to evaluate SALTMED, HYDRUS 2D/3D and other related modelling tools. 

Karandish & Šimůnek (2019) fine-tuned the following crop parameters: crop fraction cover 

(𝑓𝑐), photosynthesis efficiency, crop coefficients (𝐾𝑐, 𝐾𝑐𝑏 ) and the following soil hydraulic 

parameters were fine-tuned 𝐾𝑠, 𝜃𝑠, air entry value and the pore size distribution index (𝜆). The 

fine-tuning was done using the trial and error approach. Standard regression models such as 

Pearson’s correlation coefficient (𝑟) and coefficient of determination (𝑅2) are used to assess 

the performance of the models. The two evaluation statistical tools measure the degree of 

collinearity between the measured and the observed data (Moriasi et al., 2007). 

 

Error indices such as mean absolute error (MAE), mean square error (MSE), and root mean 

square error (RMSE) are employed for model evaluation and testing. The RMSE is the 

commonly used index and it defines the error in units of the analysed parameter in question. In 

their study, Karandish & Šimůnek (2019) used the normalised root mean square error 
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(nRMSE), the normalised mean bias error (nMBE) and the relative error (RE) to evaluate the 

performance of HYDRUS 2D/3D and SALTMED models. 

 

Dimensionless statistical analysis approaches such as the index agreement (𝑑), persistence 

model efficiency (PME), Nash-Sutcliffe efficiency (NSE), prediction efficiency (𝑃𝑒) and the 

performance virtue statistic (𝑃𝑉𝑘) can also be used for evaluating models. Index agreement 

ranges from 0 to 1, with 1 indicating the perfect fit and 0 not fit at all (Willmott, 1981). The 

index agreement, though being overly sensitive due to squared values,  can successfully detect 

additive and proportional differences between the simulated and observed values (Legates & 

McCabe Jr, 1999). Nash-Sutcliffe Efficiency (NSE) defines how the observed and simulated 

plot fits the 1:1 line. NSE ranges between −∞ - 1, with values in the range 0.0 – 1.0 indicating 

acceptable performance. The NSE has a limited applicability (Moriasi et al., 2007). 𝑃𝑉𝑘 is the 

weighted value for NSE and it is adapted for watershed modelling (Wang & Melesse, 2005; 

Moriasi et al., 2007). 
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3 MOISTUBE™ DISCHARGE CHARACTERISTICS 
 

Moistube ™ irrigation (MTI), like SPMs, require minimal pressure for operation and discharge 

can be induced by matric potential. MTI can yield a discharge of 0.24 L. hr−1. m−1  at a 

pressure of 2 bars (Qui et al., 2015). The manufacturers operating pressure of MTI ranges from 

as low as 2 m to 6 m. In comparision, drip emitters, though described as low-pressure systems 

have a high-pressure requirement of 17 m to 27.5 m, which is relatively higher than MTI (Lyu 

et al., 2016). In the absence of applied pressure the MTI discharge is induced by a soil-moisture 

gradient between the Moistube™ and the surrounding soil (Kanda et al., 2018b). According to 

Yang et al. (2008) and Kanda (2019) the pressure-discharge relationship can be characterised 

by Equation 3.1. When the evaporative demand is reached water oozes through the membrane 

until the soil water potential (𝜓) is balanced. 

 

 𝑞 = 𝑓(𝜓)          3.1 

where 

 𝑞 = emitter discharge (m3. s−1), and 

 𝜓 = soil water potential (Kg. m−1. s−2). 

 

 

3.1 Negative Pressure and Evaporative Demand 

 

As explained above, in the absence of applied pressure and under low-pressure situations, 

discharge can only be induced by negative pressure. An evaporative demand (𝐸𝑜) around the 

Moistube™ creates a soil moisture gradient that facilitates water oozing through the membrane. 

Evaporative demand can be defined as maximum evapotranspiration (𝐸𝑇) under ambient 

conditions and unlimited supply of moisture (Hobbins & Huntington, 2016). 𝐸𝑜 has four 

physical drivers which are wind speed, net radiation, vapour pressure, and ambient temperature 

(Donohue et al., 2010). In addition, 𝐸𝑜 is also characterised by three physical boundaries 

namely: hydrological limit, radiative limit and the advective limit (Hobbins & Huntington, 

2016).



23 

 

3.1.1 Hydrological limit 

 

The hydrological limit defines the availability of water to evaporate and transpire from plants 

and soil surfaces. The term can be expressed as a mathematical function shown in Equation 3.2 

(Hobbins & Huntington, 2016). For evaporative demand to occur there has to be an infinite 

water supply to meet the minimum hydrological limit. 

 𝐸𝑇 ≤ − (
𝜕𝜃

𝜕𝑡
)

𝑚𝑎𝑥
         3.2 

where 

 𝐸𝑇 = evapotranspiration (mm.day-1),  

 
𝜕𝜃

𝜕𝑡
 = time rate change of moisture availability in units of mass flux (Kg. m-2.s-1), and   

𝑚𝑎𝑥  = represents the capillary rise of moisture to the soil surface. 

 

3.1.2 Radiative limit 

 

The energy requirement that facilitates the evaporative process can be modelled as indicated 

by Equation 3.4 (Hobbins & Huntington, 2016): 

 
𝜕𝑊

𝜕𝑡
      = (1 − 𝛼)𝑅𝑑 + 𝐿𝑑 − 𝐿𝑢 − 𝜆𝐸𝑇 − 𝐻 − 𝐺 − 𝐶 − 𝐴𝑑    3.4 

where 

 
𝜕𝑊

𝜕𝑡
 = time rate change of heat storage in evaporating layer, 

 α = surface albedo, 

 𝑅𝑑 = downward shortwave radiation incident at the surface, 

 𝐿𝑢 = longwave radiation outward from the surface, 

 𝐿𝑑 = longwave radiation inward to the surface, 

 𝜆𝐸𝑇 = latent heat flux, 

 𝐻 = sensible heat flux, 

 𝐺 = net heat flux conducted from the evaporating surface into the soil,
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 𝐶 = energy absorbed by vegetation in the control volume, and 

 𝐴𝑑 = heat gained by advection to the control volume. 

All terms in Equation 3.4 are in flux units (W.m-2). 

 

 

3.1.3 Advective limit 

 

In evaporation terms the advective limit describes the system boundary’s ability to absorb and 

bear away moisture (Hobbins & Huntington, 2016). A diagram theorizing active fluxes around 

a semi-permeable membrane is depicted in Figure 3.1. The fluxes involved are active in the 

surrounding medium. An empirical investigation is required to assess how variations in 

evaporative demand of different media e.g. soils, effects Moistube™ discharge in the absence 

of applied pressure 

 

 

 

 

 

 

 

 

Figure 3.1 Evaporative demand dynamics around a semi-permeable membrane.The fluxes are 

in flux units (W.m-2) modified after Hobbins & Huntington (2016). 

