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Abstract 

Soil water repellency (SWR) limits water infiltration into soils and consequently 

adversely affects soil functions globally. As SWR in southern Australia is especially 

common in sandy soils and the agricultural sector of Western Australia forfeits $251 

million profit annually, SWR is the focus of extensive research. SWR is a dynamic 

phenomenon varying both in space and time, impeding its assessment and 

management. Given these complexities, this PhD thesis seeks to further our 

understanding of SWR by addressing the following questions:  

Q1. How does water move on, into and through water-repellent soils? 

Q2. How can agricultural management alter the movement of soil water? 

Q3. What role do physical and microbial mechanisms have in the permanent 

breakdown of SWR?  

Q4. What is the extent of water, soil and nutrient losses that are incurred by SWR? 

Soil water movement was predominantly assessed in laboratory catchment systems. 

This allowed for the quantification of water inputs, outputs and storage, as well as visual 

assessments of the soil surface, in a replicable, controlled environment. Electrical 

resistivity tomography (ERT) was applied to monitor subsurface soil water content over 

time, in two and, after extensive method development, three dimensions. ERT is a 

non-destructive technique that uses electrical resistivity as a proxy for soil water 

content. Laboratory studies focussed on how surfactants and microorganisms altered 

water infiltration and movement throughout the soil, and the breakdown of SWR. Field 

measurements using ERT and ground-penetrating radar (GPR) were used to assess the 

capability of these non-destructive techniques in a field environment. 

(Q1) SWR affected water movement on and through water-repellent soils. Surface flow 

occurred via two runoff mechanisms. The first mechanism was the formation of channel 

flow, while the second was the perching of water on the surface creating a protective 

layer over which additional water flowed. Both mechanisms resulted in minimal contact 

between water and the water-repellent soil, limiting infiltration and erosion, leading to 

high and sustained runoff coefficients (0.72 – 0.96). In the absence of treatments, water 

infiltration was slow and movement through soils occurred via preferential pathways, 

consistent with the literature. Over time, water moved laterally and even against gravity. 
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(Q2) Treatments applied to water-repellent soils varied in their rate of effectiveness, 

reflected in increased water content and decreased SWR. Surfactant treatment was fast 

and effective (five days to saturation) and resulted in a stable wetting fronts. Surfactants 

decreased runoff by an average of 27.5% and 70.8% for in-furrow and blanket 

application, respectively, with increased water contents detected below the area of 

application. In surfactant treatments, SWR did not re-establish for the duration of the 

experiments, likely due to its continued presence and function in the soil. The added 

Bacillus subtilis was also effective against SWR, although the rate of water content 

increase was lower than for the surfactant treatment (19 days to saturation, 12 days to 

decrease from very severe to low SWR). The rate of wetting was higher with added 

Bacillus subtilis than for the naturally occurring soil microbial community, as was the 

permanent removal of SWR, which decreased from very severe to low SWR by day 19.  

(Q3) Breakdown of SWR involving only physical factors was not permanent. Conversely, 

when microbial activity was present, especially that of Bacillus subtilis, but also the 

natural community, permanent breakdown occurred. Any increases in water content 

were preceded by this breakdown. 

(Q4) Runoff, erosion and nutrient losses were higher for water-repellent soil than soil 

treated with surfactants. In untreated soil, total erosion was initially high (0.00127 t ha-1 

for a single 2 mm wetting event), decreasing with the number of wetting events. The 

decrease of erosion was correlated to the increasing prominence of the second runoff 

mechanism with water forming a surface-protective layer. The first runoff mechanism, 

minimising surface contact, caused soil armouring where smaller, less water-repellent 

soil particles were attracted to the water surface, leaving behind larger, more water-

repellent soil particles on the surface. This resulted in the preferential loss of silt and 

clay (up to 12 times higher than the original soil), organic carbon and nitrogen, as well 

as macronutrients.  

This thesis describes the interactions between SWR and water focussing on physical and 

biological factors to improve understanding of this production-limiting phenomenon 

and how to overcome it. The results and the methods developed during this research 

provide a foundation for further study in the area of SWR and the assessment of 

amelioration treatments.  
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Chapter 1 

General Introduction. 

1.1  Soil water repellency 

Soil water repellency (SWR) is a naturally occurring phenomenon where soil, that would 

ordinarily have capacity for water infiltration, restricts water flow (Ma'Shum et al., 1988; 

Morley et al., 2005). The presence of SWR can be commonly characterised by water 

droplets on a dry soil surface with a contact angle of >90° (Fig. 1.1, A; Bachmann et al., 

2000; Lamparter et al., 2009), but can also be indicated by dry soil below a thin layer of 

moist soil (Roberts and Carbon, 1971) and the prominence of preferential flow pathways 

(Bughici and Wallach, 2016; Ritsema et al., 1993; Wang et al., 2000). SWR is caused by 

hydrophobic organic molecules (Fig. 1.1, B) that are present on individual soil particles, 

on soil aggregates or unbound within soil pore spaces (Dekker and Ritsema, 1996; Doerr 

et al., 2000; Franco et al., 1995). The movement and distribution of water in soil is usually 

thought to be governed by physical parameters such as texture, soil structure and 

connectivity of pores (Vogel, 2000). In water-repellent soils, however, these factors can 

be superseded so that movement and distribution of water are not readily predictable 

(Diamantopoulos et al., 2013; Täumer et al., 2006; Van Dam et al., 1996).  

 

Fig. 1.1 Water droplets on water repellent soil surfaces. A) Water droplet demonstrating a 
contact angle of θ > 90°. B) Schematic of water droplet being repelled due to hydrophobic 
organic molecules on the soil surface, adapted from Doerr et al. (2000). 

 

Hydrophobic molecules can be derived from a variety of sources, while these sources 

are predominantly natural, anthropogenic sources also cause repellency (Buczko et al., 
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2005). Certain plant species represent a natural source, with extracts from both 

mesophytic and xerophytic plants inducing SWR (Roberts and Carbon, 1971). While 

some plants can cause SWR through their leaf litter (Alanís et al., 2017; Mao et al., 2015; 

McGhie and Posner, 1981), plant species can also produce hydrophobic root exudates 

(Achtenhagen et al., 2015; Ahmed et al., 2015; Czarnes et al., 2000; Doerr et al., 1998; 

Naveed et al., 2018). Similar to plants, some microbial species can also contribute to 

SWR through production of exudates (Franco et al., 2000; Lozano et al., 2014). The 

number of contributing molecules, as well as their source, size, repellency severity and 

adhesiveness, all contribute to the complexity of SWR (Mainwaring et al., 2013; 

Mainwaring et al., 2004; Roberts and Carbon, 1972; Woche et al., 2017). While the 

sources of hydrophobic molecules may be ubiquitous, the expression of SWR may not 

always be observed as other factors, such as water content (Dekker and Ritsema, 1994), 

are essential to its expression.  

The limitation of soil moisture as a result of SWR restricts soil function, impeding on 

plant growth and decreasing agricultural production (Roper et al., 2015). By limiting 

normal soil functions, however, SWR can assist to conserve soil organic matter and soil 

water storage at depth. SWR lowers the activity of microorganisms in the soil and, as a 

consequence, may decrease the turnover of organic matter and increase its stability in 

the soil (Bronick and Lal, 2005). Due to the temporal variability of SWR, the organic 

matter generally becomes available again for microbial turnover when sufficient water 

supply has resulted in the breakdown of SWR. Another positive role of SWR is the 

conservation of soil water by restricting evaporation (Bachmann et al., 2001; Chapuis 

and Prat, 2007; Shahidzadeh-Bonn et al., 2007; Shokri et al., 2009). Water harvested in 

depressions together with preferential flow paths might be used by adapted plants 

which otherwise might suffer in water limited climates (Imeson et al., 1992; Jaramillo et 

al., 2000; Roper et al., 2015). While seemingly limiting soil function and soil water 

content, the role of SWR may also have some positive effects for the soil and plants 

living in water restricted environments.  

1.1.1  Variability 

Natural SWR is a highly variable soil condition as its occurrence relies on the production 

of a variety of hydrophobic molecules produced by spatially variable plant and microbial 
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species. As the hydrophobic molecules vary in their degree of repellency and spatial 

distribution, the potential for repellency across an area is variable. Spatial distribution 

of SWR can also vary due to factors such as soil thickness, topography, type of vegetation 

and the distance from the source (Doerr et al., 1998; Lin and Zhou, 2008). SWR 

expression is highly affected by soil moisture, and because of this SWR is even more 

prone to spatial variability as water content is uneven in distribution. Along with these 

factors of variability in space, SWR can also be affected by temporal variability.  

Temporality of SWR is caused by its creation and subsequent breakdown over time as 

the water content of the soil increases (Doerr et al., 2000). The breakdown of SWR is 

typically considered to be a physical process controlled by the interaction with water 

(Doerr et al., 2000; Ma'shum and Farmer, 1985). This process is associated with the 

orientation of the hydrophobic molecule as the hydrophilic head (Fig. 1.1, B) becomes 

attracted to water that is present (Doerr et al., 2000; Spohn and Rillig, 2012). While often 

simply considered as the presence of water, according to Doerr et al. (2002), this can be 

more accurately described as the interaction with humidity. The permanency of this 

physical form of breakdown and the separation of this process from others, such as 

microbial degradation, however, has not been fully elucidated. The role of 

microorganisms has most prominently been considered in relation to their creation of 

SWR (Schaumann et al., 2007; Spohn and Rillig, 2012), however they have also been 

noted for a role in breaking down SWR (Roper, 2005). Microorganisms are known to 

degrade organic molecules but the process is complex and governed by factors other 

than the molecular structure of the organic molecule (Schmidt et al., 2011). Some 

microorganisms, including Bacillus subtilis, produce biosurfactants (Bodour et al., 2003) 

and extracellular lipases that can breakdown hydrophobic molecules (Kennedy and 

Lennarz, 1979). As such the breakdown of SWR is likely a combination of physical and 

biological processes as most microorganisms require water for metabolic activity.  

Given the dynamics of SWR creation and breakdown, re-establishment of repellency is 

commonplace. Reformation of SWR without added organic matter is simply the 

reorientation of the hydrophobic molecules present in the soil. The process results in 

the organic molecule’s hydrophobic tail being again orientated towards the pore while 

the hydrophilic head is orientated towards the soil particle (Fig. 1.1, B; Doerr et al., 

2000). Crockford et al. (1991) suggested that reformation can occur within nine days at 
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40˚C, however, others have suggested that complete reformation of SWR requires a 

fresh input of organic molecules (Doerr and Thomas, 2000). Most studies assessing the 

physical breakdown of SWR have noted that there can be partial re-establishment of 

SWR with only existing molecules (Bayer and Schaumann, 2007; Gabriele et al., 2013), 

suggesting the removal of SWR expression and not a complete breakdown of SWR.  

1.1.2  Occurrence 

Cases of SWR around the world affect land with a variety of climates, soil types, and land 

uses. While SWR was first described for semiarid and subtropical climatic conditions 

(Doerr et al., 2000), more temperate (Doerr et al., 2000) and humid environments 

(Jaramillo et al., 2000) have since been shown to exhibit this phenomenon. While SWR 

is commonly associated with sandy soils, other soil particle size distributions have shown 

indicators of SWR such as loams, clays and peats (Dekker and Ritsema, 2000). Instances 

of SWR have been reported for many land uses such as food production in large scale 

cropping agriculture (Hall et al., 2010), pastures (Dekker and Ritsema, 1994), 

horticulture (Buczko et al., 2005), and cultivated organic soil with grass cover (Berglund 

and Persson, 1996). Other land uses also include golfing greens (Barton and Colmer, 

2011; York and Canaway, 2000), former sewerage fields (Täumer et al., 2006) and sandy 

sediment at a reclaimed mine (Gerke et al., 2001). Natural environments can also be 

effected by SWR such as dune sands (Dekker and Ritsema, 1994) and natural forests 

(Leighton-Boyce et al., 2007; Mcghie and Posner, 1980; Vieira et al., 2014).  

SWR is widespread across southern Australia and especially the south-west of Western 

Australia (Fig. 1.2). This is due to the prominence of sandy soils, a Mediterranean to 

semi-arid climate, with historical vegetation of eucalypts and current large scale grain 

production, Western Australia is known for its water-repellent soils (Doerr et al., 2000). 

SWR often occurs on sandy soils as they require less organic matter to cover the grains 

due to the smaller surface area, though they also have a high hydraulic conductivity 

(Buczko et al., 2006; DeBano, 1991; Doerr et al., 1996). The Mediterranean to semi-arid 

climate is also a factor as these are characterised by long dry summers. The dry summers 

allow the soil to reach the critical soil water content required for re-establishment of 

SWR (Dekker and Ritsema, 1994), but also encourage adaptive measures by plant and 

microbial species for water conservation. The native Eucalypt species have also left a 
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historical mark on the soil with large, continued additions of hydrophobic molecules to 

natural bushland soil and historical remains of those molecules in cleared soil. As such, 

a large amount of the research conducted, especially that involving large scale cropping 

agriculture (Roper et al., 2015) as well as the natural landscape (Gleeson et al., 2016), 

has been conducted in Australia. 

 

Fig. 1.2 Maps of the south-west of Western Australia showing the amount of land impacted by 
soil water repellency with estimates and actual measurements (Credit: Department of 
Agriculture and Food, Western Australia. 2013. Report card on sustainable natural resource use 
in agriculture). 

 

Much of the research on SWR in natural environments has occurred on soils affected by 

fire. Fire induces SWR naturally, by both drying the soil and transfering hydrophobic 

molecules onto particle and aggregate surfaces (Jiménez-Morillo et al., 2014; Savage et 

al., 1972; Zavala et al., 2014). SWR may also be enhanced by fire through the alteration 

of the hydrophobic molecules by heat (Giovannini and Lucchesi, 1984). The 

reoccurrence of SWR often lasts only a few years before returning to a fully wettable 

soil (Keesstra et al., 2017; MacDonald and Huffman, 2004). Fire can decrease surface 

litter and soil structure, which can increase erosion, especially when combined with 

increases in the severity of SWR (Hubbert et al., 2006). Considering these factors much 

of the work in the area of erosion and SWR has been in relation to fire.  

Due to the multitude of contributing factors and many of the limiting factors, SWR is 

likely to be more prevalent around the world than is currently credited (Doerr et al., 
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2000). Australia is one of the few countries in which risk of SWR has been calculated 

over large areas, due to its prominence and impact on agriculture (Blackwell, 1993; 

Nulsen, 1993). In some parts of Australia, therefore, it is a common soil test, however in 

most parts of the world the expression may be muted and thus SWR is not considered 

and not tested for routinely. As SWR is temporal, repellency can potentially exist in the 

soil without expression. Expression of SWR only comes when the soil is dried below a 

critical water threshold and hydrophobic molecules in the soil are orientated to repel 

water (Dekker and Ritsema, 1994). As such, Dekker and Ritsema (1994) developed the 

distinction for actual and potential SWR which indicates the SWR at any soil moisture 

content or SWR at a dried state. For different soils, climates and seasons the 

measurement of actual as opposed to potential SWR may be more relevant and vice 

versa. Climate change may mean more areas experience longer dry periods and 

therefore, the expression and impact of SWR is likely to increase. 

1.1.3  Issue 

The occurrence of SWR may expand as climate change continues to alter our 

environment to produce more extreme weather (Huang et al., 2015; Lesk et al., 2016). 

This may result in natural and agricultural environments experiencing increased 

abundance of SWR, impacting how we manage these soils. SWR affects the environment 

by increasing erosion and overland flow, and decreasing soil moisture and structure 

(Bronick and Lal, 2005; Leighton-Boyce et al., 2007; Shakesby et al., 2000). It impacts 

vegetation by increasing the time of low productivity due to water stress (Morgan, 

2009). Though SWR is a naturally occurring phenomenon, in regions where it is only 

recently being expressed, there may be consequences for plant species that are not 

adapted to this change.  

SWR also largely affects agricultural crop production by decreasing soil water content 

(de Jonge et al., 1999; King, 1981; McKissock et al., 2002) and increasing erosion 

(Morgan, 2009). The effect on large scale cropping is the decreased or delayed 

germination of seeds and crop emergence, lowering potential yield (Hall et al., 2010; 

Roper, 2004). Within Western Australia alone AUD 251M profit is forfeited annually due 

to SWR (Herbert, 2009) as a result of its occurrence on 5 – 10 Mha of Australian 

agricultural land (Nulsen, 1993; Roper et al., 2013). In Australian agriculture a large 
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concern is the effectiveness of first rains after the dry summer (Blackwell, 2000; Turner 

and Asseng, 2005), which is hampered when there is a lack of infiltration due to SWR. 