 

The advection can be modelled as defined in Equation 3.4: 

 

 𝐸    = 𝑀(𝑒𝑠𝑎𝑡 − 𝑒𝑎)         3.4 

where 

 𝐸    = evaporation rate (mm.day-1) 

 𝑒𝑠𝑎𝑡 = saturation vapour pressure at water temperature (N.m-2),

𝐶 𝜆𝐸𝑇 𝐻 𝐿𝑑 𝐿𝑢 𝑅𝑑 

𝐺 

α𝑅𝑑 

𝐴𝑑 Control volume 

Semi-permeable membrane 

System boundary 
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 𝑒𝑎 = saturation vapour pressure of air (N.m-2), and 

 𝑀 = mass transfer coefficient. 

 

A laboratory experiment by Khan et al. (2015) on negative pressure difference using a porous 

pipe made of silty clay and ground rice husks (mix ratio of 4:1) exhibited high water efficiency 

of up to 97%. The porous pipe was set up in a vertical configuration. 

 

No previous study has investigated Moistube™ performance under a negative pressure. There 

is need to assess the Moistube™ discharge subject to negative pressure or under a laboratory 

induced evaporative demand, the frontier also offers an opportunity to investigate soil-wetting 

geometry of Moistube™ under vertical and horizontal configurations subjected to negative 

pressure, hence informing on lateral spacing and manifold placement depth. 

 

3.2 Emitter Clogging 

 

Emitter clogging is a challenge when using micro-irrigation techniques. A study by Bucks et 

al. (1982) cited by Bar-Yosef (1999) revealed that the coefficient of variation of different 

subsurface emitters increased due to emitter clogging. Emitter clogging is attributed to water 

quality, i.e. the presence of microfilms from microflora, suspended solids, organic matter in 

fertigation solutions, and microbes (algae and bacteria) in irrigation water. Emitter clogging is 

also caused by varying hydraulic pressure. Zhang et al. (2017a) investigated the effect of 

pulsating and constant pressure on labyrinth clogging, the study revealed how emitters 

subjected to constant pressure clogged faster than those subjected to pulsating pressure. 

 

The next sections profiles waste-water or effluent quality, emitter clogging and the pressure 

discharge relationships between Moistube™ and water quality. 

 

3.3 Waste-water  

 

Waste-water can be defined as water whose quality has been altered by human action 

(anthropological activity) (Levy et al., 2011; Musazura, 2018). The use of freshwater for 

irrigation burdens the already diminishing water sources. Treated waste-water is a suitable 

alternative to ameliorate the freshwater demand (Puig-Bargués et al., 2005; Liu & Huang, 

2009). Treated waste-water can be classified as waste-water that has gone through physical, 

chemical and biological processing (Pescod, 1992). Three major categories of treated waste-
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water are industrial, agricultural and domestic (Hussain et al., 2001; Musazura, 2018). 

Industrial waste-water can be obtained from textile industries, abattoirs just to mention a few; 

whereas, agricultural treated waste-water comes from piggeries, and chicken farms 

(Matheyarasu et al., 2015; Musazura, 2018). Domestic waste-water comprises of discharges 

from households, learning institutions, health care centres just to mention a few (Levy et al., 

2011). 

 

Arid regions in China and Mexico have adopted treated sewage water for irrigation (Friedel et 

al., 2000; Puig-Bargués et al., 2005; Liu & Huang, 2009). Waste-water reduce the pressures 

on freshwater bodies, however, the treated waste-water contains heavy metals, pathogen and 

high nitrate concentrations that can potentially contaminate the environment (Musazura et al., 

2019). Musazura (2018) characterised treated waste-water effluent from a decentralised waste-

water treatment system (DEWATS) in Mashu-Durban, South Africa into two categories 

namely; anaerobic filtered (AF) effluent and horizontal flow constructed wetland (HFCW) 

effluent (Table 3.1). The DEWATS produces effluent of varying quality, for instance, the AF 

effluent is produced after secondary anaerobic treatment and HFCW effluent is produced from 

secondary anaerobic constructed wetland filtering using subsurface filters (Gutterer et al., 

2009). 

 

Table 3.1 Effluent characterisation modified (after Musazura, 2018). 

*AF effluent has a high pathogen load as compared to HFCW effluent. 

 

3.4 Effluent Quality and Emitter Clogging 

 

Membrane fouling is a process whereby soluble fine particles are deposited onto the surface of 

the membrane, leading to membrane performance degradation (Furuichi et al., 2008). Hermia 

(1982) in his filtration model clarification characterised cross-flow and dead-end filtration 

membrane models as in Equation 3.3. The fouling was typified as complete blocking, 

intermediate blocking, standard blocking, and cake layer formation (Hermia, 1982; Furuichi et 

al., 2008; Vela et al., 2009). Understanding semi-membrane (SPM) fouling or plugging 

Effluent Constituent Concentration (mg/L) 

 

 

Anaerobic filtered (AF) 

Nitrates 0.1 

OrthoPhosphate 10.5 

Ammonium 61 

Nitrates 12.7 

Horizontal Flow Constructed Wetland 

(HFWC) 

OrthoPhosphate 4.1 

Ammonium 6.7 
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mechanisms facilitate deeper knowledge on the capacity and efficiency of the SPM under 

differential operating conditions such as pressure, flow velocity, and temperature to mention a 

few (Corbatón-Báguena et al., 2016). 

 

𝑑2𝑡

𝑑𝑉2 = (
𝑑𝑡

𝑑𝑉
)

𝑛

= 𝛼 (
1

𝐽
)

𝑛

        3.3 

where 

      𝑡 = filtration time (T), 

     𝑉 = filtrate volume per unit area (L3), 

      𝐽 = filtration velocity (flux) (L. T−1), 

     𝛼 = plugging coefficient and, 

     𝑛 = constant of proportionality for constant pressure filtration of a Newtonian fluid. 

 

The 𝑛 value ranges from 0 to 2, with complete blocking (𝑛 = 2), intermediate blocking (𝑛 = 1), 

standard blocking (𝑛 = 3/2), and cake layer (𝑛 = 0) (Vela et al., 2009) (Figure 3.2). The model 

can be adopted to determine the fouling or plugging coefficient of MTI using different waste-

water effluent. The higher the plugging coefficient the rapid the clogging of the membrane. 

 

 

 

 

 

 

 

Figure 3.2 The various types of membrane fouling (a) complete pore blocking, (b) internal 

pore blocking, (c) partial pore blocking, and (d) cake formation (after Field, 

2010). 

 

Puig-Bargués et al. (2005) investigated the effects of varying effluent treatment on irrigation 

uniformity of drip irrigation kits. The study revealed that secondary effluent treatment caused 

clogging as compared to tertiary treatment. No previous study has investigated the effects of 
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different effluents on the clogging of Moistube™ nano-pores. A study by Liu & Huang (2009) 

revealed that drip emitters subjected to laminar flow were susceptible to clogging compared to 

emitters having turbulent flow. Defined parameters such as coefficient of variation (CV), 

emission uniformity (EU), Christiansen uniformity coefficient (CU) are used to evaluate and 

assess emitter performance (Liu & Huang, 2009). Semi-permeable membranes such as 

Moistube™ are sensitive to fine aggregates, for instance Xie et al. (2014) revealed that particle 

size in the range 37 µm to 74 µm clog the nano-pores. 