One of the major effects of repellency on agriculture is that infiltration only occurs on 

affected soil when there are preferential flow pathways (Blackwell, 2000; Roper et al., 

2015) or once there has been sufficient time for SWR to breakdown. Both preferential 

flow and delays in infiltration hinder the wetting of the majority of the soil matrix at a 

critical time for agriculture resulting in patchy seedling emergence when left untreated.  

1.1.4  Agricultural strategies  

Due to the impedance on soil function by SWR as discussed above, the agricultural 

sector has employed several strategies to alleviate the effects of SWR. These include 

tillage practices (Roper et al., 2015), biochar (Hallin et al., 2015), crop residue retention, 

microbial stimulation (Diamantis et al., 2013), and the use of surfactants (Roper et al., 

2015). All strategies have shown the potential to alleviate SWR, however, their 

effectiveness has been variable and often dependent on the severity of repellency, soil 

type and the season in which they were trialled (Davies et al., 2013; Müller and Deurer, 

2011).  

The increased prevalence of SWR in agriculture has not only been a result of drying soils 

but also a result of the adoption of non-tillage techniques (Blanco-Canqui, 2011; Šimon 

et al., 2009; Ward et al., 2015), however some of these physical mixing techniques have 

been readopted by agriculture as a remediation strategy to address SWR. Current 

tillage-based remediation techniques include the rotary hoe, spading, one-way plough, 

deep ripping, and the mouldboard plough (Roper et al., 2015). These methods have been 

shown to decrease SWR and to also have positive effects on yield. They have also been 

shown to have an impact over consecutive years, however, SWR does appear to 

redevelop and the long-term effects of multiple inversions is unknown as previously 

buried water-repellent soil can be brought back to the surface (Roper et al., 2015). The 

effect of claying has the longest lasting effects on SWR as it creates a smaller particle 

size distribution in the top soil (Blackwell, 1993; Cann, 2000; Hall et al., 2010). However, 

limitations include clay availability and the possibility of inducing other top soil 

constraints, such as aluminium toxicity (Davies et al., 2011). Many of these traditional 
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amelioration methods may also have negative effects on the environment and soils, by 

increasing erosion and decreasing soil organic matter (Abdi et al., 2014). 

Recently, alternate agricultural practices have commonly been implemented as water 

and soil conservation strategies, and in areas with SWR, further measures are needed 

to alleviate its impact. The increased capabilities of precision agriculture, including 

sowing on or beside the previous year’s crop, can increase water content as the retained 

stubble create preferential pathways for the water to enter the water-repellent surface 

(Roper et al., 2013). The use of biochar as a soil amendment had positive outcomes for 

soil water retention (Hallin et al., 2015). However, contrasting results have been 

reported when biochar was applied to soil prone to SWR with studies noting 

amendment capability (Hallin et al., 2015) and others showing potential increases in 

SWR severity (Abel et al., 2013). Microbial activity has also been suggested as a possible 

mitigation strategy for SWR (Roper et al., 2015). Addition of active microbial 

communities as a treatment has also had varied success with some studies 

demonstrating a potential for their use, and others showed no impact (Roper, 2004; 

Roper, 2006). While many of these alternative options have variable success their main 

benefit is the mitigation of SWR while conserving soil structure.  

Another method to mitigate SWR alongside soil conservation practices are surfactants, 

which potentially also benefit water harvesting from mounds (Blackwell, 2000). 

Surfactants are surface active agents that do not alter the soil but instead decrease the 

surface tension of water allowing it to infiltrate into the repellent soil (Karnok et al., 

2004) thereby facilitating physical breakdown. While research into surfactant 

application for SWR mitigation started in the turf grass industry (Karnok et al., 2004), 

one of the main areas of continued interest is their potential in agriculture, especially 

within Australia (Roper et al., 2015). Surfactants have the potential to increase water 

content without destroying soil structure, however, in the past they have had only 

varied success in increasing yields (Crabtree and Gilkes, 1999; Scanlan et al., 2013). One 

of the factors in surfactant efficacy is soil type, with treatment effects being larger on 

loamy gravel soils than sandy soils (Davies et al., 2016), and deeper sands also benefiting 

from treatment (Blackwell et al., 2014).  
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1.1.5  Methods of assessing water movement  

SWR is a limitation on water infiltration and movement in the soil and is variable both 

spatially and temporally, and as such any tests of treatment effectiveness should include 

measures of water content and distribution through time. In agriculture, the 

effectiveness of a treatment is often summarised by its effect on yield (Blackwell, 1993; 

Crabtree and Henderson, 1999; Crabtree and Gilkes, 1999), which may be influenced by 

a variety of different yield-limiting factors unrelated to SWR severity. When soil 

moisture is measured in agriculture, it is often done destructively by mass sampling, and 

therefore cannot be monitored over time. Blue dye is used routinely in the field to 

display preferential flow pathways in water-repellent soils (Fig. 1.3; Nektarios et al., 

2002; Roper et al., 2013). However, blue dye experiments typically measure excavated 

soil pit surface 2D patterns and do not permit continuous monitoring. Other techniques, 

such as moisture probes, allow continuous monitoring of water content over time 

(Barton and Colmer, 2011; Michot et al., 2003), but only collect 1D-point measures, and 

they disturb the soil during placement and may therefore influence preferential flow 

paths. Although some insights can be gained from these measurements they do not 

always provide detail of water content, its distribution or how this changes over time, 

which is critical to the success of a treatment or the analysis of SWR.  
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Fig. 1.3 Blue dye indicating the movement of water in the soil, highlighting the preferential 
pathways caused by current and previous crops. Photo credit: CSIRO (2019) 

 

Geophysical techniques provide valuable tools to monitor soil moisture with high 

precision over time and space, non-destructively. Some field methods that have been 

used include electrical resistivity tomography (ERT; Michot et al., 2003; Zhou et al., 

2001), ground penetrating radar (GPR; Goldshleger et al., 2010; Michot et al., 2003) and 

electromagnetic induction (EM; Williams and Hoey, 1987). These methods test for 

changes in the soil that can be related to changes in water content. Other measurements 

conducted can include thin sections of soil used for computational tomography (CT) 

scanning or x-ray to view water flow (Heijs et al., 1995; Heijs et al., 1996; Kim et al., 

2015). These small scale measurements are valid tools to better understand the 

interaction of water with soil in the pore space (Heijs et al., 1995), but they measure 

water content at the micro-scale, and thus are not easily applicable to larger scale 

hydrological questions. There is a clear need to bridge the measurement of SWR at the 

micro (<1 cm) and macro (>1 m) scales. 

ERT has previously been applied at the field scale where surface and subsurface 

electrodes have been used (Loke et al., 2014). Electrical current flows better through 

wetter soil and thus electrical resistivity can be used as proxy for changes in water 
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content (Archie, 1942). Archie’s law allows the conversion of resistivity to water content 

through power law calibration. ERT is a tool that causes very little disruption to the soil 

and can also be used in boreholes with good depth resolution (Greve et al., 2012). As 

SWR is highly impacted by preferential flow (Ritsema et al., 1993), the use of ERT in 

boreholes without surface entry points, is especially beneficial.  

While there is a place for monitoring responses and testing treatments in the field, there 

is uncertainty in the applicability of results as there are many factors that can change in 

the natural environment. Thus, a laboratory catchment system is a useful tool to test 

the efficacy of a treatment or monitor the response of a soil to an environmental 

difference that can be regulated (Zhang et al., 1997). Laboratory artificial catchment 

systems have mostly been used in the past to test responses of runoff and erosion 

(Leighton-Boyce et al., 2007; Müller et al., 2018; Shakesby et al., 2000). Due to SWR 

being a surface soil constraint and these soils often showing a lack of structure, 

especially agricultural water-repellent soils, the use of artificial catchment systems in 

the laboratory to measure infiltration, runoff and erosion is practical, feasible, and 

inexpensive.  

 

1.2  Key research questions 

SWR has been studied for some time with first the recording of the phenomenon in the 

early 1900s (DeBano, 2000). Despite this, SWR still cannot be reliably predicted nor are 

all the variables governing this phenomenon fully understood. Based on the summary 

presented above there are still specific knowledge gaps which lead to the following 

research questions of this thesis.  

1. How does water move on, into and through water-repellent soils? 

2. How can agricultural management alter the movement of soil water? 

3. What role do physical and microbial mechanisms have in the permanent 

breakdown of SWR?  

4. What is the extent of water, soil and nutrient losses that are incurred by SWR? 

The aim of this research is to gain greater understanding of water movement in and on 

water-repellent soils, using sandy agricultural soils as a model system. A better 



12 

 

understanding of water movement and how this can be altered by different treatments 

will lead to better assessment of potential mitigation strategies. Another aim of this 

research is to monitor natural and enhanced breakdown of SWR to observe the timing 

and infer the potential mechanisms involved. This research also aims to estimate soil 

and nutrient losses incurred due to the presence of SWR.  

 

1.3  Thesis outline and structure 

This research is a combination of laboratory experiments with two field case studies (Fig. 

1.4). This introduction (Chapter 1) describes SWR and previous research in general which 

then leads to the main research questions of the thesis. Chapters 2 – 4 outline the 

laboratory experimental chapters in the format of journal articles. Chapter 2 explores 

runoff and infiltration on water-repellent soil with the aim of understanding how to 

maximise water content in the seed row. Chapter 3 considers how water flows into a 

water-repellent area of the soil and the subsequent breakdown of SWR including 

breakdown mechanisms. Chapter 4 investigates the interactions with water on the 

surface of a water repellent soil and quantifies soil erosion and loss of nutrients. 

Chapters 5 and Appendix 2 are field case studies of SWR in an agriculture and a natural 

environment, examining infiltration into water-repellent soils. Chapter 5 outlines a case 

study for current agricultural practice observing water infiltration influenced by SWR in 

an agricultural field and how that is altered by different agricultural treatments. 

Appendix 2 examines infiltration into water-repellent soils during a summer rainfall 

event and monitors the movement of water during drying. The general discussion 

(Chapter 6) draws together the discoveries and conclusions of the research in this thesis 

and provides some suggested further research.  
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Fig. 1.4 Representation of the four research questions about soil water repellency (SWR) and 
how they are addressed in the experimental chapters and case studies. Colours represent the 
four research questions and the chapters in which they are addressed and arrows represent 
connections from one idea to another in the experimental designs.  
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Chapter 2 

Evaluation of Surfactant Effectiveness on Water Repellent Soils 

Using Electrical Resistivity Tomography. 

2.0 Preface 

The follow chapter is published in the journal Agricultural Water Management, vol. 181, 

pages 56-65. For continuity in this thesis some terminology has been changed, such as 

water repellence to soil water repellency (SWR) and water repellent to water-repellent. 

 

2.1  Abstract  

Soil water repellency (SWR) is a major limitation on crop production that can be 

ameliorated by surfactant application. Variable success has been reported from field 

trials and therefore this study employs a novel approach to determine the effectiveness 

of surfactants at modifying infiltration into water-repellent soils. Using a physical 

catchment model (0.6 m × 0.6 m × 0.2 m), with soils arranged in a ridge and furrow 

topography, irrigation, surface runoff and subsurface flow rates were quantified. 

Electrical resistivity tomography (ERT) was used to measure changes in soil moisture 

patterns. Two sandy soils with contrasting severity of SWR, as measured by the Molarity 

of Ethanol Droplet (MED) test, were assessed. The impact of two surfactants, at an 

equivalent rate of 1 L ha-1, and an untreated control were monitored over multiple 

wetting cycles. The very severely water-repellent soil (MED 4.2 M) showed an increase 

in infiltration of up to 31%, which was concentrated in the area of surfactant application 

in the furrow. Volumetric water contents beneath the furrow increased up to 40% below 

20 mm depth. Water infiltration into the untreated soil with low SWR (MED 1.0 M) was 

98%, and this did not significantly increase with surfactant application. This physical 

catchment model, combined with hydrological and geophysical monitoring provides a 

useful tool to assess the effectiveness of surfactants in increasing water infiltration and 

subsurface soil moisture in water-repellent soils.  
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2.2  Introduction  

Recent studies on climate change suggest the growing seasons in many areas around 

the world are becoming shorter and total rainfall is decreasing (Turner et al., 2011; 

Walck et al., 2011). This is especially important for agricultural crop production on soils 

that are water-repellent as the early season rains become increasingly essential to 

productivity. In semi-arid southern and south-western Australia alone around 10 Mha 

of arable land is affected by SWR (Roper et al., 2015). An estimated $251 M of profit is 

forfeited annually due to SWR decreasing the effectiveness of early season rainfall 

(Herbert, 2009). 

While coarse grained, sandy soils should have a high hydraulic conductivity, it is those 

soils with less than 3% clay contents (Hall et al., 2010) that are most susceptible to SWR 

because of their low surface areas (Dekker and Ritsema, 1996; Hall et al., 2010). The 

organic molecules coating the soil particles are long-chained compounds with a 

hydrophobic ends that, while dry, are orientated towards the pore voids in the soil, 

limiting the water flow (Ma'Shum et al., 1988; Morley et al., 2005). The application of 

surfactants is one technique to reduce the effect of SWR (Roper et al., 2015) and to 

potentially increase the crop available soil moisture from early rainfall (Müller and 

Deurer, 2011). Early availability of water to the seed creates the possibility of higher 

seedling emergence and potentially increased yield (Denmead and Shaw, 1960). In this 

study we used manufactured polymer surfactants to increase water infiltration (Karnok 

et al., 2004; Blackwell et al., 2010). These surfactants are expected to modify multiple 

hydrological processes governing moisture redistribution in water-repellent soils (Table 

2.1).  

Agricultural field trials with surfactants have shown varying results (Table 2.2) as 

measured by seedling emergence, biomass and yield. Other studies focussed on the 

hydrology, measuring overland water flow and erosion generation (e.g. Leighton-Boyce 

et al., 2007). While others, assessing the impact of SWR on soil hydrology, have 

employed point soil water measurements (Dekker and Ritsema, 1996; Dekker et al., 

2005), as well as dye tracers to examine the subsurface water flow patterns (e.g. 

Wessolek et al., 2009). These latter approaches, however, are destructive limiting 

understanding of the dynamics of infiltration patterns.  
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Table 2.1 Typical effects of water flow constraints on water-repellent soils identified in various 
studies. 

 

Electrical resistivity tomography (ERT) is a shallow geophysical technique that can 

non-destructively monitor subsurface physical conditions that affect the flow of 

electrical currents, such as water content, material type and salinity (Samouëlian et al. 

2005). As ERT is highly sensitive to changes in water content, indirect monitoring of 

moisture changes in one, two or three dimensions, over time is possible (Chrétien et al. 

2014). This technique has the potential to be used at a range of scales (Basso et al. 2010) 

with the resolution dependent upon electrode spacing and the measurement method 

(Greve et al. 2012). 

This study used ERT to create 2D images of volumetric water content within the soil 

profile. We aimed to quantify and visualise the effectiveness of surfactants to increase 

water infiltration and to measure surface and subsurface flows of water, while also 

quantifying changes of water storage in 2D over time. Through quantification of water 

flows and storage we aimed to in turn demonstrate the methodology as an effective tool 

for surfactant testing within the laboratory.  

 

Effect Outcome Author 

Capillary 
tension 

Ponding and evaporation before 
infiltration. 

Wallach and Jortzick (2008) 

Preferential 
flow 

Uneven wetting fronts, 
patchiness and increased 

leaching. 

Beven and Germann (1982); 
Dekker and Ritsema (1996); Hallett 
(2008); Müller and Deurer (2011) 

Surface runoff Decreased potential infiltration. Leighton-Boyce et al. (2007) 
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Table 2.2 Measurement methods and outcomes of surfactant application on water-repellent soils in broad acre agriculture within Western Australia. Abbreviation: 
SWR – soil water repellency, MED – molarity of ethanol droplet. 
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2.3  Materials and methods  

2.3.1  Sampling 

Soils were sampled from two different locations in the Western Australian agricultural 

cropping region, with contrasting SWR (Table 2.3). Western Australia’s cropping region 

has a Mediterranean like climate with hot, dry summers and cool, wet winter (Table 2.3; 

BoM, 2015). At collection the crop residue was removed before taking the top 50 mm 

of soil, from 10 m2 at each site. In the field the molarity of ethanol droplet (MED) test, 

as described by King (1981), was used to test preliminary severity and consistency of the 

SWR across the sampling area. For consistency of soil characteristics in the base layer, a 

standard yellow building sand was used (Table 2.3). After collection, soil was dried at 

40˚C and then sieved to <2 mm fraction.  

 

Table 2.3 Site and soil characteristics. Molarity of ethanol droplet (MED) test and associated 
water repellency classification according to King (1981). Rainfall and temperatures from Bureau 
of Meteorology (BoM, 2015). Clay and carbon contents measured as % mass. Samples were 
taken from the four replicates of treatments with these values averaged with ± the standard 
deviation. * denotes the sample with significantly greater values (p = 0.05). Abbreviation: SWR 
– soil water repellency, MED – molarity of ethanol droplet. 

 

2.3.2  Soil analysis 

After drying, sieving and homogenisation, four random samples from each soil were 

taken for laboratory analysis. Potential MED (King, 1981), was completed on these air 

dried samples, with three replications on each. Particle size analysis (PSA) was 

conducted using settling methods (Bowman et al., 2002). Percentage of total carbon was 

determined by the combustion of finely ground soil using Dumas combustion method 

Site 
SWR 
level MED 

Annual 
rainfall (mm) 

Mean min and 
max temp (˚C) Clay (%) 

Carbon 
(%) 

South 
Stirling 

Very 
Severe 

4.2** 726.6 
6.1 – 14.0 

16.2 – 25.1 
2.0   

± 0.18* 
2.90 

± 0.14* 

Dandaragan Low 1.0* 497.1 
5.4 – 16.9 

16.1 – 33.9 
3.6 

± 0.55** 
1.52    

± 0.22 

Building 
Sand Nil 0.0 - - 

1.1    
± 0.01 - 

 



32 

 

with the Elementar Vario Macro analyser (Elementar Analysensysteme GmbH). The total 

carbon content was used as an indicator for the amount of organic matter in the soil 

(Harper and Gilkes, 1994). Water retention was measured at saturation and under 

tension (5, 10, 20, 50, 100, and 1500 kPa) using a pressure plate apparatus (Klute, 1986). 

The parameters of the van Genuchten water retention function (Van Genuchten, 1980) 

were estimated via a constrained conjugate gradient method, in the software 

environment R (Byrd et al., 1995; The R Foundation).  

2.3.3  Experimental design  

The physical catchment model comprised a 0.6 m × 0.6 m × 0.2 m Perspex box, set on 

a 2˚ slope (Fig. 2.1). Outlets to collect runoff and subsurface flow were located on the 

downslope edge of the boxes at three elevations: (a) furrow surface; (b) 50 mm below 

the surface; and (c) at the base (Fig. 2.1). The outflow from each level was collected in 

separate cylinders and monitored with pressure transducers (PX163-120BD5V, Omega). 

The surface runoff outlets had 8 mm inside diameters while all other outlets had 4 mm 

inside diameters. A 0.05 mm mesh was used to prevent soil loss from the 4 mm outlets 

while a 0.2 mm strainer captured eroded sediment from the surface outlets.  

The artificial catchment consisted of two layers of soil, a top layer of field soil with a 

ridge and furrow shape and an 85 mm base of uniform building sand (Fig. 2.1). The ridge 

and furrow shape was added to replicate current agricultural practice in the region with 

a typical spacing between furrows of 300 mm. Two furrows were created out of a 

22.5 mm thick layer to create three ridges, of 35 mm top soil depth, and the two furrows 

of 10 mm soil depth. The soil was consolidated into the catchments by reshuffling in the 

process of contouring.  

Rainfall was applied using a set of six metal misting sprayers (Holman Industries) on 

plastic piping (Fig. 2.1), with the spray nozzles adjustable to cover the area. The spatial 

distribution of spray was assessed by a visual test on paper. Spray nozzles were centrally 

placed above the two furrows to ensure spray homogeneity at the focal pints of the 

study. Rainfall rates were variable due to fluctuations in tap pressure, giving rates 

between 2.8 - 5.1 mm hr-1 (mean 4.3 mm hr-1), monitored with a flow rate sensor 

(FLR1007, Omega). Simulated precipitation events consisted of five wetting events of 

10 minutes duration occurring at 0, 2, 20, 24 and 26 hours since the commencement of 
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each experiment. Although the mist produces smaller size drops than natural rain, it did 

prevent the loss of water and sediment via splash erosion (Poesen and Savat, 1981). 

Flow and pressure data was collated with a data acquisition module (OM-USB-1208FS-

1408FS, Omega) and logged using TracerDAQ Pro (Measurement Computing). 

 

 
Fig. 2.1 Physical catchment model, with misting system, outflow measurement and electrical 
resistivity tomography transect. The catchment consists of a 600 x 600 x 200 mm container with 
a base later of sandy subsoil and a top soil with a ridge and furrow topography formed into it. 
Water is measured by loggers for the input at the flow meter, and the output at the three 
outflow loggers. Water is inputted into the system by the misting spray system, then either 
infiltrates or runs off down slope. Pattern of infiltration is given by use of 2D ERT across the 
catchment with electrodes placed 230 mm upslope from the outlets. 

 



34 

 

An ERT transect was constructed with electrodes embedded in a plywood frame, placed 

at 0.23 m above the outlets, perpendicular to the box slope. The resistivity was 

measured after each rainfall event, giving a sequence of post-wetting images. The 

stainless steel electrodes (2.4 mm diameter) were placed 10 mm apart, embedded to a 

depth of 5 mm below the soil surface. Apparent electrical resistivity was measured with 

a SuperSting R8IP (Advanced Geosciences) using a dipole-dipole array. Apparent 

resistivity is calculated from measurements of current, and the voltage drop (Equation 

1; Telford and Sheriff, 1990). 

 

ρ =
Ɩ∆    (1) 

Where ρ  is the apparent resistivity (Ohm m), 𝑛 the separation factor of the current and 

potential electrodes, Ɩ the distance between the pairs of electrodes (m), ∆𝑉 is the 

voltage drop (V), and 𝐼 the current (A). 

Surfactants used within this experiment are currently experimental and subject to 

confidentiality arrangements and therefore will not be named, however hereafter they 

are referred to as Surfactant 1 and Surfactant 2. Both surfactants 1 and 2 were applied 

once, 3 hours before the first wetting, in the furrow. A total of 0.1 ml of a surfactant was 

added to 5 ml of water, simulating an application rate of 1 L ha-1 surfactant in 50 L ha-1 

water, for a 300 mm wide row spacing consistent with conventional practice (SACOA, 

2013). The solution was applied in a semi-continuous band with a 22 gauge syringe, in 

the furrow at a rate of 0.92 ml per 0.6 m furrow to meet the above application rate.  

The experiment design included the two soils with very severe repellence and low 

repellence, both with three treatments including two surfactants and a control, with all 

treatments repeated three times.  

2.3.4  ERT Inversion 

The resistivity data was inverted using the software RES2DINV x64 v4.0 (Loke, 2013). The 

micro-topography of the ridge and furrow was included in the inversion. Least-squares 

inversion techniques were used to compile specific resistivity models (Loke et al., 2010). 

After five iterations the mean absolute standard error between measured and modelled 

apparent resistivity ranged between 32 and 52% on the very severely water-repellent 
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soil and 11 to 20% on the wettable soil. The relatively high standard error likely results 

from variability in the high resistivity values, caused by the lack of moisture at these 

positions in the cross section where the current was not consistently conducted. As 

higher numbers of iterations did not improve the absolute standard error the original 

five iterations were used. Test inversions using only resistivity values below 8 k Ohm.m 

resulted in absolute errors below 10%. 

As the measurements were taken in time lapse it can be assumed the difference in 

electrical resistivity between wetting cycles is due to the change in water content only. 

Modelled resistivity values were used to estimate volumetric water contents based on 

a calibration of measured resistivity and known volumetric water content equilibrated 

to selected pressure potentials (see section 2.4). Resistivity measurements on these 6.79 

cm3 samples were carried out using a 4 point Wenner array with a 10 mm spacing. The 

resulting resistivity – volumetric water content relationship was found to be well 

represented by a power law relationship in the range of water contents examined 

(Equation 2; Archie, 1942).  

𝜃 = 10(
( )

)  (2) 

Where 𝜃 is the volumetric water content (cm3/cm3), ρ is the electrical resistivity 

(Ohm.m), and ‘𝑎’ and ‘𝑏’ are parameters derived from a non-linear least squares fitting. 

Conversion of resistivity measurements, generated in the 2D survey, to water content, 

applying equation 2, was conducted using the software R (The R Foundation) and 

visualised by QuikGrid (Coulthard). A strong correlation was found between soil 

moisture and electrical resistivity (Fig. 2.2, R2 values >0.8).  
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Fig. 2.2 Volumetric water content, apparent electrical resistivity (.m) calibration curve for very 
severely water-repellent soil and low water-repellent soil. Abbreviation: SWR – Soil water 
repellency. 

 

2.3.5  Data analysis 

Data was analysed using the statistical program R. The one-tailed T-test was used to 

compare the results of the MED, PSA, carbon analysis and water retention. The 

probability of 0.05 was used as the level for statistical significance in all analysis.  

To allow comparisons between treatments and replications, due to differences in the 

precipitation rates, the hydrological fluxes were standardised by calculating the 

proportion of precipitation becoming runoff, inter-flow and base flow. Ponding of water 

was not considered a factor due to the slope and evaporation was considered to be 

minimal during the timeframe of the rainfall simulation. Therefore infiltration was 

considered as the total rainfall minus the runoff. For analysis of significant difference, R 

was then used to perform a one-way ANOVA on runoff results. 

 

2.4  Results 

2.4.1  Soil characteristics 

The two soils investigated ranged in their severity of repellence from MED 4.2 M for the 

very severely repellent soil to MED 1 M for the low repellence soil (Table 2.3). The low 

repellence soil had a higher clay content (p < 0.05) than the severely repellent soil (Table 
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2.3). In contrast, the carbon content was significantly higher in the very severely 

repellent soil than in the low repellence soils (Table 2.3).  

 
Fig. 2.3 Water retention curves of very severely water-repellent soil and low water-repellent 
soil, as determined by measuring water content after soils treated to respective pressures with 
the curve calculated using Van Genuchten parameters. Abbreviation: SWR – Soil water 
repellency. 

 

Water retention characteristics were similar between soils with little change in the 

shape of the drying curves (Fig. 2.3). The shapes of the two curves are typical of sandy 

soils with most water lost between 5 and 100 kPa. Though there was little difference in 

the shapes of the water retention curves, the very severely water-repellent soil had 

significantly greater (p < 0.05) water retention at all tensions except 1500 kPa. 

2.4.2  Water balance 

The very severely repellent soil showed the highest runoff coefficient of the soils, with 

Fig. 2.4 showing the overall runoff coefficients of all treatments through the duration of 

the experiment. Surfactant 1 significantly decreased the runoff coefficient, reducing it 

from 0.96 in the control to 0.65 on the very severely repellent soil. Surfactant 2 resulted 

in a decrease in the runoff coefficient to 0.72, however this was not considered 

statistically significant as the variation across replicates was high. It was also noted that 

the runoff coefficient did not vary greatly over the experiment time on all treatments 

for this very severely repellent soil. Runoff coefficients ranged from 0.88 to 1.00 on the 

control, 0.59 to 0.73 with Surfactant 1 and 0.67 to 0.78 with Surfactant 2.  
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For all treatments, runoff coefficients on the low repellent soil were less than 0.035. The 

addition of Surfactant 1 resulted in complete water infiltration in all replicates. The 

control and Surfactant 2 however, had mean runoff coefficients of 0.09 and 0.12, 

respectively, on the first wetting cycle and this decreased to 0 by the second and all 

subsequent wettings. Neither interflow nor base flow occurred in any of the treatments 

over the five wetting cycles. 

 

Fig. 2.4 Effect of surfactant application on the runoff coefficient over the course of the five 
wetting events. Error bars represent standard deviation from three repeats. Letters denoting 
those statistically the same using p = 0.05. 

 

2.4.3  Spatial distribution of water 

Application of Surfactant 2 resulted in changes of electrical resistivity in the very severely 

repellent soil (Fig. 2.5). Given the homogeneous nature of the soils and the dry initial 

conditions the spatial pattern of electrical resistivity strongly reflects the spatial pattern 

of subsurface soil moisture (Fig. 2.5). Beneath the furrows, a decrease in electrical 

resistivity occurred at 0.01 m below the furrow following the first rainfall event that 

gradually extended downwards to 0.06 m by the fourth wetting. In contrast, the 

resistivity of soil below the ridge remained at high levels throughout all cycles. 
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Fig. 2.5 Representative 2D time-lapse imagery of electric resistivity of the first 4 wetting events 
of a very severely water-repellent soil (MED 4.2) with Surfactant 2 added in furrow. The shape 
of the surface represents the topography across the catchment. Dashed line across profile to 
define boundary between the top soil and the base sand. Higher resistivity corresponds to lower 
water content (red and dark purple colours), and lower resistivity indicates higher water content 
(blue and green colours). Absolute errors decreasing over time as the soil is increasingly wet, 
absolute errors equal to 73.8, 49.7, 45.8, and 32.1% respectively. 

 

Over five events, there was no significant decrease in the runoff coefficient and wetting 

fronts had extended only to 15 mm depth on the severely water-repellent soil without 

any treatment (Fig. 2.6). Surfactant application on this soil increased water infiltration 

and allowed deeper movement of water into the profile (Fig. 2.6). Surfactant 

applications on low repellent soil had no detectable increases in the water content as 

compared to the control (Fig. 2.7). 

The spatial distribution of soil moisture varied between repellence levels (compare Figs. 

2.6 and 2.7). The very severely water-repellent soil exhibited large differences in soil 

moisture below the ridge (0 – 20%) as compared to the furrow (15 – 60%; Fig. 2.6). In 

contrast, the low repellence soil showed a much more even wetting (Fig. 2.7) with a 
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range of 10 – 30% below the ridge and 15 – 40% below the ridge. Although a higher 

water content was detected near the surface of the very severely repellent ridge, this is 

likely due to water being held in surface organic matter not actual soil moisture.  

 

Fig. 2.6 Representative pattern of modelled volumetric water content (𝛉) in the very severely 
water-repellent soil on the fourth wetting event, after 40 minutes of wetting for the (A) control; 
(B) Surfactant 1; and (C) Surfactant 2. Colour scale corresponds to volumetric water content.  
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Fig. 2.7 Representative pattern of modelled volumetric water content (𝛉) in the low repellency 
soil on the fourth wetting event, after 40 minutes of wetting for the (A) control; (B) Surfactant 
1; and (C) Surfactant 2. Colour scale corresponds to volumetric water content.  

 

2.5  Discussion 

2.5.1  The catchment model as an effective tool to assess surfactant efficacy 

The physical model combined with ERT is a powerful tool to study small scale flow 

processes associated with SWR in a laboratory setting. The ability to measure water 

infiltration and movement non-destructively, over time, with good reproducibility, and 

controlling factors such as slope, furrow spacing, and rainfall, contribute to the potential 

of this model to explore the multiple controls on the hydrology. In addition, results can 

be obtained in a rapid and inexpensive way, which distinguishes this model for assessing 

surfactant efficacy in ameliorating SWR from other assessment methods of surfactants 

and water flow in water-repellent soils.  

Field trials using surfactants often provide little information about the effective water 

increase (Table 2.2), and the spatio-temporal patterns of soil moisture as they tend to 

focus only on the agricultural output. To investigate this aspect the furrow scale of the 

presented experiment allows a detailed look at the amount of water runoff over a small 
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area and a high spatial resolution of soil moisture change. This is advantageous in a 

controlled laboratory environment and would also be beneficial when looking to 

understand the complexities of surfactant efficiencies in infiltration and subsurface 

water distribution in large scale field trial experiments. As field plots have not been 

analysed in this way it is not yet possible to compare infiltration in the controlled 

environment to that of the field. However the laboratory experiment can give insight as 

to how effective a surfactant works on a specific soil. The extension of these studies 

could make it possible to begin to evaluate potential reasons why field trials are 

sometimes less successful than expected.  