 

According to Guo et al. (2012) waste-water can be classified as containing both organic and 

inorganic foulants. Dissolved organic matter (DOM) found in sewage effluent can be typified 

as natural organic matter (NOM), synthetic organic compounds (SOC) which is influenced by 

anthropological activities, soluble microbial products (SMPs) that are introduced during the 

biological treatment of the raw effluent, and disinfection by-products (DBPs) generated during 

the disinfection processes of the sewage effluent. After treatment the effluent more often than 

not contains residual organic matter that is classified as effluent organic matter (EfOM) which 

comprises of total organic carbon (TOC). EfOM is also characterised by high molecular weight 

(MW), proteins, enzymes, and low MW compounds that accelerate membrane fouling or 

blocking. The above-mentioned substances contribute to the formation of biofilms. 

 

Microbiological fouling is accelerated by the presence of microorganism such as vegetative 

matter, algae, and bacteria. The latter (bacteria) attaches to the polymeric membrane via bio-

adsorption, bio-adhesion, and multiplication (Guo et al., 2012). Researchers need to investigate 

the suitability and efficiency of MTI using waste-water and how various plugging stages form 

over the course of an irrigation cycle. 
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4 CANOLA (Brassica napus L) CROP 
 

This chapter reviews canola crop (Brassica napus L.) production. The first section gives an 

overview of canola crop farming in the world and narrows down to its production in South 

Africa. Crop simulation models are reviewed. The chapter lastly gives detailed overview of the 

AquaCrop modelling tool. 

 

4.1 Introduction 

 

Oilseeds are a major commodity in the global agricultural market. In the period 1987 – 1988, 

the global oilseed production was 202 million metric tonnes, with the USA producing 30%, 

China contributing 16%, Brazil 9%, India 6.1%, Argentina 6.2%, Russia 5.1% and Canada 

producing 3% (Shahidi, 1990). Oilseed rape is a special type of biotype  rapeseed derived from 

the canola plant (Raymer, 2002; DAFF, 2016). Originally developed in Canada canola crop 

has dominant hybrid varieties such as Brassica napus L and B.rapa L. Other hybrid cultivars 

have been developed and are under the stewardship of the Canadian Food Inspection Agency 

(CFIA) (Stringam et al., 2003). The species Brassica napus L and B.rapa L have summer and 

winter forms. The rapeseeds have an oil profile that ranges from 40% to 45% with the industrial 

variety yielding the greatest percentage. Common domestic usage are cooking, salad oil and 

margarine production (Raymer, 2002). The rapeseed produces oil with 2% erucic acid although 

improvements have produced seed oil with minimal traces of erucic acid, 5% to 8% saturated 

fats, 60 to 65% monosaturated fats, and 30% to 35% polysaturated fats (Raymer, 2002). Canola 

oil has high protein content and recently the new breeds produce low erucic acid oil. The seed 

oil has potential to produce biodiesel and the leaves and stems can be used for forage since 

they are rich in protein and low in fibre (Bañuelos et al., 2002). Despite the dietary benefits 

canola farming is labour intensive and rape seed management is costly (Hu et al., 2017). 

 

Canola is a relatively new crop in South Africa and the country imports 70% of its oilcake 

requirements. Table 4.1 (DAFF, 2016) and Figure 4.1 (CEC, 2018; Grain-SA, 2018) 

summarises canola production and consumption in South Africa. The winter form is cultivated 

extensively in Europe and Asia. According to Li et al. (2016) China produces 21% of the global 

oilseed rapeseed making it the leading global producer of the Brassica napus L seed. The 

Yangtze River Basin in China has 66.7 M ha under canola cultivation (Li et al., 2015b; Li et 

al., 2016).South Africa has registered a steady increase in canola crop farming. The Western 

Cape, Northern Cape, Free State and Eastern Cape are the dominant growers whilst KwaZulu-
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Natal North West and Limpopo produce in small quantities. Canola farming in South Africa is 

practised under clay-loam soils since sandy soils are deemed unsuitable because of poor 

drainage (DAFF, 2016). Little quantitate research has been done on canola farming under MTI 

in sand and clay soils. 

 

Table 4.1 Canola production in South Africa (after DAFF, 2016) 

 

 

 

 

 

 

 

 

Figure 4.1 Canola supply, demand and ending stocks in South Africa (after CEC, 2018; 

Grain-SA, 2018) 

 

4.2 Canola Production 

 

Canola crop has high yields under irrigation. In addition, the crop has high tolerance towards 

salinity (Banuelos et al., 1997; Stricker et al., 1997; Bañuelos et al., 2002). Improved irrigation 

and fertigation can potentially increase seed yield and maximise vegetative growth. According 

Production year Produce (tonnes) 

1992 – 1993 400 

2003 – 2004 41 000 

2007 – 2008 38 150 

2011 – 2012 57 340 

2013 – 2014 79 000 

2015 - 2016 1 690 373 

2016 -2017 105 000 

2017 - 2018 90 000 
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to Li et al. (2015a) nitrogen fertiliser application improves rapeseed yield by 1.1 to 2.4 tonnes 

per ha. Canola has a high nitrogen (N) demand even though N increases the production cost of 

canola (Coetzee, 2017), hence uninformed fertigation strategies will affect profitability. 

According to Ozer (2003) fertiliser application should differ according to regions. Bañuelos et 

al. (2002) investigated yield response under different subsurface drip irrigation regimes of 25, 

50, 100, 125, and 150% of 𝐸𝑇𝑐. The SDI placement depth was 40 cm and the soil type was 

Handford sandy-loam. The results revealed that dry matter increased with more irrigation and 

concluded that canola is sensitive to soil moisture availability. Another study by Gu et al. 

(2018) investigated the effects of ridge furrow film mulching and nitrogen fertilisation of 

winter oilseed rape. Six nitrogen (N) application rates were adopted namely; 0, 60, 120, 180, 

240, and 300 Kg.ha-1 and the resultant yields were an increased average seed yield of 2 904 

Kg.ha-1, water productivity of 8.8 Kg.ha-1.mm-1 and economic benefit of $ 1 259.60 per ha. The 

unavailability of optimal fertigation strategies hinders developing guidelines for fertigation and 

placement depth that facilitates optimal nutrient uptake using MTI. In addition, there is no 

quantitative analysis on yield response, nutrient uptake and nutrient use efficiency, and water 

productivity of canola crop grown under MTI. 

 

4.3 Crop Water Use Efficiency (WUE) and Water Productivity (WP) 
 

Technological development in irrigation systems has facilitated water saving, improved water 

use efficiency (WUE) and water productivity (WP), and increased yield (Levidow et al., 2014). 

Improving WUE in the face of climate change will ensure food and water security for the 

growing global population (Kang et al., 2017). Climate change associated risks are anticipated 

to exacerbate water scarcity, hence threatening global food production (Iglesias & Garrote, 

2015). Deficit irrigation as an alternative to conventional irrigation systems has been adopted 

in water scarce Mediterranean agro-zones. The technique maintains a steady soil moisture stock 

below field capacity that is necessary for plant growth (Galindo et al., 2018). Water use 

efficiency (WUE) is a seasonal ratio of harvestable yield or crop biomass (𝑌) to 

evapotranspiration (𝐸𝑇). The index can be estimated on a spatial (yield or leaf level) and 

temporal scale (seasonal or instantaneous) (Boyer, 1970; Molden et al., 2010; Sun et al., 2018). 

Water productivity (WP) measures the net positive return from any agricultural activity for 

every water unit consumed (Molden et al., 2010). Water productivity like WUE can be 

measured on a temporal and a spatial scale. Water productivity can be categorised as 

photosynthetic water productivity measured at leaf and canopy scale. The former is the ratio of 



32 

 

leaf carbon dioxide assimilation to transpiration and the latter describes the carbon dioxide 

fluxes and assimilation and transpiration of the crop canopy. Net carbon gains are converted to 

biomass (Steduto et al., 2007). Various simulation models such as AquaCrop (Raes et al., 2009; 

Steduto et al., 2009; Todorovic et al., 2009), APSIM (Asseng et al., 1998; Farré et al., 2002; 

Robertson et al., 2002), and SALTMED (Karandish & Šimůnek, 2019), have been developed 

to simulate crop growth, harvestable yield and biomass with respect to WUE and WP. 

 

4.3.1 Continuous irrigation and crop water use efficiency 

 

Semi-permeable membrane irrigation is an old technology that potentially increases crop yield 

and WUE. Continuous irrigation (CI) by Moistube™ minimises water supply fluctuations as 

experienced in SDI (Sun et al., 2018). The porous emitters reduce non beneficial water losses 

such as run off, deep percolation and soil evaporation (Cai et al., 2017). According to Khan et 

al. (2015) WUE lies in the range 0.94 to 0.97 when irrigating using porous pipes. A study by 

Zhang et al. (2009) used buried (20 cm) ceramic pitchers to irrigate tomatoes under greenhouse 

conditions. The results revealed that porous pitchers at 0 cm head increased yield by 1.17 

kg/pitcher. However, the zero head irrigation system had low WUE of 24.9 Kg.m-3. Xue et al. 

(2013) did a comparative study between CI and intermittent irrigation (II) and quantified WUE 

during vegetative growth of tomato plants. The WUE was evaluated using the following 

parameters: stomatal conductance, net photosynthesis rate and leaf transpiration rate. Another 

study by Isoda et al. (2007) evaluated WUE from three irrigation technologies namely: furrow, 

drip and semi-permeable membranes. The study revealed that drip and porous tube used 37% 

less water than furrow. However, the three methods yielded approximately the same through 

put of 70 t.ha-1 of sugar beet. The WUE exhibited by furrow, drip and porous tube were 4.5 

g.Kg-1, 7.2 g.Kg-1, and 7.5 g.Kg-1 of total dry weight per total irrigated water respectively. Sun 

et al. (2018) investigated WUE of tomato plants at leaf and yield level under MTI and found 

out that yield response and leaf instantaneous WUE at leaf level was high. Additionally, the 

study revealed increased irrigation WUE; crop WUE; and normalised WUE (ratio of crop WUE 

and𝐸𝑇0) at yield level. There is no quantitative analysis on WUE and yield response of canola 

plant under MTI. Findings by Sun et al. (2018) showed that water use efficiency (WUE) for 

tomato improved significantly under semi-permeable membrane continuous irrigation. 
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4.4 Crop Water Productivity Modelling 

 

Crop simulation models are increasingly gaining use as alternative to empirical physical 

models which limit extrapolation beyond their function. Crop simulation models facilitate 

quantification of crop yield and crop water productivity (Foster et al., 2017). Input parameters 

for modelling plant resource capture can be simulated by the following; carbon driven models, 

radiation use efficiency (RUE), and water productivity (WP) or transpiration based (BTR) 

models (Bauböck, 2014). For example, BioSTAR is a carbon driven model and the primary 

functionality is an exponential asymptotic light response curve (Bauböck, 2014). Other carbon 

based models are WOFOST and CROPGRO (Bauböck, 2014). These models use a carbon 

driven approach to simulate crop growth (Todorovic et al., 2009). The most common models 

are the RUE and these include CropSyst, APSIM, CERES, and LINTUL. CropSyst can be 

classified as hybrid model since it uses water and radiation approaches for crop simulation 

(Bauböck, 2014). The prominent relatively new water driven approach model is AquaCrop 

(Todorovic et al., 2009; Bauböck, 2014). As discussed above, the crop simulation models are 

classified as: (i) radiation-driven, (ii) carbon-driven, and (iii) water-driven (Steduto, 2003; 

Todorovic et al., 2009). The following sub-sections describe the distinct crop growth 

simulating modules. 

 

4.4.1 Radiation driven models 

 

According to Todorovic et al. (2009) “Radiation driven modules derive the biomass directly 

from the intercepted solar radiation through a single conversion unit (𝜀) called radiation use 

efficiency”. The hierarchical nature of radiation use efficiency (RUE) unit synthesises low level 

modules to process intermediate modules such as leaf quantum efficiency per mole of 𝐶𝑂2 

fixed, photorespiration rate and dark respiration leading to biomass accumulation (Todorovic 

et al., 2009). Commonly used modules are Crop Environment Resources Synthesis (CERES) 

(Jones et al., 1986; Hodges et al., 1987; Carberry et al., 1989), Erosion Productivity Impact 

Calculator (EPIC) (Jones et al., 1991), and Simulator mulTIdisciplinary Crop Standard 

(STICS) (Brisson et al., 2003) and Agricultural Production Systems Simulator (APSIM) 

(Keating et al., 2003; Bauböck, 2014). STICS, a daily time step model relies on climatic, soil 

and crop systems data to simulate crop growth  and development, nitrogen and water uptake 

The model adapts to various crops e.g. wheat, maize, tomato, rapeseeds to mention a few 

(Brisson et al., 2003). In addition, it is classified as a robust model because it can simulate 

climatic-soil data without considerable bias (Brisson et al., 1998; Brisson et al., 2003), the 
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model is versatile and has modularity that facilitates incorporating other modules for coupling. 

Finally, STICS is user friendly. APSIM was develop in Australia and the system can model 

and simulate a vast array of scenarios such as irrigated cropping, dryland farming, and agro-

forestry systems (Holzworth et al., 2006). The model simulates farming systems more than it 

does crop simulation. APSIM model has crop modules for cotton, canola, lupin, pigeonpea, 

sorghum, wheat, sunflower, barley and sugarcane (Keating et al., 2003). APSIM is use friendly 

as compared to its counterparts. Model calibration is made easy by pre-existing databases 

containing information on tested crop and soil specification. Farré et al. (2002) used APSIM 

to successfully predict canola (Brassica napus L.) yield from irrigation, the observed yield was 

in the range 0.1 to 3.4 t.ha-1 whilst simulated yields were in the range 0.4 to 3.0 t.ha-1. A study 

by Albrizio & Steduto (2005) revealed that radiation models are inconsistent and have a 

constrained robustness. 