The benefit of this non-destructive approach is that measurements of the same, 

undisturbed soil profile can be taken over time, unlike where methods involving dye 

tracers or mass sampling are performed. Due to the variable nature of SWR in space and 

time (Doerr et al., 2000; Lin and Zhou, 2008) it is increasingly important to better 

understand dynamic aspects of SWR breakdown and build up. Such observations are 

essential to improve theoretical models of repellent soil hydrology (e.g. Blume et al., 

2009). A study by Ganz et al. (2014) found that the use of 3D ERT was extremely useful 

in representing spatial and temporal characteristics of water plumes in agricultrual soil 

when comparing the plume dimensions to that of the parallel tracer dye experiment. 

Because resistivity measurements allow visualisation of small scale heterogeneity 

between seemingly identical treatments and could guide targeted sampling efforts to 

further investigate the driving factors of SWR variability.  

Quantification of the water movements at the start of the growing season when SWR 

has not yet broken down (Harper et al., 2000) will help us better understand how SWR 

can be overcome to increase cropping productivity. Improved quantification of water 

storage may require adaptation of the method to 3D ERT (Greve et al., 2012; Chrétien 

et al., 2014). This should also take into consideration the electrical conductivity of the 

soil solution in the quantification of water content, as resistivity is not only subject to 

change with water content but also with electrical conductivity (Ganz et al., 2014). This 

is a limitation in this experiment as our quantification of water content here did not fully 

consider the conductivity of the soil moisture. This, however, may have been somewhat 

counteracted by the measurements of the ERT taken in the soil of different water 
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contents, assuming that the water used in those samples had the same conductivitiy as 

the water applied. 

2D ERT was used in this experiment to achieve high resolution across the ridge-furrow 

topography with short times between measurements. Though benefits of 2D ERT in this 

context are apparent, the lack of the third dimension makes it difficult to assess the 

quantity and true variability of the water content.  

The catchment model was effective at simulating rain, quantifying runoff and locating 

soil moisture in the profile over time due to its non-destructive nature. A disadvantage 

in the current set up, however, is that the array of the ERT only allows for full depth of 

view in the centre. If the spacing between the ridge and furrow was decreased, or the 

field of the ERT transect was expanded, there would be an increase in depth of view 

under the furrows, allowing a deeper profile at these critical points.  

The misting system used as a rainfall simulator for the imitation of low intensity, early 

season rainfall events that might be expected with the region. The water droplet, 

however, does not accurately resemble actual rainfall in both drop size and intensity of 

impact. Therefore trials of a rainfall simulator with larger droplets and varying intensities 

could be trialled to assess these effects. Though not accurate the lower drop intensity 

made the simulator efficient at lowering the splash erosion within the catchment caused 

by the water droplets. 

2.5.2  Effect of surfactants on soil water content 

A study by Wessolek et al. (2009) using TDR (Time-domain Reflectometry) probes has 

shown a general increase in soil moisture over time during the natural breakdown of soil 

SWR. By intensive sampling Dekker et al. (2005) examined the effect of a surfactant on 

soil moisture in water-repellent soil. Both of these studies, as well as our own, have 

shown variable soil moisture that persisted over time and between treatments. Similar 

to our study, Dekker et al. (2005) also demonstrated that surfactants increase average 

soil water content. While TDR and intensive sampling provided good water content 

information they are 1D measurements and therefore do not provide the fine detail 

possible with ERT surveys. 
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As with many experiments assessing distribution of soil moisture in water-repellent soils 

we found a variability in our infiltration patterns (Fig. 2.5). This may be caused by factors 

such as different distributions of soil organic matter, surfactant application and/or soil 

micro-topography. Due to only looking at the moisture content in 2D it is difficult to say 

if the variability is more or less with the use of surfactants. Through looking at studies 

such as (Kostka, 2000; Dekker et al., 2005) we can see that variability of SWR is reduced 

by surfactants. With the addition of another dimension, therefore it would be expected 

that visualisation of a more homogeneous infiltration would be apparent. Though the 

afore mentioned studies deals with golf greens, which have higher application rates and 

blanket coverage, and not agricultural fields it would be expected that a similar effect 

would occur within the furrow where water collects on the applied surfactant.  

Field application of surfactants has resulted in positive, negative or no effects on yield 

(Table 2.2) and reasons for this are rarely apparent. Information about water infiltration 

and movement are often lacking although this data is paramount in understanding how 

surfactants function. By applying ERT, we can clearly document the surfactant-mediated 

infiltration of water to the depth of seeding (20 - 50 mm; GRDC, 2011) on the very 

severely water-repellent soil (Fig. 2.6). Instead of running off or evaporating, this water 

would enable seed imbibition and emergence, potentially reducing patchiness and 

increasing yield. 

Through extrapolation of the severely water-repellent soil’s runoff coefficients, 

potential yields were calculated using the yield calculator provided at soilquality.org.au. 

Parameters of the calculator included May sowing and effective rainfall given as the 

rainfall of Narrogin, a typical Western Australian town (BoM, 2015), adjusted by runoff 

proportions until July when SWR would be likely to have broken down (Table 2.4). Given 

no constraints this soil with the rainfall of Narrogin has potential to yield a 5.08 t ha-1 

crop however solely due to severe SWR that potential is lowered to 2.89 t ha-1 (decrease 

of 2.19 t ha-1). In contrast, surfactant application can help ameliorated this and results 

in potential yields of 3.45 t ha-1 (surfactant 1) and 3.32 t ha-1 (surfactant 2), improving 

productivity by 16.2% and 13.0% respectively, as compared with the control.  

A desired effect of in-furrow surfactant application would be the accumulation of water 

beneath the furrows due to water harvesting from the hydrophobic ridges (Byrd et al., 
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1995; Blackwell et al., 2010). Evidence of this possibility for the severely repellent soil 

was demonstrated here by the increased water content within the furrows (Fig. 2.6). 

Furthermore, lateral movement of water is restricted in water-repellent soils (Bauters 

et al., 2000) potentially further increasing the amount of water beneath the furrow and 

in the seeding zone. As water harvesting concentrates plumes, however, aeration issues 

could arise, once again resulting in poor germination (Wallach and Jortzick, 2008).  

 

Table 2.4 Parameters used in the potential yield calculator (soilquality.org.au) for the severely 
water-repellent soil. Option of May seeding selected and rainfall, based on Narrogin (BoM, 
2015), adjusted by runoff coefficients found by use of the physical catchment model. Surfactants 
being applied at seeding in May and water repellency broken down by July.  

 

 

As stated above, with ERT it is possible to measure the flows of water and their patterns, 

this is important as this provides information on infiltration. However it may also be 

useful in calculating the quantity of pores filled, by knowing the water content and pore 

size distribution. Although (Blackwell, 2000) found that there was increased adsorption 

of some nutrients and pesticides due to surfactants, it holds to reason that there may 

still be increased flow of water to lower horizons due to the lower surface tension, 

making infiltrated water potentially unavailable for plant use. It is therefore important 

to understand surfactant success as a function of not only increasing infiltration but 

effectively filling pore spaces within the rooting zone. 

 

 Runoff 
Coefficient 

Effective Rainfall (mm) Potential 
yield 

(t ha-1) 
Jan - 
Mar Apr May - 

June 
July - 
Oct 

Total:  
Apr - Oct 

Control 0.96 2.0 1.2 6.1 231.9 239.2 2.89 

Surfactant 1 0.65 2.0 1.2 51.7 231.9 284.8 3.45 

Surfactant 2 0.72 2.0 1.2 41.0 231.9 274.1 3.32 

Complete 
infiltration 

0 49.1 29.4 148.5 231.9 409.8 5.08 
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2.6  Conclusion 

Due to the cost of surfactants, it is vital to reliably predict their efficacy on different soil 

types before large scale application. Thus, our catchment model including controlled 

runoff and ERT is a valid tool for not only testing surfactants but also different 

amelioration techniques for water-repellent soils. While other methods measure larger 

scales, our approach can provide fast results of surfactant effectiveness in a 

cost-effective, controlled and reproducible way, before combining it with field trials.  
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Chapter 3 

Bacillus subtilis and Surfactant Amendments for the Breakdown 

of Soil Water Repellency in a Sandy Soil. 

3.0 Preface 

The follow chapter is published in the journal Geoderma, vol. 344, pages 108-118.  

 

3.1 Abstract  

Soil water repellency (SWR) is an agricultural concern as it limits plant available water, 

leading to decreased crop yields at times when a drying climate and expanding 

population place increasing pressure on food production. Here we assessed a microbial 

inoculation that secretes biosurfactants and lipolytic enzymes and a chemical 

surfactant’s ability to mitigate SWR. We applied either Bacillus subtilis (Gm), surfactant 

(Gs), Bacillus subtilis with surfactant (Gms) or no treatment (G) to a gamma-irradiated, 

naturally water-repellent, agricultural soil, with the same soil as an un-sterilised, 

untreated control (C). Soil water content and the persistence of SWR in a 

water-repellent core (4 × 4 × 3 cm) were measured during 19 days of repeated soil 

wetting and drying. Meso-scale, 3D electrical resistivity tomography (ERT) was 

developed for the continuous, non-destructive measurement of the patterns and 

volume of water content in the soil, however, effectiveness was limited as the electrical 

current (5 mA) restricted microbial activity. Destructive measurements of soil water 

content and potential SWR were conducted in 1 cm soil layers throughout each core. 

The persistence of SWR decreased over time in all treatments apart from treatment G. 

SWR was removed by day 12 within the Gm treatment, and was not exhibited 

immediately after wetting in treatments Gs and Gms. The Gs treatment also increased 

water content immediately while treatment M increased water content after eight days 

of incubation, with soil saturated by day 19 of the incubation. Persistence of SWR 

significantly varied with depth, with the highest persistence in the 1 – 2 cm soil layer. 

Our findings illustrate that in order to remove SWR, without the effect of chemical 

surfactants, first microbial degradation of the molecules attributing to SWR has to occur. 



54 

 

This indicates a biological mechanism as the driver for non-reversible SWR breakdown 

rather than a solely physical process. 

 

3.2  Introduction 

Soil water repellency (SWR) constrains soil functions (Bronick and Lal, 2005; de Rooij and 

de Vries, 1996), including agricultural productivity due to decreased water infiltration, 

increased heterogeneity of soil water storage, as well as increased runoff and erosion 

(Doerr et al., 2000; Müller et al., 2018). Furthermore, SWR modifies the movement of 

water through soil, creating preferential flow pathways (Bughici and Wallach, 2016; 

Wang et al., 2000). This makes it difficult to predict the complex patterns of water 

movement through water-repellent soils and presents a challenge to hydrological 

theory (Van Dam et al., 1996) that remains unresolved.  

Complexities and uncertainties of SWR contribute to difficulties in measuring, managing 

and predicting its expression and water movement in the soil. The source of SWR is 

organic molecules, with both hydrophobic and hydrophilic functional groups, which coat 

soil particle surfaces (Franco et al., 2000a; Mainwaring et al., 2013). These organic 

molecules differ in structure, size, degree of hydrophobicity (Mainwaring et al., 2013; 

Mainwaring et al., 2004; Woche et al., 2017) and adhesiveness (Roberts and Carbon, 

1972). The organic molecules can be derived from decaying plant material (Mao et al., 

2015; McGhie and Posner, 1981) as well as root and microbial exudates (Achtenhagen 

et al., 2015; Ahmed et al., 2015; Czarnes et al., 2000). Variation in the characteristics and 

origins of the organic molecules that contribute to SWR (Franco et al., 2000a) leads to 

variability in the spatial patterns and persistence of SWR (Rodríguez-Alleres and Benito, 

2011).  

In this study breakdown of SWR is defined not only by improved water infiltration but 

also by the permanent reduction in SWR after the soil was dried (potential SWR). 

Discerning the main drivers for breakdown of SWR has been difficult as studies have not 

considered both physical and biological factors in their assessments (Doerr et al. 2002; 

Roper, 2004; Roper, 2006). The breakdown of SWR has commonly been described as a 

physical process (Ma'shum and Farmer, 1985) whereby interaction with water attracts 

the hydrophilic end of the molecule reorientating and diminishing the expression of 
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SWR. This breakdown in SWR, however, has often been found to be to an extent 

temporary as there is no removal of the hydrophobic molecules. Microbial studies on 

SWR have largely focused on the microbial ability to induce SWR (Achtenhagen et al., 

2015; Hallett and Young, 1999). Others, however, have shown that inoculating soil with 

microorganisms capable of degrading hydrophobic compounds can decrease the 

recurrence of SWR after drying (Roper, 2004). While others have suggested that 

stimulation of indigenous microbial communities is enough to lower SWR (Diamantis et 

al., 2013; Franco et al., 2000b). The impact may be due to microbial production of 

extracellular enzymes such as lipases that enable degradation of organic compounds, 

including those that cause SWR (Schmid and Verger, 1998). Also, some microorganisms 

produce biosurfactants to enable them to extract organic molecules from the soil (Van 

Dyke et al., 1993). The use of chemical surfactants to increase infiltration bypasses the 

constraints of water-repellent soils by decreasing the water surface tension, potentially 

encouraging physical and microbial mechanisms to breakdown SWR. To establish the 

drivers in this study gamma irradiation or heating was conducted in order to separate 

the physical and biological processes without changing the soil physical properties.  

Geophysical methods have been used to non-destructively and continuously monitor 

soil water content in 2D and 3D (al Hagrey, 2007), which is important for measuring the 

effectiveness of SWR amendments. These methods include electrical resistivity 

tomography (ERT) that can be applied to meso-scale (Samouëlian et al., 2005), which is 

important for bridging the gap between micro- and macro-scales of SWR assessment. 

ERT has previously been applied at the field scale where surface and subsurface 

electrodes have been used (Loke et al., 2014). Surface and subsurface electrodes 

however, have the potential to create preferential flow pathways, which already 

strongly influence water movement in water-repellent soils (Ritsema et al., 1993). To 

minimise the creation of flow pathways by the measurement process itself, surface 

points of entry and spaces created within the soil must be avoided. This limits the 

monitoring tools to be used as most require some form of interaction with the soil being 

monitored, such as soil moisture probes and ERT using only surface electrodes. 

Subsurface ERT also enables tracking of water to depth without the narrowing of the 

scope. 2D ERT has previously been used to monitor water infiltration on water-repellent 

soil and to test the effectiveness of surfactants (Lowe et al., 2017). While 2D ERT was 
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able to demonstrate changes in water infiltration there was uncertainty as to how this 

varied over the soil volume. 

Here we continuously and non-destructively monitored 3D infiltration and redistribution 

of water in a water-repellent soil. The experiment was conducted on a sterilised soil 

amended with a microbial treatment (B. subtilis that produce biosurfactants and lipase) 

and chemical treatment (surfactant), with the aim to distinguish physical and biological 

factors that cause SWR breakdown. Another outcome of this research is the 

development and application of a meso-scale, non-destructive, 3D, continuous 

monitoring method for visualising and quantifying electrical resistivity changes, as an 

indirect measurement of water content, at a 0.1 – 10 cm scale. 

 

3.3 Material and methods 

3.3.1 Soil preparation 

Soil was collected from the Ap horizon of an agricultural field sight near Wickepin, 

Western Australia (32˚47’18.01”S and 117˚38’3.75”E), during the summer fallow period 

in February, 2016. This coarse-textured sand has a molarity of ethanol droplet (MED) 

SWR rating classified as very severe (MED 3.4; King, 1981). In the field the surface 1 cm 

was scraped away, mainly removing plant material, and soil was collected in bulk to a 

depth of 10 cm. Though already dry to touch in the field, soil was air dried at 40˚C for 

three days, for consistency throughout the sample, and then sieved to 2 mm.  

A portion of this soil was gamma-irradiated (50 Gy for 14 hours), while another portion 

was heat-treated (420˚C for 50 minutes). Gamma irradiation was used as a cold and dry 

method of sterilisation, minimising its impact on SWR (McNamara et al., 2003). 

Heat-treatment was used to sterilise and remove SWR by the volatilisation of soil organic 

matter (DeBano and Krammes, 1966). While sterilisation by autoclaving can be used to 

sterilise soil, due to its impact on hydraulic properties (Urbanek et al., 2010) it was not 

implemented here. The pre-treatments resulted in three portions of soil with similar 

physical properties, (i) biologically active, untreated water-repellent soil from the field, 

(ii) biologically sterile, gamma-irradiated water-repellent soil, (iii) and biologically sterile, 

heat-treated non-water-repellent soil. 
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3.3.2 Laboratory experiment  

The laboratory experiment consisted of two major components:  

A) 3D ERT monitoring the effect of treatments on water infiltration patterns in a 

water-repellent core;  

B) Destructive sampling of additional water-repellent cores, measuring the effect 

of treatments on the persistence of SWR and ground proof water contents derived by 

the 3D ERT measurements (A).  