 

4.4.2 Carbon driven models 

 

Carbon driven models simulate crop growth based on leaf carbon assimilation during 

photosynthesis (de Wit, 1965). A hierarchical structure where lower level processes integrate 

to generate higher-level responses underpin the functionality of the models. Simulation is 

constrained by radiation limit, hydrological limit (water availability), and atmospheric carbon 

dioxide (𝐶𝑂2) limit. The multi-level interactions and numerous parameter input and constraints  

renders these models complex (Todorovic et al., 2009). Carbon driven models include WOrld 

FOod STudies (WOFOST), Wageningen crop models (Bouman et al., 1996), and the American 

developed CROPGRO (Boote et al., 1998; Boote et al., 2002; Todorovic et al., 2009). 

 

WOFOST is a hybrid model characterised by remote sensing, crop growth monitoring system 

(CGMS) and maize simulation modules. The hybrid model has a complex hierarchical structure 

that requires 49 crop input parameters (Todorovic et al., 2009). Despite this, the model is 

versatile as it can simulate crop growth under different approaches namely; (i) potential mode, 

were by input parameters are temperature and solar radiation, (ii) water-limited mode, were 

water availability is the only constraint, and (iii) nutrient limit-mode, were simulation requires 

soil intrinsic characteristics such as macro nutrients in non-fertilised soils (Todorovic et al., 

2009). WOFOST has under gone revision and improvements. Notable improvements include 

simulating the impact of nutrients limitations, extreme events and climate variability (de Wit 

et al., 2018). Boote et al. (2002) used CROPGRO to simulate crop growth and yield of faba 

bean (Vicia faba L.). The model simulated a yield excess of 6000 Kg.ha-1, which was consistent 
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with the observed yield. The process involved model adaption to temperature and crop growth 

based on specie analogy. Due to their complex structure and hierarchical nature, carbon-driven 

models are less user friendly. Furthermore, models require numerous parameter inputs for 

calibration (Todorovic et al., 2009). 

 

4.4.3 Water-driven models 

 

In water-driven models there exists a direct linear relationship between biomass and 

transpiration through a water productivity (WP) index (Todorovic et al., 2009). The modelling 

approach is relatively new and the commonly used simulation models are AquaCrop 

(Todorovic et al., 2009; Bauböck, 2014; Foster et al., 2017) and CropSyst (Todorovic et al., 

2009; Bauböck, 2014). CropSyst uses a water-driven approach as a secondary growth engine, 

 with RUE (𝜀) method as the primary growth model (Bauböck, 2014). This makes AquaCrop 

the only purely water-driven model. Water-driven models, as compared to their solar driven 

counterparts, are easy to use and facilitate easy normalisation of WP parameter under different 

climatic condition (evaporative demand and atmospheric carbon dioxide) (Steduto et al., 2009; 

Todorovic et al., 2009) and this subsequently expands their applicability. 

 

4.5 AquaCrop Model 

 

The main input parameters are crop characteristics, soil and management characteristics that 

define the environment in which the crop will develop. Todorovic et al. (2009) posited that the 

model requires 33 easy to obtain input parameters. For example it prefers percentage canopy 

cover to leaf area index (LAI), moisture stress, nutrient input and soil texture that can be 

observed in the field. The model output has graphical presentations that update at 1 day time 

steps, this makes the results easy for users to interpret (Raes et al., 2009). AquaCrop primarily 

simulates harvestable yield, biomass and growth of herbaceous crops. The advantages of 

AquaCrop over other models are leaf area index (LAI) is not required for simulating percentage 

canopy cover; rather canopy cover is simulated using proportional green cover. The simulated 

outputs can be verified against observable data. Another advantage is AquaCrop covers how 

transpiration is affected by a wide array of water stressors, for example, it accounts for water 

stress due to stomatal activity, premature senescence and reduced leaf expansion. Finally, 

AquaCrop factors in climatic dynamics impacts on water productivity (WP) (Foster et al., 

2017). 
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A study by Steduto & Albrizio (2005) compared the performance of RUE (𝜀) models and 

water-driven model and they posited that water-driven models are robust and efficient in 

normalising climatic data. In addition, the robustness facilitated extrapolative ability of the 

water-driven models. Todorovic et al. (2009) simulated sunflower growth under different water 

regimes using AquaCrop, WOFOST and CropSyst. All the models gave a satisfactory 

percentage canopy cover, with CropSyst giving a perfect simulated result at flowering and 

senescence stages as compared to AquaCrop and WOFOST. Since AquaCrop cannot simulate 

LAI, WOFOST performed better than CropSyst. When evaluating biomass results AquaCrop 

produced satisfying results, whereas, WOFOST overestimated the biomass. A calibration, 

validation and testing study on canola (Brassica napus L.) using AquaCrop Version 3.1 by 

Zeleke et al. (2011) revealed the capability of AquaCrop Version 3.1 to accurately predict 

biomass accumulation, grain yield, and canopy cover (CC). The trial was rainfed and irrigated 

using a drip kit. The measured and simulated yield was 3.18 and 3.11 t.ha-1, respectively, 

whereas the accumulated biomass was 21.1 and 19 t.ha-1, respectively. The study further 

determined the conservative parameters (Table 4.2) that can be fine-tuned during simulation to 

obtain agreeable results between observed and simulated results. 

 

Table 4.2 Conservative parameter values for canola grown in a semi-arid region of Australia 

(after Zeleke et al., 2011) 

 Value 

 Hyloa 50 Skipton  Bin 3343-Co0401 

Parameters Calibration Validation Validation 

Base temperature (°𝐶) 0 0 0 

Upper temperature (°𝐶) 30 30 30 

Cover per seedling (𝑐𝑚2. 𝑝𝑙𝑎𝑛𝑡−1) 5 5 5 

Canopy growth coefficient CGC (%. 𝑑𝑎𝑦−1) 8.9 8.9 8.9 

Canopy decline coefficient CDC (%. 𝑑𝑎𝑦−1) 5.2 5.2 5.2 

Soil water depletion factor for canopy expansion, upper limit 0.20 0.20 0.20 

Soil water depletion factor for canopy expansion, lower limit 0.55 0.55 0.55 

Shape factor for Water stress coefficient for canopy expansion 3.5 3.5 3.5 

Soil water depletion factor for stomatal closure 0.60 0.60 0.60 

Shape factor for Water stress coefficient for stomatal closure 5 5 5 

Soil water depletion factor for early canopy senescence 0.70 0.70 0.70 

Shape factor for Water stress coefficient for canopy senescence 3 3 3 
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According to Zeleke et al. (2011) these conservative parameters can be extend to different 

cultivars of canola and they are also applicable in different geographical locations and different 

soil moisture stresses. Conservative parameters need to be adapted for the local South African 

canola cultivars such as Hyloa 559T (Triazine Tolerant variety) and the Hyloa 557 CL 

(Clearfield variety). AquaCrop has gone through upgrades, with the new version AquaCrop-

OS (Foster et al., 2017) offering flexibility and allows the user to perform parallel execution 

thereby reducing simulation times. In addition, AquaCrop-OS is versatile i.e., it can be 

integrated into various development environments such as MATLAB and GNU octave scripts. 

This renders the ease of coupling AquaCrop-OS with other simulation models. 