All cores in A and B were 4 × 4 cm wide × 3 cm deep, consisting of either untreated or 

gamma-irradiated water-repellent soil. Each soil core was made by boring out a section 

of the surrounded heat treated soil. This surrounding soil was created with a 10% 

gravimetric moisture content to ensure good contact resistance with the electrode. 

Boring out was conducted by pressing 3 cm into the soil a 4 × 4 cm hollow rectangle 

metal prism, hollowing out the centre, before filling with core soil while removing the 

prism. To allow soil drainage, holes were drilled into the base of the boxes and covered 

by filter paper.  

Boxes for 3D ERT (A) were 484 cm2 surface area with a soil depth of 10 cm, in which a 

single 4 × 4 × 3 cm soil core was centrally located. The boxes designated for destructive 

sampling (B) were 144 cm2 surface area with a total depth of 5 cm for a single core. For 

3D ERT monitoring (A) a single core was used as an example, while the destructive 

sampling to measure the persistence of SWR (B) was replicated four times for each 

treatment and time step (24 cores per treatment). Soils were packed to a density of 

1.5 g cm-3. 

3.3.3 Treatments 

The laboratory experiment was designed to analyse the effect of microbial and chemical 

amendments on the wetting of a water-repellent soil and the persistence SWR. The 

treatments were inoculation with Bacillus subtilis (B. subtilis; Gm), application of 

surfactant (Gs) and the combination of microbial inoculation and surfactant (Gms). 

These treatments were applied to gamma-irradiated soils to distinguish the effect of the 

indigenous soil microbiota from that of the added strain. A non-irradiated control (C) 
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was also used, as well as an only gamma-irradiated soil (G), neither of which had 

microbial or chemical amendments applied.  

Treatments were applied to the 4 × 4 cm core surface area in a blanket covering, by 

syringe, with the total applied solution being 0.98 ml. Surfactant (IrrigatorTM, SACOA) 

was applied in a 1:50 water solution (SACOA, 2013). Microorganisms were applied with 

a rate of 1:80 stock solution to activation solution, delivering 106 cells g-1 of soil in the 

total application to achieve a cell concentration per gram close to that which was applied 

by Roper (2004). The microorganism used as the model organism in this experiment was 

Bacillus subtilis subsp. subtilis (DSMZ 10).  

3.3.4 Preparation of bacterial inoculum  

B. subtilis was obtained from the German Collection of Microorganisms and Cell Cultures 

(DSMZ) and routinely maintained on tryptic soy agar. This strain was chosen as it 

secretes lipolytic enzymes namely phospholipase (Kennedy and Lennarz, 1979), lipase 

LipA (Dartois et al., 1992; Kunst et al., 1997; Lesuisse et al., 1993) and esterase LipB 

(Eggert et al., 2000; Kunst et al., 1997), and the biosurfactant surfactin (Arima et al., 

1968). Lipase activity of B. subtilis was confirmed prior to soil experiments using palmitic 

acid ester (Tween 40) according to Gerhardt (1994). For soil experiments, a spore stock 

suspension was produced by growing cells at 30°C in tryptic soy broth until stationary 

phase was reached. Cells were harvested by centrifugation and stored in the dark at 4°C. 

Spores were activated prior to addition to soil following the method described by Nagler 

et al. (2014). Briefly, heat activation (70°C for 30 minutes) was followed by germination 

of spores in 10 mM Tris-HCl containing 10 mM L-alanine for two hours at 37°C. A final 

cell concentration of 6.71×107 cells mL-1 was applied to the soil resulting in the addition 

of 106 cells g-1 of soil. 

3.3.5 Watering 

Double deionised water was applied over the whole box area with a spray nozzle and 

pump bottle simulating precipitation events similar to those in the Western Australian 

grain growing region. Water was applied in 2 mm amounts on 12 separate events, one 

event on each of the first two days and two events two hours apart on the fifth day. 

Water loss by drainage or evaporation was determined on each watering day prior to 

applying water by weighing the containers.  
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3.3.6 3D ERT 

The ERT was set up in 16 tubes surrounding each water-repellent core (5 × 5, 2.5 cm 

spacing), each equipped with five ring electrodes, 1 cm diameter, on each pipe (Fig. 3.1). 

The electrodes were stainless steel around polyvinyl chloride tubes and were connected 

to the ERT control unit by a wire running down the centre of the tube and out the base. 

Electrodes were vertically separated with 1 cm intervals starting at 1 cm below the soil 

surface, with the tubes not breeching the surface of the soil to minimise preferential 

flow near the core. To improve resolution of the core near the surface, an additional 

eight surface electrodes were placed around the outside of the monitoring area, two on 

each side, with 2.5 cm spacing. The area surrounding the core was 22 × 22 cm, providing 

space to reduce interference from boundaries of the plastic container. 

 

Fig. 3.1 Ring electrodes with a vertical 1.0 cm spacing arranged around 5 x 5 plastic tubes with 
2.5 cm spacing of polyvinyl chloride tubing. The whole structure sits within a plastic box, with 
soil carefully filled around electrodes and 1.0 cm above the top electrodes. Wires within the 
plastic pipes connect to the ring electrode. Electrodes made from stainless steel rings.  

 

The acquisition software GeoTest (Geophysik – Dr. Rauen, Germany) was used to control 

the measurements of the ERT using a 4point light 10W resistivity meter (Lippmann 

Geophysical Equipment, Germany). Measurements were taken at 2 hr intervals. The 

monitoring period per treatment differed according to either reaching saturation or 18 

days. An electric current of between 1.0 to 5.0 mA, with a frequency of 4.16 Hz was set 

for measurement. Each measurement was repeated twice and if the difference of the 

resulting voltage exceeded 1% it was repeated five times and subsequently averaged.  
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A customised array, in quadruple (two current and two potential electrodes) 

combinations was used to cover the area in and around the core. Measurements of the 

surface electrodes were connected with those of the uppermost ring electrodes as well 

as other surface electrodes. This resulted in a total of 470 configurations (measurement 

points), taking less than 13 min to measure. The configuration of electrodes and the 

array used were chosen to give good coverage of the area based on initial tests using 

forward modelling performed in Res3DMod (Geotomo Software, Malaysia). 

3.3.7 Destructive sampling 

Soil cores were destructively sampled on days one, two, five, eight, 12, and 19 of the 

experiments. Each core was replicated four times, with excavation of the whole core 

area taken with separations at 1 cm depth intervals, by scooping out the contents with 

a small spatula. Half of the excavated sample was weighed, dried at 105˚C, and 

re-weighed for gravimetric water content measurements, and the second half dried at 

40˚C for 14 days for measures of potential SWR persistence/reformation (Crockford et 

al., 1991). The severity of SWR was assessed by the molarity of ethanol droplet (MED) 

test (King, 1981). Volumetric water contents were calculated using the gravimetric water 

content and the bulk density of 1.5 g cm-3 used in the experiment. 

3.3.8 Soil analysis 

Air dried, untreated soil was used to determine water retention, create electric 

resistivity versus water content curves, and establish measurements of preliminary 

volumetric water content and SWR, with all tests having four replicates. Electric 

resistivity versus water content curves were also created for the gamma-irradiated soil 

with and without surfactant as well as the heat treated soil. Water retention was 

determined by saturating soil with water and applying different suction potentials (-0.1, 

-5, -10, -20, -50, -100 and -1500 kPa) using pressure plates and then calculating water 

content (Klute, 1986). Volumetric water content and SWR were determined for all 

treated soils.  

Particle size analysis, total soil carbon and nitrogen were determined on the untreated 

and gamma-irradiated soils, as well as on soils excavated after 12 days for all treatments. 

Particle size analysis was conducted by the laser diffraction method (Ryżak and 

Bieganowski, 2011), using a Mastersizer 2000 (Malvern Panalytical) with 2000G wet 
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dispersion accessory. Fractions were split with sand ranging from 2.0 – 0.063 mm, silt 

from 0.063 – 0.002 mm and clay < 0.002 mm. After samples were ground, total carbon 

and nitrogen were measured using the Dumas methods ASPAC 6B2b and 7A5 (Rayment 

and Lyons, 2011), respectively, with the Elementar Vario Macro CNS analyser 

(Elementar).  

Calibration curves for resistivity to volumetric water content were created by saturating 

a volume of soil (11.34 cm3) for five days and measuring weights and electrical resistivity 

every 30 minutes during air drying. At each time point five replicate measurements were 

taken, with the percentage difference less than 1%. Data of electrical resistivity (m) 

and volumetric water content (cm3 cm-3) were then represented as a power law 

equation (Eq. 1) following Archie’s Law (Archie, 1942):  

𝜃 = 𝑎       (1) 

Where 𝜃 is volumetric water content,  is electrical resistivity and 𝑎 and 𝑏 parameters 

derived from the calibration curves. The resulting equations gave parameters used for 

calibration of the resistivity measurements to water content for the gamma-irradiated 

soil with surfactant, gamma-irradiated soil without surfactant, and heat treated soil 

(Table 3.1). 

 

Table 3.1 Resistivity water content relationships established for each soil. Parameters ‘a’ and ‘b’ 
directly relate to equation. 1, R2 giving a measure of the fit and ‘n’ the data points used in the 
creation of the curve. 

 

3.3.9 Data analysis  

After electrical resistivity data collection in the GeoTest, raw data was analysed with 

Res3DInv (Geotomo Software, Malaysia; Loke et al., 2014) for 3D inversion such as 

would be done for borehole resistivity measurements. Inversions went through 5-10 

Soil/Treatment a b R2 n 

Gamma-irradiated with Surfactant 2.933 0.510 0.98 367 

Gamma-irradiated without 
Surfactant 1.334 0.698 0.99 206 

Heat treated 3.294 0.538 0.92 350 
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iterations and had a convergence limit of 5%, giving absolute errors of less than 5%. 

Within the inversion, boundary effects were minimised, and dummy electrodes added 

to create a finer, inversion grid. Results were displayed in Voxler (Golden Software, USA), 

to produce iso-surfaces and contours for resistivity and volumetric water content via 

Equation 1.  

For analysis of water content in 1D, from both ERT and destructive sampling, values were 

averaged from within the entire core area. When comparing the water content with 

SWR, samples were used from the 1 – 2 cm depth of destructive sampling. At excavation 

of saturated samples it was noted that ponding occurred, because of water flow into the 

core area during the process, giving water content values greater than that of saturated 

water content. Thus, such values were given as 0.35 cm3 cm-3 corresponding to 

saturation. Permanent wilting point, field capacity and saturated water content were 

assigned value ranges based on volumetric water contents at -1500, -10 and -0.1 kPa 

(respectively) in the water retention curve (Cassel and Nielsen, 1986). 

Statistical analyses were conducted on the 4 replicates, with measures of significant 

difference (p < 0.05) calculated by one-way and two-way t-tests as well as ANOVAs, 

using R (r-project). Root mean square errors (RMSE) were calculated between the ERT 

and the destructive sampling ground-proofing by using the ERT water content data as 

the modelled data and the destructive water content as the measured data. 

 

3.4 Results 

3.4.1 Soil parameters 

The soil characteristics governing water movement have shown to be consistent across 

all treatments. Particle size analysis of the soil showed some statistically significant 

(though very small) variations in the size fractions between the pre-untreated and 

pre-gamma irradiated soils and all treatments after 12 days of the experiment (Table 

3.2). All soils tested were identified as loamy sand soil texture with the sand fraction 

constituting 82.4% to 88.2% and a small clay fraction ranging from 0.6% to 0.9%.  
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Table 3.2 Soil analysis of particle size fractions and total carbon and nitrogen. The soils tested 
include the pre-untreated and pre-gamma irradiated soil, plus soils from the different 
treatments excavated after 12 days. Treatments: Control (C), gamma-irradiated soil control (G), 
gamma-irradiated soil with surfactant (Gs), gamma-irradiated soil with added B. subtilis 
microorganisms (Gm), gamma-irradiated soil with added B. subtilis microorganisms and 
surfactant (Gms). Samples were taken from the four replicates of treatments with these values 
averaged with ± the standard deviation. Each particle size fraction and organic element given 
letter superscripts according to groupings of statistical similarity (p = 0.05). Soil sizes fractions 
split with sand ranging from 2.0 – 0.063 mm, silt from 0.063 – 0.002 mm and clay < 0.002 mm. 

 

The soil organic contents (carbon and nitrogen) were similar across all soils, ranging from 

1.24 – 1.58% carbon and 0.09 – 0.10% nitrogen (Table 2). For the pre-untreated and 

pre-gamma-irradiated soils there was no significant difference with total carbon 

measuring 1.58% and 1.56% carbon, respectively, and total nitrogen of 0.10% nitrogen 

on both soils. Total soil carbon was significantly lower in Gm and Gms treatments (1.32% 

and 1.24% carbon, respectively) compared to the pre-untreated soil. The only significant 

difference for total nitrogen was between the pre-untreated soil and the Gms 

treatment, with a difference of less than 0.01% nitrogen. 

The water retention curves for different treatments show similar shapes typical of a 

sandy soil (Fig. 3.2) despite minor variations in the lower tensions. All treatments at 

Soil / Treatment 
Particle size fractions (%) Soil 

Texture 
Carbon 

(%) 
Nitrogen 

(%) Sand Silt Clay 

Untreated 
87.1    

± 1.6a,b,d 
12.4 

± 1.4a,b,d 
0.6 

± 0.2a,b,d 
Loamy 
Sand 

1.58 
± 0.08a 

0.10 
± 0.01a 

Gamma-
irradiated 

86.1 
± 2.1a,b,d,e 

13.27         
± 1.9a,b,d,e 

0.7 
± 0.2a,b,c,d,e 

Loamy 
Sand 

1.56 
± 0.16a 

0.10           
± 0.01a,b 

C 
82.4          

± 1.5c,d,e 
16.7 

± 1.4c,d,e 
0.9 

± 0.0c,d,e 
Loamy 
Sand 

1.40 
± 0.10a,b,c 

0.10 
± 0.01a,b 

G 
84.8 

± 2.2a,b,c,d,e 
14.5 

± 2.0a,b,c,d,e 
0.8 

± 0.1a,b,c,d,e 
Loamy 
Sand 

1.49 
± 0.06a,b 

0.10 
± 0.00a,b 

Gs 
82.8 

± 0.9b,c,d,e 
16.3 

± 0.8b,c,d,e 
0.9 

± 0.1b,c,d,e 
Loamy 
Sand 

1.53 
± 0.06a,b 

0.10 
± 0.01a,b 

Gm 
88.2 

± 1.9a,b,d 
11.2 

± 1.7a,b,d 
0.6 

± 0.2a,b,c,d 
Loamy 
Sand 

1.32 
± 0.05b,c 

0.09 
± 0.00a,b 

Gms 88.0    
± 0.4a,b,d 

11.4 
± 0.3a,b,d 

0.6 
± 0.1a,b,d 

Loamy 
Sand 

1.24 ± 
0.13b 

0.09 
± 0.01b 
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saturation (-0.1 kPa) had water contents between 0.31 and 0.36 cm3 cm-3, and at -1500 

kPa had water contents of between 0.03 and 0.04 cm3 cm-3. At tensions of -0.1, -5, -10 

and -50 kPa, significantly less water was held in Gs than other treatments (p < 0.05) and 

C had the highest water content (p < 0.05). These tensions had water content ranges of 

0.03, 0.05, 0.09 and 0.01 cm3 cm-3. At the other tensions there was no difference in 

water contents between treatments, except at -20 kPa water content in Gs was less than 

G (p < 0.05) and at -100 kPa water content in Gs was less than C (p < 0.01).  

 

Fig. 3.2 Water retention curves of the untreated, gamma-irradiated, surfactant added and B. 
Subtilis added soils. Measured by suction tensions and volumetric water content. 

 

3.4.2 ERT monitoring 

3.4.2.1 3D water content distribution 

At the start of each experiment, before any watering, the initial distribution of electrical 

resistivity was measured (Fig. 3.3). Soil was characterised by high resistivity in the centre 

4 x 4 x 3 cm (water-repellent soil core), with 90% of the volume in this area showing 
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between 140 and 200 m and a maximum electrical resistivity of 242 m. Minimum 

values in the outside area reached 92 m (in the wettable soil). 

 

Fig. 3.3 Pre-wetting electrical resistivity, represented in iso-surfaces, for the representative 
gamma-irradiated soil with surfactant and B. subtilis microbial treatment applied. Colours 
denote electrical resistivity, measured in Ohm.m, on a scale with red to purple representing high 
resistivity and blue low resistivity. The area shown is 6 x 6 cm to a depth of 3.5 cm with the 
centre 4 x 4 cm (inner rectangular prism outlined in yellow) to a depth of 3 cm the volume where 
the study soil was located, surrounded by initially moist, wettable soil indicated by lower 
resistivity. 

 

After conversion of electrical resistivity to volumetric water content (Eq. 1) water 

content distribution within the soil was visualised (Fig. 3.4, 1A, Fig. 3.4 showcasing the 

C treatment). The volumetric water contents in the core ranged between 0.03 and 

0.05 cm3 cm-3; outside the core moisture contents showed a large contrast to the core 

with values greater than 0.2 cm3 cm-3 (Fig. 3.4, 1A). After initial wetting on day one of 

the experiment, soils without surfactant application (C, G, Gm) showed patterns of 

water distribution closely representing pre-wetting, as exemplified by the C treatment 

(Fig. 3.4, 1A and 2A). The cores of all treatments without surfactants remaining dry, with 

100% of the area having water content less than 0.05 cm3 cm-3 (Table 3.3).  

After five days and a total application of 8 mm water, the soil cores without surfactant 

treatment remained dry (Table 3.3). A slightly larger increase in water content occurred 

for C and G, where these had up to 1.3 cm3 of soil with water content in the 

0.05 – 0.1 cm3 cm-3 range, compared to the Gm treatment. Most of the increase in water 
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content occurred at the edge of the inner core where there was the interface of wetting 

and water-repellent soil (Fig. 3.4, 3A and 3B). 

After 15 days, the treatments without surfactant, though still well defined, showed a 

decrease in size of the dry core (Fig. 3.3, 4A and 4B). Increase in water content inside 

the cores continued to occur where there was greatest water content outside the 

water-repellent core (Fig. 3.4, 4A and 4B). All treatments showed a marked increase in 

water content from day five to 15, with C reaching 29.6 cm3 (61.6% area) within the 

range 0.05 – 0.1 cm3 cm-3 after 15 days (Table 3.3).  

Soils treated with surfactant (Gs and Gms) had much higher soil water contents (Table 

3.3) early in the experiment. The Gs and Gms treatments showed similar distribution of 

soil water to each other. On day one water content in the entire Gs and Gms cores 

reached the 0.3 – 0.35 cm3 cm-3 range (Table 3.3 and Fig. 3.5; Fig. 3.5 showcasing the Gs 

treatment), higher than that of the cores without surfactant that remained in the range 

of 0 – 0.05 cm3 cm-3 (Fig. 3.4).  
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Fig. 3.4 Volumetric water content, based on electrical resistivity calibration, for the control (C) 
through time: 1) pre rainfall, 2) 8 hours post 2 mm rainfall day 1, 3) 6 hours post 4 mm rainfall 
day 5, 4) 8 hours post 2 mm rainfall day 15. Colours denote calculated volumetric water content, 
measured in cm3 cm-3, on a scale with blue representing high water content and red representing 
low water content. 1A – 4A representing 3D water content in iso-surfaces. 1B – 4B representing 
water content in 2D at cross sections in corresponding A – A’. Colours in 1B – 4B represent values 
between iso-surfaces and contours show the geometric outline of the previous time step. The 
inner rectangular prism outlined in yellow indicating the area of water repellent soil. 
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Table 3.3 Soil volume (%) and area (cm3), within each range of Volumetric Water Contents (cm3 cm-3). Measurements given per treatment and at different points in 
time. Volumetric water content based on electrical resistivity calibration of the water repellent core area of 4 x 4 x 3 cm (48 cm3). Treatments: Control (C), 
gamma-irradiated (G), gamma-irradiated with surfactant (S), gamma-irradiated with microorganisms (M), and gamma-irradiated with microorganisms and surfactant 
(M&S). Day 1 and 15, 8 hours post 2 mm rainfall and Day 5, 6 hours post 4 mm rainfall.  
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Fig. 3.5 Volumetric water content, based on electrical resistivity calibration, for the 
gamma-irradiated soil with surfactant (Gs) treatment through time: 1) pre rainfall, 2) 8 hours 
post 2 mm rainfall day 1, 3) 6 hours post 4 mm rainfall day 5 (view for 3A from the bottom up to 
better observe the placement of the mass of water). Colours denote calculated volumetric water 
content, measured in cm3 cm-3, on a scale with blue representing high water content and red 
representing low water content. 1A – 3A representing 3D water content in iso-surfaces viewed 
from the top down. 1B – 3B representing water content in 2D at cross sections in corresponding 
A – A’ and B – B’. 1C – 3C representing 3D water content in iso-surfaces viewed from the bottom 
up. Colours in 1B – 3B represent values between iso-surfaces and contours show the geometric 
outline of the previous time step. The inner rectangular prism outlined in yellow indicating the 
area of water repellent soil.  

 

After five days and a total of 8 mm of water applied to the soil surface, the distribution 

of water in the cores with surfactant was different to the cores without surfactant (Fig. 

3.4 – 3.5). The notable accumulation of water in the central part of the soil core is 

predominantly located below the area of surfactant application (Fig. 3.5, 3B and 3C). 
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While the surfactant increased water content from day one it also shows a fast 

movement of water, as displayed by the large variation in time steps (Fig. 3.5, 3B). The 

volume of soil within the higher ranges of water content shows a larger increase for the 

Gs treatment than the Gms treatment (Table 3.3). The Gs treatment showed 76% 

(36.5 cm3) of the volume of soil within the core above saturation (0.35 cm3 cm-3), while 

only 1.4% of the Gms treatment increased to this level of water content. 

3.4.2.2 Water content 

Volumetric water content increased over time in all soil treatments (Fig. 3.6), but almost 

instantly in both surfactant treatments compared to non-surfactant treatments. Along 

with faster increase in water content there was a higher volume of water stored in the 

soil with surfactants (Fig. 3.6). The rate of increase in water content was not influenced 

by the addition of B. subtilis in the survey trial using ERT.  

 

Fig. 3.6 Volumetric water content changes, averaged within the whole core, through time as 
modelled by ERT (lines). Point measurements show comparisons with water contents of 
destructive soil measurements, with error bars displaying standard deviations. Each treatment 
is paired with its root mean square error (RMSE). Downwards arrows denoting the points at 
which 2 mm water was applied. Treatments: Control (C), gamma-irradiated (G), 
gamma-irradiated with surfactant (Gs), gamma-irradiated with microorganisms (Gm), and 
gamma-irradiated with microorganisms and surfactant (Gms). The monitoring period per 
treatment was different according to the breakdown time. 
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When comparing water content modelled by ERT with the destructive measurements it 

is apparent that both the C and G treatments, and the Gs and Gms treatments group 

well with their respective ground proofing (Fig. 3.6). The resulted RMSEs for water 

content in the C and G treatments was 0.01, and for the water content in the Gs and 

Gms treatments during the period of ERT measurement was 0.02. The Gm treatment 

showed visually different results between ERT and destructive methods, which had a 

RMSE of 0.02 over the whole timeline and an RMSE of 0.04 when only considering the 

time from day eight to 19. 

3.4.3 Destructive sampling 

3.4.3.1 Water content 

Destructive sampling of the soils within the initially water-repellent soil core, showed 

groupings of surfactant and non-surfactant treatments for the first five days (Fig. 3.7). 

Gs and Gms treatments both rapidly increased in average water content within the 

water-repellent core from 0.04 cm3 cm-3 to an average of 0.28 and 0.26 cm3 cm-3 after 

the first watering. The Gms treatment reached saturation at five days remaining at this 

level throughout the experiment with a water content of 0.35 cm3 cm-3 after 19 days 

(Fig. 3.7). The Gs treatment, however, showed a sharp decline in water content at eight 

days, with water content decreasing to only 0.09 cm3 cm-3, followed by an increase to 

0.33 cm3 cm-3 after 19 days after additional watering (Fig. 3.7).  

Despite initially showing the same trajectory as the C and G treatments, the water 

content in Gm from day 8 until the end of the experiment increased at a faster rate. This 

resulted in a significantly higher water content in the Gm treatment than the C and G 

treatments (0.33 cm3 cm-3; p < 0.001; Fig. 3.7). The C and G treatments remained at low 

water contents throughout the experiment, with final water contents of 0.11 cm3 cm-3 

and 0.064 cm3 cm-3 for C and G, respectively (Fig. 3.7). C and G only showed significant 

difference at five and 19 days (p < 0.001 and p < 0.05). 
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Fig. 3.7 Volumetric water content changes through time as received by destructive sampling 
methods averaged over the whole core. Measurements taken 24 hours after water was applied 
to the surface. Downwards arrows denoting the points at which 2mm water was applied. 
Transparent grey block indicating the permanent wilting point, field capacity, saturated water 
content (Fig. 2). Treatments: Control (C), gamma-irradiated (G), gamma-irradiated with 
surfactant (Gs), gamma-irradiated with microorganisms (Gm), and gamma-irradiated with 
microorganisms and surfactant (Gms). Error bars show calculated standard deviation. 

 

3.4.3.2 Persistence of SWR 

The soil used in this experiment had an initial MED of 3.4 ± 0.3. Surprisingly, gamma 

irradiation decreased the SWR to 2.6 ± 0.3 (Fig. 3.8), but without a significant effect on 

water content (Fig. 3.8). The cores were sampled at 1 cm depth intervals with the soil 

layer between 1 – 2 cm depth consistently showing the highest MED values at all points 

in time. For C soil, SWR in the 1 – 2 cm depth interval was significantly higher than for 

the 0 – 1 cm depth samples at day one, two and five (p < 0.001, p < 0.05 and p < 0.01 

respectively; Fig. A1), with the 2 – 3 cm depth showing significantly greater SWR only 

after five days (p < 0.05). SWR at 1 – 2 cm depth was also significantly higher than in 

0 – 1 cm layer for the G soil for all samples taken between day one and eight (p < 0.01), 

while also being significantly higher than samples at 2 – 3 cm depth after day five 

(p < 0.01). For the Gm soil the 1 – 2 cm depth had significantly greater SWR than the 

0 – 1 cm layer between day one and eight (p < 0.05) and greater than the 2 – 3 cm depth 
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at five and eight days (p < 0.001 and p < 0.05 respectively). In contrast, there was no 

effect of depth on SWR in the soils with surfactant applied (Gs and Gms) with all depths 

showing no SWR after application.  

 

Fig. 3.8 Persistence of soil water repellency through time, as determined by the molarity of 
ethanol droplet test (MED) at 1 – 2 cm depth. Downwards arrows denoting the points at which 
2 mm water was applied. Associated MED soil water repellency level given on far right as low to 
very severe (King, 1981), with horizontal dashed lines showing this separation of these across 
the figure. Treatments: Control (C), gamma-irradiated (G), gamma-irradiated with surfactant 
(Gs), gamma-irradiated with microorganisms (Gm), and gamma-irradiated with microorganisms 
and surfactant (Gms). Error bars show calculated standard deviation. 

 

SWR was made wettable in soils with surfactant (Gs and Gms) after the first wetting. 

SWR increased for soils without surfactant (C, G, and Gm) after the initial wetting 

(p < 0.001 for the G and p < 0.001 for Gm) from the initial soil measurements (Fig. 3.8). 

The C soil also showed a significant increase in SWR after the initial wetting (p < 0.05), 

though the increase was not as pronounced as for G and Gm treatments. 

The effect of the microbial treatment on the persistence of SWR over time could not be 

separated from the effects of the surfactant when the two were applied in conjunction, 

with both surfactant treatments showing complete removal of SWR (Fig. 3.8). When 

applied on its own, however, the B. subtilis showed a significant decline in the 
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persistence of SWR between one and 12 days (p < 0.01) to MED 0.15, with the levels 

remaining at this low SWR until the end of the experiment (Fig. 3.8). The C soil also 

showed a significant decrease (p < 0.01) in SWR but only after 12 days, when SWR 

significantly decreased from very severe to low-moderate SWR over the following seven 

days. Although there was a decrease in SWR for the G treatment between day two and 

19, this was not significant (p = 0.19) as there was high variability of persistence in this 

soil.  

3.4.3.3 Breakdown before water content increase  

The data showed a power law trend for the increase in volumetric water content with 

the breakdown of SWR (Fig. 3.9), when the presence of surfactant did not alter the water 

content. Despite the C and G treatments not correlating strongly with their own power 

law trend lines (R2 C = 0.41, R2 G = 0.27) when all data were combined the function had 

R2 = 0.61. Treatment M had the strongest correlation to its data points with R2 = 0.72. 

The power law trends of all the treatments combined and the Gm treatment alone show 

close relation to each other, with the two equations expressing similarity 

(combined = 0.086𝑥 . , Gm = 0.086𝑥 . ). 
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Fig. 3.9 Relationship between soil water repellency, as measured by the molarity of ethanol 
droplet test (MED), and volumetric water content. Dashed lines presenting power law trend 
lines, with the black dashed line showing the trend of the data points combined. Values of water 
content and soil water repellency are derived from the 1 – 2 cm depth destructive sampling. 
Treatments: Control (C), gamma-irradiated (G), gamma-irradiated with microorganisms (Gm). 
R2 combined = 0.61, R2 NC = 0.41, R2 GC = 0.27 and R2 M = 0.72. 

 

3.5 Discussion 

Our data shows that microbial activity was required for breakdown of SWR in this 

severely water-repellent soil. Physical processes alone were insufficient in permanently 

removing SWR as it was re-established after drying. While SWR breakdown is often 

attributed to physical processes (Doerr et al., 2000), we did not detect a change in SWR 

in the gamma-irradiated soil (i.e. physical process only). This study defined the 

breakdown of SWR as the permanent removal of its expression, even after drying 

(potential SWR). By comparison, other studies have used actual and potential SWR as 

measures of breakdown success (Crockford et al., 1991; Doerr and Thomas, 2000; Müller 

et al., 2018). This variation in reformation has not considered processes other than 

physical as factors of breakdown. In comparison SWR was broken down here by both 

the indigenous microbial population (treatment C) and at a higher rate by the B. subtilis 

innoculum (treatment Gm). The persistence of SWR in the gamma-irradiated treatment 
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indicates either a complete lack of breakdown of SWR or a rapid rate of reformation due 

to physical reorientation of the hydrophobic molecules (or a combination of the two). 

As such any breakdown in SWR that did occur without microbial degradation of the 

molecules responsible is reversible after drying as described by Crockford et al. (1991). 

Our findings demonstrate the potential for permanent biological breakdown of SWR 

whereby B. subtilis accelerated SWR breakdown in the absence of the competing 

indigenous microbial population. In both biological treatments the simultaneous 

decrease in soil carbon content (though only significant for Gm and Gms) indicates that 

the biodegradation of hydrophobic molecules increased the rate of infiltration and the 

permanency of the breakdown. The time-course data suggests that permanent 

breakdown of SWR occurs before there is an increase in soil water content. This is 

consistent with the physical breakdown process where humidity is the source of 

breakdown in SWR rather than water content per se (Doerr et al. 2002). We hypothesise 

that the SWR breakdown occurred at the advancing wetting front as this area has the 

highest potential for humidity. While this is a physical process, the persistence of SWR 

seen in treatment G and not the C and Gm treatments suggests that microbial 

breakdown occurs in conjunction with the non-permanent physical breakdown. This 

mechanism supports the role of indigenous microorganisms in SWR breakdown; while 

following the same trajectory, the rate of breakdown was lower for the indigenous 

microorganisms than that for added B. subtilis. A possible explanation for this is that 

indigenous microorganisms capable of degrading hydrophobic molecules had to 

compete with others for nutrients (Fierer, 2017). In contrast, the B. subtilis added to 

gamma-irradiated soil would have encountered limited competition and the necromass 

produced during sterilisation may have accelerated the process of SWR breakdown. 

As expected surfactants caused the greatest change in infiltration and soil water content 

but also demonstrated the potential for enhanced water loss from the soil column. A 

reason for this may be that water is more easily redistributed to deeper layers of the soil 

profile or evaporated more rapidly as a result of lowered surface tension. Both the Gs 

and Gms treatments showed similar initial outcomes demonstrating high surfactant 

efficiency. This then allows higher water infiltration, water content and high humidity at 

the wetting front, stimulating physical breakdown along with biological breakdown 

when B. subtilis was present. The presence of surfactants also allowed for a change in 
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infiltration patterns with the predominance of lateral water movement being abated in 

favour of free vertical water movement. This is consistent with previous studies 

investigating the effect of surfactants on water movement through a water-repellent 

soil (Lowe et al., 2017).  