 

4.5.1 Model calibration and validation 

 

The model can be calibrated for the following variables: above ground biomass, grain yield, 

soil water content and canopy cover (CC). The canopy cover is measured by the canopy cover 

analyzer LAI 2200. The key aspects for canopy cover adjustment are crop phenology, length 

of crop cycle and flowering, plant density and maximum canopy at mid-season. In addition, 

the parameters to be adjusted for soil water content are soil type, and its related features like 

soil horizon and the rooting depth. For robust and accurate results the model should be 

calibrated, validated and tested over two growing seasons. For instance, for canola (Brassica 

napus L) farming, the model will be calibrated using the data in May 2019 to September 2019 

growing season (winter) and validated using data to be obtained in May 2020 to August 2020 

growing season (winter). 

Normalized water productivity WP* (𝑔. 𝑚−2) 18.6 18.6 18.6 

Adjustment for yield formation (%) 100 100 100 

Normalized water productivity during yield formation WP* 

(𝑔. 𝑚−2) 

18.6 18.6 18.6 

Basal crop coefficient (maximum) (𝐾𝑐𝑏(𝑥)) 0.95 0.95 0.95 
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5 DISCUSSION AND CONCLUSIONS 
 

This chapter contains the discussion and conclusions drawn from the literature reviewed in 

Chapters 2, 3 and 4 and will subsequently profile the identified research gaps and research 

questions regarding Moistube™ irrigation (MTI). Moistube™ irrigation is a relatively new 

technology developed for use in arid and semi-arid regions. The underlying concept of 

operation is similar to the age-old technology of buried clay pots whereby plant root suction 

dictates the moisture movement in the porous media (soil). MTI has been used extensively in 

China for vegetable and fruit production. Despite all this, many questions on Moistube™ 

remain unanswered. 

 

Literature reveals that Moistube™ has undergone three developmental phases, namely first, 

second, and third generation. Each development phase is an upgrade of the previous version of 

the material. Some laboratory created polymeric membranes have been tested for tensile 

strength, elasticity to mention a few, however, there is limited literature on the effects of 

alternate wetting and drying as prescribed by varying irrigation schedules, exposure to UV 

radiation, and varying temperature cycles on Moistube™ mechanical properties, pore 

morphology, and subsequently porosity. Pursuing this research gap will evaluate Moistube’s™ 

physical and mechanical properties and advise on product optimal use life cycle and potentially 

inform on operation and maintenance (O&M) guidelines. 

 

Moistube™ irrigation is classified as continuous irrigation whereby the plant is supplied by 

water throughout the growing season, thus avoiding moisture stress. The water supply is subject 

to uniform water movement from the nanopores to the surrounding soil. Due to water scarcity, 

domestic and industrial wastewater effluent are considered alternatives for fresh water 

irrigation. Clogging presents a challenge, literature has analysed the clogging of the nanopores 

due to total dissolved and suspended solids (TDS and TSS). The TDS and TSS were found to 

reduce the discharge capability of the Moistube™. Evidence of how Moistube™ discharge 

characteristics are affected by wastewater effluent is limited. The differential effluent quality 

presents an opportunity of assessing Moistube™ clogging sensitivity to anaerobic filtered (AF) 

effluent and horizontal flow constructed wetland (HFCW) effluent. 

 

In the absence of pressure or zero pressure, Moistube™ irrigation discharge is driven by matric 

potential, i.e., soil moisture gradient. The discharge depends on a microclimate that creates an 

evaporative demand within the surrounding soil. The radiation induces heat fluxes in the 
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surrounding environment that subsequently effects an advection process that bears away with 

the moisture in the surrounding environment. In arid and semi-arid regions, the evaporation 

from soil surfaces and transpiration from the plants creates an evaporative demand that will 

cause the Moistube™ to discharge water. Previous studies have reported on Moistube™ 

discharge when subjected to a range of positive pressure, however, its discharge performance 

has never been evaluated under an artificial evaporative demand and under negative pressure. 

 

Moistube™ is designed to conserve water, i.e., maximise water use efficiency (WUE) and 

water productivity (WP). The yield response of the tomato and cabbage under MTI was high 

as compared to subsurface drip irrigation (SDI). MTI has not been used for growing industrial 

crops such as canola; therefore, it is imperative to empirically investigate the performance of 

canola crop under varied climatic conditions. Crop modelling is a time saving exercise that can 

potentially predict crop yields. Model selection is based on potential advantages one modelling 

tool offers over others. For example, a modelling tool that incorporates and processes a wide 

array of datasets is preferable since it will be robust. Literature by Tan & Shibasaki (2003) 

revealed how some FAO global models fail to incorporate soil and climatic data, such input 

parameters will have to be processed separately. A crop simulation model should be user 

friendly and easy to couple with other models such as GIS, HYDRUS 2D/3D, SALTMED, and 

SALTMOD to mention a few (Pauwels et al., 2007; Kanda et al., 2018a). For these reasons, 

AquaCrop meets the criteria as it is user friendly, requires few input parameters, flexible and 

estimates yields with certainty and accuracy (Priya & Shibasaki, 2001). 

 

Fertigation facilitates crop growth by supplying much-required nutrients. Fertigation has 

potential to improve yields and increase plant biomass. Fertigation using inorganic soluble 

fertilisers is a common practice under micro-irrigation techniques such as micro-sprinklers, 

subsurface drip and surface drip irrigation. In addition, the aforementioned irrigation 

techniques have employed fertigation or chemigation on a variety of crops such as strawberry, 

tomato, and grapes, to mention a few. Fertigation or chemigation poses a challenge of vadose 

zone contamination due to nutrient leaching. Regarding MTI, there is limited evidence on 

solute movement and canola crop response to varying fertigation strategies or regimes as 

prescribed by irrigation equipment manufacturers and grower practices. 

 

Soil type plays an important role in controlling leaching, as such there is need to investigate 

the solute movement in selected soils wherein the canola crop is planted. Soil water dynamics 

under MTI have not been thoroughly analysed, with the conclusions based on SDI. The soil-
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water dynamics are hypothesised to be symmetrical and asymmetrical in heavy clay and coarse 

sand soils, respectively. Empirical investigations are required to ascertain the phenomenon. 

 

The use of modelling tools to simulate crop yields, soil water dynamics, and solute transport is 

an economic and time saving exercise. The use of models like HYDRUS 2D/3D and 

SALTMED allows for modelling solute transport and soil water dynamics, however, 

SALTMED can perform functions that HYDRUS 2D/3D cannot, for instance, SALTMED can 

estimate crop yield and LAI. Crop modelling tools such as AquaCrop are user friendly and do 

not require many input parameters. Since these models work independently, model coupling 

will facilitate accurate, precise and enhanced results regarding crop growth, solute movement, 

plant nutrient uptake and soil-water dynamics. In addition, model comparison i.e., SALTMED 

vs AquaCrop in specific areas of yield responses, plant nutrient uptake, and water use 

efficiency (WUE) and SALTMED vs HYDRS 2D/3D on solute movement in the vadose zone 

will provide important information on model performance. 

 

The above discussion identifies research gaps that warrant investigations and add knowledge 

on Moistube™ irrigation (MTI) for improved yields, and water productivity. Previous studies 

have not focused on clogging sensitivity due to microbial activity, fertigation and the 

subsequent leaching effects of adopted grower fertigation regimes or strategies, yield response 

of industrial crop canola and the mechanical properties of the Moistube™. 
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6 RESEARCH PROPOSAL 
 

This chapter presents the research proposal. The chapter is structured as follows; the first 

section presents the problem statement and the corresponding research questions, The 

subsequent sections present the specific objectives of the study, methodologies for each 

specific objective and the project timeline. 

 

6.1 Problem Statement 

 

Effective irrigation is facilitated by understanding soil water dynamics of the soil in question, 

which subsequently informs optimal lateral spacing and correct manifold placement depth. 

There is limited empirical evidence that documents soil water dynamics of heavy clay and 

coarse sand soils under Moistube™ irrigation (MTI). Although Zou et al. (2017) reported on 

the physical upgrades to Moistube™, there is little empirical evidence on the effects of alternate 

wetting and drying, exposure to UV radiation, and differential temperature cycles on 

Moistube™ mechanical and morphological properties. Conceptually, under zero applied 

pressure a negative pressure induces Moistube™ discharges. No previous study has 

investigated Moistube discharge when subjected to negative pressure. Whilst Kanda et al. 

(2018b) carried out an experiment assessing the effects of suspended and dissolved solids on 

the clogging sensitivity of Moistube™, there are no empirical investigations into the effects of 

wastewater effluent on Moistube™ clogging sensitivity. The key concern of sub-surface 

irrigation is water conservation. MTI is a new technology that can potentially save water and 

boost yields. However, there has been little quantitative analysis of how it performs under 

fertigation i.e., how effectively can it promote maximum nutrient uptake minimising losses 

(leaching). Furthermore, there is no research that documents the MTI design for canola crop. 

Zhang et al. (2014) and Zhang et al. (2015) have documented design parameters for tomatoes 

grown in China and asserted the placement depth for tomato plan as 15 cm. There is need to 

establish effective fertigation strategies that facilitate optimal plant nutrient uptake. According 

to Becker (2017) and Coetzee (2017) canola fertilisation is informed by wheat fertiliser 

requirements, thus empirical investigations on the optimal fertilisation application rates and the 

fertigation regimes is required. This study provides an opportunity to advance the 

understanding of MTI by seeking to address the following questions: 

 

1. What are the soil water dynamics under heavy clay and coarse sandy soils? 
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2. How does alternate wetting/drying and temperature cycles, exposure to UV radiation 

affect the Moistube™ strength and its subsequent performance? 

3. How do discharge characteristic vary when Moistube™ is subjected to negative 

pressure? 

4. Can the different effluent quality clog the nano-pores and consequently affect the flow 

rate? 

5. What fertigation strategy best suits canola crop? Can the strategy be adopted for other 

crops without leaching? 

6. What placement depth is optimal for canola fertigation and minimized leaching? 

 

The study seeks to add to the body of knowledge regarding MTI by quantitatively obtain data 

which will help address the aforementioned research gaps. The study will  execute the specific 

objectives outlined in Section 6.2.  

 

6.2 Specific objectives 

 

The specific objectives of the study are: 

1. Investigating soil water dynamics of MTI under heavy clay and coarse sandy soils, 

2. Assessing the effects of environmentally related factors on Moistube™ physical, 

mechanical, and discharge characteristics, 

3. Investigating Moistube™ discharge subjected to negative pressure, 

4. Investigating and assessing the effects of anaerobic filtered effluent (AF) and horizontal 

flow constructed wetland (HFCW) effluent on the clogging characteristics of 

Moistube™, and 

5. Determine yield response of Canola to different fertigation regimes under Moistube™ 

irrigation (MTI) and parameterise the AquaCrop fertility module for canola crop 

(Brassica napus L.). Secondary to this will be to determine solute movement under the 

different fertigation regimes under Moistube™ irrigation (MTI). 

 

6.2.1 Specific hypotheses 

 

The null hypotheses for the study are: 

 

1. The wetting pattern under clay is symmetrical and non-symmetrical for sandy soils, 
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2. Exposure to alternate wetting and drying, varying seasonal temperature cycles and 

UV radiation has a net negative impact on Moistube tensile strength and subsequently 

its discharge characteristics, 

3. Moistube™ discharge is inversely  proportional to the exerted negative pressure, 

4. Effluent quality significantly influences membrane fouling or plugging, 

5. Differential fertigation practices have differential canola yield outputs and N movement  

 

6.3 Methodology 

 

Objective 1: Investigating and measuring soil water dynamics of MTI under heavy clay 

and coarse sandy soils. 

 

The exercise will be carried out in two parts. The first part will be a laboratory experiment 

whereby heavy clay and sandy soil sourced from vendors will be loaded into soil bins 

measuring 0.1 m * 0.1 m * 0.9 m. The Moistube™ will be placed at a depth of 0.2 m and 

miniature tensiometers will installed horizontally and vertically to the Moistube™ lateral at 0.1 

m intervals. In addition, soil moisture sensors will be installed in the similar fashion as the 

tensiometers. The soil moisture sensors will be installed opposite to the miniature tensiometers. 

Undisturbed soil samples will be lab tested for hydraulic conductivity, bulk density to mention 

a few. The second part of the experiment will involve numerical modelling using SALTMED 

(Ragab, 2002) software. The experiment will be carried in two phases, the first for model 

calibration and the other for validation. 

 

Objective 2: Investigating and measuring the effects of environmentally related factors 

on Moistube™ physical and mechanical characteristics. 

 

The goal of this exercise is to subject the Moistube™ tape/piping to varying environmental 

stress and assess its tensile strength and consequently the discharge characteristics. Replicas of 

the Moistube 1 m in length shall be subjected to UV light in a UV chamber, alternate wetting 

and dry cycles (mimicking irrigation schedules) and differential temperature cycles. For each 

parameter, six sets of Moistube™ with three replicas each will be used. Each replica of 

Moistube™ will be measured for tensile strength and the subsequent discharge characteristics 

over a one-month interval for six months and results shall be recorded for analysis. Pore 

morphology will also be analysed by microscopic techniques such as field emission scanning 

electron microscopy (FESEM), atomic force microscopy (AFM), and image analysis 

(Sangeetha & Kandaswamy, 2016). 
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Objective 3: Measuring Moistube™ discharge subjected to negative pressure. 

 

The exercise will involve placing Moistube of 1 m length into a jacket or conduit and create a 

microclimate that will induce an evaporative demand. The evaporative demand will be induced 

by varying the following environmental parameters: temperature, relative humidity and air 

velocity. The air velocity will provide the advection capacity for the system. A water tank 

placed at varying low head(s) subjected to a constant evaporative demand shall be used as the 

water source. The outflow from the Moistube will be measured using volumetric beakers or 

volumetric drop in feed water tank. The objective will inform the discharge performance of 

Moistube under negative suction head. 

 

Objective 4: Determining the effects of anaerobic filtered (AF) effluent and horizontal 

flow constructed wetland (HFCW) effluent on the clogging characteristics of Moistube™. 