Although this soil was artificially packed, vertical spatial variability was still observed 

with the 1 – 2 cm soil layer showing significantly higher SWR than the 0 – 1 cm and the 

2 – 3 cm layers. This is consistent with observations in the field where the surface of the 

soil can have a lower SWR than millimetres below (Roberts and Carbon, 1971). In this 

study, all layers were dried separately and the findings were consistent across 

treatments, therefore this effect must be a factor of the initial breakdown process being 

depth dependent. A possible theory based on physical breakdown could be that 

humidity is lower in the 1 – 2 cm soil layer (Doerr et al., 2002), due to low proximity to 

the surface water and the subsurface water stored in wettable soil below.  

Gamma irradiation was chosen to sterilise soil due to its ability to remove microbial 

activity with little effect on other physical factors on the soil. Gamma irradiation, 

however, caused SWR to decline (by MED 0.8) before subsequently increasing after the 

first wetting to levels higher than the initial untreated soil. We speculate that gamma 

irradiation has disrupted the phospholipid bilayer of the indigenous microbial cell 

membranes, creating a mono-layer of these amphiphilic molecules over the soil 

(Lombard, 2014), acting as a biosurfactant. With the drying of the soil these now 

hydrophobic molecules could have been re-arranged to create an even more 

water-repellent surface.  

A benefit of the 3D method used to measure water content in this study is the ability to 

measure the volume of soil within ranges of water content (Table 3.3). This gives the 

percentage of soil within critical water contents at a micro-scale – a valuable outcome 

that is not possible using 2D or destructive measurements. However, the Gm treatment 

displayed ERT water contents similar to those in the C and G treatments, suggesting no 

microbial function. This contrast between the Gm treatment quantified by soil sampling 

and analysis versus ERT suggests that there may be an effect of the ERT on 

microorganisms. While electrical currents have been shown to cause cell death at 

20 – 25 mA (Luo et al., 2005; Palaniappan et al., 1990), Palaniappan et al. (1990) has 
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indicated that B. subtilis was one of the most resistant of those tested to 

electrohydraulic shock. Our findings suggest that the ERT device at 5 mA or less may 

have killed or at least debilitated the microorganisms present, both indigenous 

(treatment C) or added (treatment Gm).  

Variability between measured water contents and those derived from ERT was also high 

with the surfactant treated soils. The variation between methods exists due to the rapid 

increase in water content from the ERT survey where an increase to saturation 

immediately followed the initial wetting. According to the maximum amount of water 

available at each time step saturation is not possible until day 5, as is observed in the 

destructive sampling (Fig. 3.7). Inaccuracy is also seen outside the core where the initial 

water content of the surrounding soil appears to be mostly greater than 0.2 cm3 cm-3 

though the added water content was only around 0.15 cm3 cm-3 (Fig. 3.4 and 3.5, 1B). 

This finding suggests that although the ERT accurately demonstrates the spatial pattern 

of soil moisture, better calibration is needed to get accurate water contents with the 

use of surfactant and the 3D ERT model. However, as the calibration is a power law 

function it may not be possible to have such high correlation accuracy at higher water 

contents as even small variations in electrical resistivity can be a result of a relatively 

large change in water content. 

 

3.6 Conclusion 

We found that, in the absence of a chemical surfactant, microbial activity was required 

for permanent SWR breakdown; physical processes alone did not breakdown SWR. 

These findings suggest that breakdown of SWR must include a biological (or chemical) 

mechanism for non-reversible removal of SWR expression. Compared to the indigenous 

microbial community, inoculation with B. subtilis increased the rate of breakdown of 

SWR and consequently increased water infiltration. For soils treated with surfactant, 

SWR expression did not reform during this experiment. It is unclear whether this was 

due to breakdown of SWR or merely the persistence of the surfactant in the soil 

continuing to facilitate infiltration. Although we used a packed soil and drying occurred 

separately for each layer, persistence of SWR was shown to be greatest at 1 – 2 cm 

depth; suggesting that the breakdown process has a depth dependent factor. We 
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speculate this is due to proximity to higher humidity sources and as such this should be 

considered when sampling for SWR. ERT provided a non-destructive means to study 

water flow at the meso-scale and enabled preferential water flow to be quantified in 

real time and in 3D. Our finding suggest however that application of the technique is 

limited to studies that do not include biological mechanisms as low electrical currents 

(5 mA) seemingly restricted microbial function.    

 



80 

 

3.7 References 

Achtenhagen, J., Goebel, M.-O., Miltner, A., Woche, S.K., Kästner, M., 2015. Bacterial 

impact on the wetting properties of soil minerals. Biogeochemistry 122(2), 269-280. 

Ahmed, M.A., Holz, M., Woche, S.K., Bachmann, J., Carminati, A., 2015. Effect of soil 

drying on mucilage exudation and its water repellency: a new method to collect 

mucilage. Journal of Plant Nutrition and Soil Science 178(6), 821-824. 

al Hagrey, S.A., 2007. Geophysical imaging of root-zone, trunk, and moisture 

heterogeneity. Journal of Experimental Botany 58(4), 839-854. 

Archie, G.E., 1942. The electrical resistivity log as an aid in determining some reservoir 

characteristics. Transactions of the Metallurgical Society of AIME 146(1), 54-62. 

Arima, K., Kakinuma, A., Tamura, G., 1968. Surfactin, a crystalline peptidelipid surfactant 

produced by Bacillus subtilis: Isolation, characterization and its inhibition of fibrin clot 

formation. Biochemical and Biophysical Research Communications 31(3), 488-494. 

Bronick, C.J., Lal, R., 2005. Soil structure and management: a review. Geoderma 124(1), 

3-22. 

Bughici, T., Wallach, R., 2016. Formation of soil–water repellency in olive orchards and 

its influence on infiltration pattern. Geoderma 262, 1-11. 

Cassel, D.K., Nielsen, D.R., 1986. Field capacity and available water capacity. Methods of 

Soil Analysis: Part 1—Physical and Mineralogical Methods, 901-926. 

Crockford, H., Topalidis, S., Richardson, D.P., 1991. Water repellency in a dry sclerophyll 

eucalypt forest — measurements and processes. Hydrological Processes 5(4), 405-420. 

Czarnes, S., Hallett, P.D., Bengough, A.G., Young, I.M., 2000. Root- and microbial-derived 

mucilages affect soil structure and water transport. European Journal of Soil Science 

51(3), 435-443. 

Dartois, V., Baulard, A., Schanck, K., Colson, C., 1992. Cloning, nucleotide sequence and 

expression in Escherichia coli of a lipase gene from Bacillus subtilis 168. Biochimica et 

Biophysica Acta (BBA) - Gene Structure and Expression 1131(3), 253-260. 

de Rooij, G.H., de Vries, P., 1996. Solute leaching in a sandy soil with a water-repellent 

surface layer: A simulation. Geoderma 70(2), 253-263. 



81 

 

DeBano, L.F., Krammes, J.S., 1966. Water Repellent Soils and Their Relation to Wildfire 

Temperatures. International Association of Scientific Hydrology. Bulletin 11(2), 14-19. 

Diamantis, V., Pagorogon, L., Gazani, E., Doerr, S.H., Pliakas, F., Ritsema, C.J., 2013. Use 

of olive mill wastewater (OMW) to decrease hydrophobicity in sandy soil. Ecological 

Engineering 58, 393-398. 

Doerr, S.H., Dekker, L.W., Ritsema, C.J., Shakesby, R.A., Bryant, R., 2002. Water 

repellency of soils: the influence ambient relative humidity. Soil Science Society of 

America Journal 66(2), 401-405. 

Doerr, S.H., Shakesby, R.A., Walsh, R.P.D., 2000. Soil water repellency: its causes, 

characteristics and hydro-geomorphological significance. Earth-Science Reviews 51(1–

4), 33-65. 

Doerr, S.H., Thomas, A.D., 2000. The role of soil moisture in controlling water repellency: 

new evidence from forest soils in Portugal. Journal of Hydrology 231–232(0), 134-147. 

Eggert, T., Pencreac‘h, G., Douchet, I., Verger, R., Jaeger, K.-E., 2000. A novel 

extracellular esterase from Bacillus subtilis and its conversion to a monoacylglycerol 

hydrolase. European Journal of Biochemistry 267(21), 6459-6469. 

Fierer, N., 2017. Embracing the unknown: disentangling the complexities of the soil 

microbiome. Nature Reviews Microbiology 15, 579. 

Franco, C.M.M., Clarke, P.J., Tate, M.E., Oades, J.M., 2000a. Hydrophobic properties and 

chemical characterisation of water repellent materials in Australian sands. Journal of 

Hydrology 231–232(0), 47-58. 

Franco, C.M.M., Michelsen, P.P., Oades, J.M., 2000b. Amelioration of water repellency: 

application of slow-release fertilisers to stimulate microbial breakdown of waxes. 

Journal of Hydrology 231–232, 342-351. 

Gerhardt, P., 1994. Methods for general and molecular bacteriology. American Society 

for Microbiology, Washington, DC. 

Hallett, P., Young, I., 1999. Changes to water repellence of soil aggregates caused by 

substrate-induced microbial activity. European Journal of Soil Science 50(1), 35-40. 



82 

 

Kennedy, M.B., Lennarz, W.J., 1979. Characterization of the extracellular lipase of 

Bacillus subtilis and its relationship to a membrane-bound lipase found in a mutant 

strain. Journal of Biological Chemistry 254(4), 1080-1089. 

King, P., 1981. Comparison of methods for measuring severity of water repellence of 

sandy soils and assessment of some factors that affect its measurement. Soil Research 

19(3), 275-285. 

Klute, A., 1986. Water Retention: Laboratory Methods. In: A. Klute (Ed.), Methods of Soil 

Analysis: Part 1—Physical and Mineralogical Methods. SSSA Book Series. Soil Science 

Society of America, American Society of Agronomy, pp. 635-662. 

Kunst, F., Ogasawara, N., Moszer, I., Albertini, A.M., Alloni, G., Azevedo, V., Bertero, 

M.G., Bessières, P., Bolotin, A., Borchert, S., Borriss, R., Boursier, L., Brans, A., Braun, M., 

Brignell, S.C., Bron, S., Brouillet, S., Bruschi, C.V., Caldwell, B., Capuano, V., Carter, N.M., 

Choi, S.K., Codani, J.J., Connerton, I.F., Cummings, N.J., Daniel, R.A., Denizot, F., Devine, 

K.M., Düsterhöft, A., Ehrlich, S.D., Emmerson, P.T., Entian, K.D., Errington, J., Fabret, C., 

Ferrari, E., Foulger, D., Fritz, C., Fujita, M., Fujita, Y., Fuma, S., Galizzi, A., Galleron, N., 

Ghim, S.Y., Glaser, P., Goffeau, A., Golightly, E.J., Grandi, G., Guiseppi, G., Guy, B.J., Haga, 

K., Haiech, J., Harwood, C.R., Hénaut, A., Hilbert, H., Holsappel, S., Hosono, S., Hullo, 

M.F., Itaya, M., Jones, L., Joris, B., Karamata, D., Kasahara, Y., Klaerr-Blanchard, M., Klein, 

C., Kobayashi, Y., Koetter, P., Koningstein, G., Krogh, S., Kumano, M., Kurita, K., Lapidus, 

A., Lardinois, S., Lauber, J., Lazarevic, V., Lee, S.M., Levine, A., Liu, H., Masuda, S., Mauël, 

C., Médigue, C., Medina, N., Mellado, R.P., Mizuno, M., Moestl, D., Nakai, S., Noback, 

M., Noone, D., O'Reilly, M., Ogawa, K., Ogiwara, A., Oudega, B., Park, S.H., Parro, V., 

Pohl, T.M., Portetelle, D., Porwollik, S., Prescott, A.M., Presecan, E., Pujic, P., Purnelle, 

B., Rapoport, G., Rey, M., Reynolds, S., Rieger, M., Rivolta, C., Rocha, E., Roche, B., Rose, 

M., Sadaie, Y., Sato, T., Scanlan, E., Schleich, S., Schroeter, R., Scoffone, F., Sekiguchi, J., 

Sekowska, A., Seror, S.J., Serror, P., Shin, B.S., Soldo, B., Sorokin, A., Tacconi, E., Takagi, 

T., Takahashi, H., Takemaru, K., Takeuchi, M., Tamakoshi, A., Tanaka, T., Terpstra, P., 

Tognoni, A., Tosato, V., Uchiyama, S., Vandenbol, M., Vannier, F., Vassarotti, A., Viari, A., 

Wambutt, R., Wedler, E., Wedler, H., Weitzenegger, T., Winters, P., Wipat, A., 

Yamamoto, H., Yamane, K., Yasumoto, K., Yata, K., Yoshida, K., Yoshikawa, H.F., 



83 

 

Zumstein, E., Yoshikawa, H., Danchin, A., 1997. The complete genome sequence of the 

Gram-positive bacterium Bacillus subtilis. Nature 390, 249. 

Lesuisse, E., Schanck, K., Colson, C., 1993. Purification and preliminary characterization 

of the extracellular lipase of Bacillus subtilis 168, an extremely basic pH-tolerant 

enzyme. European Journal of Biochemistry 216(1), 155-160. 

Loke, M.H., Dahlin, T., Rucker, D.F., 2014. Smoothness-constrained time-lapse inversion 

of data from 3D resistivity surveys. Near Surface Geophysics 12(1), 5-24. 

Lombard, J., 2014. Once upon a time the cell membranes: 175 years of cell boundary 

research. Biology Direct 9, 32-32. 

Lowe, M.-A., McGrath, G., Mathes, F., Leopold, M., 2017. Evaluation of surfactant 

effectiveness on water repellent soils using electrical resistivity tomography. 

Agricultural Water Management 181, 56-65. 

Luo, Q., Wang, H., Zhang, X., Qian, Y., 2005. Effect of Direct Electric Current on the Cell 

Surface Properties of Phenol-Degrading Bacteria. Applied and Environmental 

Microbiology 71(1), 423-427. 

Ma'shum, M., Farmer, V., 1985. Origin and assessment of water repellency of a sandy 

South Australian soil. Soil Research 23(4), 623-626. 

Mainwaring, K., Hallin, I.L., Douglas, P., Doerr, S.H., Morley, C.P., 2013. The role of 

naturally occurring organic compounds in causing soil water repellency. European 

Journal of Soil Science 64(5), 667-680. 

Mainwaring, K.A., Morley, C.P., Doerr, S.H., Douglas, P., Llewellyn, C.T., Llewellyn, G., 

Matthews, I., Stein, B.K., 2004. Role of heavy polar organic compounds for water 

repellency of sandy soils. Environmental Chemistry Letters 2(1), 35-39. 

Mao, J., Nierop, K.G.J., Rietkerk, M., Dekker, S.C., 2015. Predicting soil water repellency 

using hydrophobic organic compounds and their vegetation origin. SOIL 1(1), 411-425. 

McGhie, D., Posner, A., 1981. The effect of plant top material on the water repellence 

of fired sands and water repellent soils. Australian Journal of Agricultural Research 32(4), 

609-620. 



84 

 

McNamara, N.P., Black, H.I.J., Beresford, N.A., Parekh, N.R., 2003. Effects of acute 

gamma irradiation on chemical, physical and biological properties of soils. Applied Soil 

Ecology 24(2), 117-132. 

Müller, K., Mason, K., Strozzi, A.G., Simpson, R., Komatsu, T., Kawamoto, K., Clothier, B., 

2018. Runoff and nutrient loss from a water-repellent soil. Geoderma 322, 28-37. 

Nagler, K., Setlow, P., Li, Y.-Q., Moeller, R., 2014. High salinity alters the germination 

behavior of Bacillus subtilis spores with nutrient and nonnutrient germinants. Applied 

and Environmental Microbiology 80(4), 1314-1321. 

Palaniappan, S., Sastry, S.K., Richter, E.R., 1990. Effects of Electricity on 

Miccroorganisms: A Review. Journal of Food Processing and Preservation 14(5), 393-

414. 

Rayment, G.E., Lyons, D.J., 2011. Soil chemical methods: Australasia, 3. CSIRO publishing. 

Ritsema, C.J., Dekker, L.W., Hendrickx, J., Hamminga, W., 1993. Preferential flow 

mechanism in a water repellent sandy soil. Water Resources Research 29(7), 2183-2193. 