 

The exercise will involve using Moistube of 1 m length with wastewater supplied at a pressure 

range of 100 KPa to 150 KPa (Kanda et al., 2018b). The control will be tap water. The outflow 

from the Moistube will be collected in volumetric beakers at fixed intervals to determine the 

discharge. The objective seeks to determine the MTI plugging coefficient as influenced by AF 

and HFCW effluents. The knowledge generated by this objective will inform on the suitability 

of wastewater for MTI, filtration and management requirements. 

 

Objective 5: Determining yield response of Canola to different fertigation regimes under 

Moistube™ irrigation (MTI). 

 

Field experiment 

 

This exercise involves growing Canola crop at the University of KwaZulu-Natal’s Ukulinga 

Research Farm. The experimental design will be a factorial experiment with two factors namely 

irrigation level and fertigation regime or strategy. The three irrigation levels are 1.0 𝐸𝑇𝑐, 

0.75 𝐸𝑇𝑐, and 0.55 𝐸𝑇𝑐 (Karandish & Šimůnek, 2019).The three fertigation regimes or 

strategies are fertigation for a total of 2 hours starting 1 hour after the beginning of irrigation 

cycle, fertigation for a duration of 2 hours starting 3 hours before the end of the irrigation cycle, 

and starting the first and last 25% of each irrigation with fresh water and fertigation during the 

remaining 50% in the middle of the irrigation cycle (Hanson et al., 2006). The crop will be 

grown in accordance to DAFF (2016) guidelines of 150 mm to  spacing . Canola will be grown 

on randomized block designed beds measuring 2 m* 1 m (Becker, 2017). Block design will be 
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done using Genstat® statistical software. Each plot will be separated by a 1 m buffer. One-

meter long Moisture profile probes will be installed at each sub-plot to measure the lateral and 

vertical moisture distribution at the depth range of 0.2 m to 0.8 m. Flow data shall be collected 

exclusively before fertigation commences to achieve a pseudo-equilibrium condition before 

fertilizer application (Gärdenäs et al., 2005). Soil physical properties such as volumetric water 

content, soil texture and soil organic matter will be continuously monitored. 

 

Soil samples will be periodically collected at the following intervals; 60, 66, 72, 78, 84 and 90 

days after trans-planting (DAT). The soil sample will be analysed for N and 𝑁𝑂3
−. The soil 

samples will be collected at a depth range of 0.2 m – 0.8 m at 0.1 m intervals (Karandish & 

Šimůnek, 2019). The fertilizer application rates for rapeseed production are 80, 160, and 240 

𝐾𝑔. ℎ𝑎−1 (Ozer, 2003), however Zeleke et al. (2011) adopted an application rate of 140 𝐾𝑔. ℎ𝑎−1 

for drip irrigated canola (Brassica napus L) in New south Wales Australia. Each treatment will 

have three split application periods scheduled at 30, 60, and 90 days after emergence (DAE) 

(Becker, 2017). AquaCrop will be used to determine the yield and water use efficiency of 

Canola crop under MTI and SALTMED will be used to model solute transport.  

 

6.4 Expected Results 

 

The expected results for this study are: 

1. An empirical power function that describes wetting patterns for both coarse sand and 

heavy clay soils. In addition, new knowledge on the optimal placement depth and lateral 

spacing for MTI in coarse sand and heavy clay soils. 

2. Understanding the operation life cycle and handling of Moistube™ polymeric 

membrane. 

3. An empirical power function that will characterise Moistube™ discharge when 

subjected to varied negative pressure. 

4. Understanding the effects of wastewater irrigation on MTI clogging sensitivities and 

determining the fouling or plugging coefficient for MTI using waste-water effluent. 

5. Understanding the solute (dissolved salts) movement in various soils under MTI. 

6. Establish the optimum fertigation strategy for canola based on yield harvested. 

7.  An adapted AquaCrop fertility file for local canola varieties. 
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6.5 Originality of Study 

 

This study will contribute to new and additional knowledge aspect of MTI in the following 

aspects: 

 

Firstly, the study will produce an empirical power function for soil water dynamic under heavy 

clay and coarse sandy soils. This knowledge will aid in the design of MTI for specified soil 

textures. The study will inform on the irrigation life cycle of MTI using effluent water and 

subsequently advise on the time taken for pore fouling or plugging. The study will highlight 

whether or not MTI promotes solute movement thus advising on leaching effects under MTI. 

Such knowledge is essential, as it will minimise vadose zone contamination. In addition, the 

study will inform on the fertigation potential of MTI. The study will provide new knowledge 

on the ability of MTI to satisfy various crop water requirements (CWR) under varying climatic 

conditions.  The study will contribute new information on the effects of environmental related 

factors on the life cycle of Moistube™. The information is essential in advising best operation, 

maintenance and management strategies of Moistube™. The study will also inform on best 

management and storage methods of the Moistube. Furthermore, the study will advise on 

canola response or performance to continuous irrigation under MTI. The research will generate 

knowledge on canola performance under continuous irrigation and the best fertigation regime 

that produces high yields. Lastly, the study will create an adapted crop fertility file for 

AquaCrop for the locally grown canola variety. 
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6.6 Budget 

 

Item Description Quantity Cost (ZAR) 

1 Moistube laterals 400 5,500.00 

2 Pressure gauges 5 1,500.00 

3 Moisture sensors 3 1,800.00 

4 Temperature & Humidity sensors 5 1,445.00 

5 Transparent heat resistant conduit (∅25) 1 1,163.92 

6 T-connectors 34 272.00 

7 Water tank (500 L) 3 1,500.00 

8 Flow meters 10 1,500.00 

9 Soil bins 6 1,800.00 

10 Sand and clay transport  1,500.00 

11 Small water pump 1 7,500.00 

12 Land preparation  750.00 

13 Canola seeds, fertilizers, herbicides and pesticides  6,000.00 

14 LAI measurement - - 

15 N measurement (suction SSAT Lysimeters) 3 1,860.00 

16 SSAT vacuum pump 1 2,565.00 

17 Syringe 5 75.00 

18 Training for SALTMED & AQUACROP - - 

19 Waste water transport 158km 578.38 @R3.61/Km 

20 Plot markers 30 70.50 

21 Labour 24 hrs 3,600.00@ R150/h 

22  Miscellaneous  4,000.00 

 Total  44,979.80 

 

6.7 Gantt Chart 

 

The project timeline is presented in Figure 6.1 below. 

 

 

 

 

 

 

 

 

 

2021 

Q1 Q2 Q3 Q4 

Q1 Q2 Q3 Q4 

Q1 Q2 Q3 Q4 

Lit review & proposal development 

PRG- Inoculations 

Lab experiments 

Model calibration 

SALTMED & AquaCrop training 

Data collection: Objective 1, 2, 3, and 5. 

Draft chapters for Obj 1, 2, and 3 

Model validation and testing 

Data collection: Obj 4 & 5. Data analysis 

Draft chapters for Obj 4 and 5 

Draft thesis submission 

Thesis submission 

2019 

2020 

Figure 6.1 Project timeline (Q1, Q2, Q3, and Q4 represent the four quarters of the calendar year) 
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