Roberts, F., Carbon, B., 1972. Water repellence in sandy soils of South-Western 

Australia. II. Some chemical characteristics of the hydrophobic skins. Soil Research 10(1), 

35-42. 

Roberts, F.J., Carbon, B.A., 1971. Water repellence in sandy soils of south-western 

Australia. 1. Some studies related to field occurrence. Division of Plant Industry CSIRO 

Australia. Field Station Record 10, 13–20. 

Rodríguez-Alleres, M., Benito, E., 2011. Spatial and temporal variability of surface water 

repellency in sandy loam soils of NW Spain under Pinus pinaster and Eucalyptus globulus 

plantations. Hydrological Processes 25(23), 3649-3658. 

Roper, M.M., 2004. The isolation and characterisation of bacteria with the potential to 

degrade waxes that cause water repellency in sandy soils. Soil Research 42(4), 427-434. 

Roper, M.M., 2006. Potential for remediation of water repellent soils by inoculation with 

wax-degrading bacteria in South-Western Australia. Biologia 61(19), S358-S362. 



85 

 

Ryżak, M., Bieganowski, A., 2011. Methodological aspects of determining soil particle-

size distribution using the laser diffraction method. Journal of Plant Nutrition and Soil 

Science 174(4), 624-633. 

SACOA, Pty Ltd, 2013. Irrigator Banding Soil Wetter, 

http://www.sacoa.com.au/contents/products/irrigator.htm?id=12. 

Samouëlian, A., Cousin, I., Tabbagh, A., Bruand, A., Richard, G., 2005. Electrical resistivity 

survey in soil science: a review. Soil and Tillage Research 83(2), 173-193. 

Schmid, R.D., Verger, R., 1998. Lipases: Interfacial Enzymes with Attractive Applications. 

Angewandte Chemie International Edition 37(12), 1608-1633. 

Urbanek, E., Bodi, M., Doerr, S.H., Shakesby, R.A., 2010. Influence of Initial Water 

Content on the Wettability of Autoclaved Soils. Soil Science Society of America Journal 

74(6), 2086-2088. 

Van Dam, J., Wösten, J., Nemes, A., 1996. Unsaturated soil water movement in 

hysteretic and water repellent field soils. Journal of Hydrology 184(3), 153-173. 

Van Dyke, M.I., Gulley, S.L., Lee, H., Trevors, J.T., 1993. Evaluation of microbial 

surfactants for recovery of hydrophobic pollutants from soil. Journal of Industrial 

Microbiology 11(3), 163-170. 

Wang, Z., Wu, Q., Wu, L., Ritsema, C., Dekker, L., Feyen, J., 2000. Effects of soil water 

repellency on infiltration rate and flow instability. Journal of Hydrology 231-232, 265-

276.  

Woche, S.K., Goebel, M.-O., Mikutta, R., Schurig, C., Kaestner, M., Guggenberger, G., 

Bachmann, J., 2017. Soil wettability can be explained by the chemical composition of 

particle interfaces - An XPS study. Scientific Reports 7, 42877. 





87 

 

Chapter 4 

The Impact of Soil Water Repellency and Slope upon Runoff and 

Erosion Losses. 

4.1 Abstract 

Soil water repellency (SWR) increases the amount of runoff and erosion on soils. This 

study poses the questions of: How does SWR alter surface water flow? Are there signs 

of armouring (loss of small soil particles leaving larger, more protective particles)? And, 

what impacts do these have on the loss of water, soil, and nutrients? The experiment 

used an artificial catchment system to measure inputs, outputs and monitor surface 

flows on three different slopes. To attribute observations to the presence of SWR a 

treatment of surfactant was also used. Soil samples were tested for particle size, and 

soil and water samples were tested for organic carbon and nitrogen, as well as 

macronutrients. The experiment showed that runoff coefficients were high (0.53 to 

0.78) for untreated soil with erosion decreasing over the course the experiment 

(0.00141 – 0.00074 t ha-1 over the five 2 mm rainfall events, of 2 mins, on a 9° slope). 

Surfactant significantly decreased runoff coefficients by two orders of magnitude 

compared to the untreated soil. Importantly, silt and clay were preferentially lost (up to 

12× higher in the erosion than the pre-condition soil) and this was associated with loss 

of organic carbon, nitrogen, and macronutrients. As expected, the steepest slope (9°) 

caused greater runoff and erosion than the lowest (3°), however, there was no 

significant difference in runoff and erosion between the 6° and 9° slope. Surface flow 

observations found that initially water flow minimised soil contact, forming small 

channels. Over time, however, a perched, protective water layer formed over the 

surface so that extra water could flow without interacting with the soil. These 

mechanisms for flow likely led to the observations of total runoff and erosion. Initial 

water flow also promoted armouring of the soil by the attraction of less-repellent 

smaller particles to the water surface, leading to increased loss of organic carbon and 

nitrogen as well as macronutrients.  
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4.2  Introduction 

As soil water repellency (SWR) affects infiltration there is an impact on both water and 

wind erosion as it provides readily available loose material for transport (Cawson et al., 

2016; Cerdà and Doerr, 2008; Ravi et al., 2006). Water-repellent surfaces are widely 

known for their self-cleaning abilities (Barthlott and Neinhuis, 1997; Neinhuis and 

Barthlott, 1997). As the water sits on the surface, material is moved up the water droplet 

and is transported with the water droplet, which is evident in non-soil and soil surfaces 

(Fig. 4.1; McHale et al., 2007). The effect of water-repellent soils on erosion is an area 

of focus for research due to the impact of environmental hazard and the multiplication 

of loss. While SWR’s impact on erosion has been well studied, the mechanism for 

sediment mobilisation is poorly understood. The transport is often assumed to be due 

to reduced cohesion (Terry and Shakesby, 1993) and increased energy in the overland 

flow (Leighton-Boyce et al., 2007) allowing entrainment in the flow. 

 

Fig. 4.1 Progression of water infiltrating into water repellent soil with soil particles moving up 
the outside of the water droplet.  

 

In sediment transport it is found that many soil slopes show the effect of armouring 

(Morgan, 2009; Sharmeen and Willgoose, 2006). Armouring allows the transport of 

smaller, more easily movable soil particles leaving the larger, more stable particles on 

the surface. On a wettable soil, the smaller particles are transported as less energy is 

required in their entrainment (Morgan, 2009). The runoff coefficients experienced on 

water-repellent soils with similar catchment setups in Chapter 2 (Lowe et al., 2017) and 

Müller et al. (2018) showed runoff coefficients of up to 0.96 and 0.89. The high runoff 

coefficients experienced on water-repellent soils potentially contain the energy to 

transport particles with a wider range of sizes. While Chapter 2 (Lowe et al., 2017) and 



89 

 

Müller et al. (2018) indicate high total soil loss, contents of that loss are not examined 

for soil particle distribution, organic matter and macronutrients.  

As erosion due to SWR is often considered with other factors, there is uncertainty about 

the effect of SWR on runoff and erosion, and what impacts they have on the loss of 

macronutrients from the soil. The majority of erosion experiments on water-repellent 

soils have been conducted on burned ecosystems, however, other factors may impact 

the severity of erosion on these soils (Cerdà and Doerr, 2008; Madsen et al., 2011; 

Woods and Balfour, 2008). Leighton-Boyce et al. (2007) found that on a burned soil, 

slope wash was up to 23× higher than wettable soil, this study, however, only showed 

the total erosion and runoff. Müller et al. (2018) demonstrated that on water-repellent 

agricultural soil there can be large losses of soil and that SWR should be considered in 

hydrological modelling as it has large impacts upon water movement and erosion. This 

research by Müller et al. (2018) also showed that, through runoff and erosion, up to 30% 

of applied P was lost from the system. The loss of the soil resource, especially silt and 

clay particles, is also important to an agricultural system as it has implications for water 

holding capacity and the capacity to retain nutrients (Roper et al., 2015). While not 

expressly stated, there is assumed nutrient loss with soil erosion, however the amount 

of loss is unknown.  

This study will use an artificial catchment system to look at the generation of runoff and 

erosion on water-repellent soils. The study aims to answer the questions of how the 

presence of SWR alters the movement of water and soil particles on the soil surface. 

From this it then seeks to determine the impact of water and soil movements on the 

rates of runoff and erosion. It also asks if armouring occurs for water-repellent soils, as 

described for wettable soil. Additionally, the impact upon the loss of organic carbon, 

nitrogen and macronutrients is assessed. The experiment will be conducted over 

multiple rainfall events and on multiple slopes to understand the impact over time and 

slope gradient.  
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4.3 Methods 

4.3.1 Sampling 

Collection of soil for this laboratory experiment occurred in the wheatbelt of Western 

Australia on a sandy soil under crops (115°31’2.39” E, 30°14’20.34” S) near the township 

of Badgingarra. The sampling occurred in March 2018, before any major growing season 

rain. At this time the majority of residue was scraped aside before sampling to a 

maximum depth of 10 cm over an area of 10 m2. After collection soil was dried at 40°C, 

to assure dryness throughout the sample, then was homogenised and sieved to the <2 

mm fraction, to remove the rest of the plant residue. No gravel component was found. 

4.3.2 Experimental design 

The experiment was conducted in a laboratory within artificial catchments of 

60 × 60 × 20 cm, similar to that used in Chapter 2 (Lowe et al., 2017), set on slopes of 

3°, 6° and 9°. The soil was added to the catchment to a depth of 1.8 cm and with a bulk 

density of 1.2 g cm-3. The outlet of the catchment was a ‘flume-like’, 52 cm long slit with 

an attached piping system that flowed into a beaker. Water input was by 9 equally 

spread misting sprays placed over the catchment. This spray avoided rain splash erosion 

but still allowed for overland flow to originate from across the catchment.  

The treatments for this experiment were different slopes of the catchment, and the use 

of a surfactant treatment to display the effect of the repellency. Soil was made 

non-repellent with the application of 1/50 mL surfactant at the rate 0.016 mL cm-2 (a 

blanket application rate that was equivalent to the furrow application rate used in 

Chapter 2; SACOA, 2013). Pre-measurements of repellency measured by the molarity of 

ethanol droplet (MED) test (King, 1981), placed severity of repellence in the very severe 

range (MED 3.8 – 4.2). The slopes at which runoff was measured were 3°, 6°, and 9°. 

Each of these 6 treatments were replicated four times.  

Rainfall (deionised water) was applied by mister, occurring in 5 events of 2 mins, spaced 

30 mins apart, in 2 mm quantities. Rates of rainfall were regulated by a bilge pump, 

resulting in application at 1 mm min-1. Amount and timing of rainfall was determined to 

closely approximate rainfall that could be received by this soil based on its collection 

location (Badgingarra; BoM, 2018).  
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During the course of the experiment runoff and total eroded sediments were collected. 

During every rainfall event, runoff was measured over time by collection in beakers that 

were monitored for discharge weight by scales measuring every second. After 10 

minutes of settling, water samples were taken for analysis and beakers were left to 

evaporate the water in 40°C and then re-weighed to measure the weight of sediment. 

Soil and water before rainfall were also sampled for base measurements.  

Loss of macronutrients was measured by the analysis of water and soil samples for C, N, 

Ca, K, Mg, Na, P, and S. Water analysis was conducted through the heated-persulfate 

oxidation method for dissolved organic carbon (DOC, 5310 C; Rice et al., 2012) and the 

persulfate method for total N (4500-N C; Rice et al., 2012) using the QuickChem QC8500 

Series 2 FIA Automated Ion Analyser, Autosampler ASX-520 Series, PDS 2003 and RP-150 

series reagent pump (Lachat Instruments, USA). The other macronutrients in solution 

were measured by the 18F1 Mehlich 3-extractable elements method (Rayment, 2011) 

using an Optima 5300DV ICP-OES with an AS 93plus (Perkin-Elmer, USA). While the 

Dumas combustion method (ASPAC 6B2b and 7A5; Rayment and Lyons, 2011) with the 

Elementar Vario Macro CNS analyser (Elementar, Germany) was used for the soil C and 

N and the Mehlich 3 method (Rayment and Lyons, 2011) was used for the other soil 

macronutrients. Particle size distribution of the soil samples was measured through the 

laser diffraction method (Ryżak and Bieganowski, 2011), using the Mastersizer 2000 with 

200G wet dispersion accessory (Malvern Panalytical, UK). Fractions were split in 

accordance with the World Reference Base for Soil Resources (IUSS, 2015) into 8 fraction 

sizes from clay to very coarse sand at <2, 20, 63, 125, 200, 630, 1250 and 2000 µm. These 

metrics for soil and water quality were also measured on soil and water samples before 

rainfall.  

4.3.3 Data analysis 

Statistical analysis of significant difference was conducted in R using ANOVAs and t-tests 

to determine differences between slopes and events. Statistical difference was not 

considered significant unless below a p value of 0.05, though thresholds of <0.001 and 

<0.0001 were also given to determine the strength of difference. In all graphs and tables 

values represent the average of four points, unless stated otherwise, and the standard 
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deviation is given in error bars or in ± notation. However these were not employed for 

the hydrographs as there is an averaged point every second.  

 

4.4 Results  

4.4.1 Water, soil and nutrient losses 

Runoff coefficients varied greatly between the untreated (water-repellent) and 

surfactant treated soils (Fig. 4.2). On the untreated soil the 3° slope was significantly less 

than the 6° and 9° slopes at event 1 (p < 0.05), with a coefficient of 0.53, and was 

significantly less than the 6° slope at event 5 (p < 0.05), with a coefficient of 0.59 (Fig. 

4.2, A). There was no significant difference between 6° and 9° slopes at any of the 

events, at event 1 and 5 the runoff coefficients were 0.59 and 0.72 for the 6° slope, and 

0.59 and 0.71 for the 9° slope. All slopes showed the lowest coefficients at the first 

event, and the highest coefficient at the second (6° and 9° slopes) or third events (3° 

slope). All slopes showed a significant increase from event 1 – 2 and no change from 

event 2 – 5. When a surfactant was applied to the 3° and 6° slopes, there were no 

significant differences in coefficients between different rainfall events (Fig. 4.2, B). At 

event 1, runoff on the 3° slope was significantly less than on the 6° slope (p < 0.05), with 

coefficients at 0.003 and 0.006, respectively. At event 5, both the 3° and 6° slopes had 

significantly lower runoff coefficients than the 9° slope (p < 0.05), with coefficients at 

0.003 and 0.006 for 3° and 6° slopes, respectively, and 0.020 for the 9° slope. The 9° 

slope showed no significant change in runoff coefficient from event one to four, but at 

event five there was a significant increase in runoff (p < 0.05).  
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Fig. 4.2 Runoff coefficients over the course of five consecutive rainfall events of 2 mm and 
30 min separation. A) untreated water repellent soil, B) surfactant treated, water-repellent soil. 
Error bars represent standard deviation from four replicates. Note: Different y-axes. 

 

Hydrographs of discharge showed that the lag time for runoff decreased with an 

increase in slope and was also largest for the first event (Fig. 4.3). The 3° slope showed 

the longest lag times but also the longest time for runoff to cease after rainfall had 

ended. Peak discharge was most comparable between events on the 9° slope, while the 

3° and 6° slopes showed some significant differences between peaks (p < 0.05). Within 

soil at each slope, event 1 showed a significantly longer lag time (p < 0.05) while most 

other events were comparable. On soil at all slopes, event 1 had a different shape rising 

limb, however for the 6° and 9° slopes the falling limb was similar to the other events.  
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Fig. 4.3 Hydrographs of discharge from untreated water-repellent soil at slopes of A) 3°, B) 6° 
and C) 9° after 2 mm rainfall that was applied over 120 s. Lines represent five consecutive rainfall 
events 30 min apart, each representing the average of the four, untreated replicates. 

 

The angle of the slope affected erosion of the untreated soil in addition to its effect on 

runoff coefficients (Fig. 4.4). Soil at a slope of 9° had the highest erosion throughout the 

experiment and was significantly different from erosion from soil at a 3° slope (p < 0.05). 

For soil at all slopes, the highest erosion rate was on the first wetting even followed by 

a significant decrease over the course of the rainfall events. The 9° slope decreased from 
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50.7 to 26.5 g (p < 0.05), 6° from 41.2 to 11.3 g (p < 0.05) and the 3° slope decreased 

from 16.7 to 1.5 g (p < 0.001). There was no significant difference between erosion from 

soil at 6° and 9° slopes (p < 0.05) despite the surfactant treated soil at 9° slope having 

the highest erosion on average. However, variability between replicates at 9° was high 

(Fig. 4.4, B). Surfactant treatment showed, again, a significantly lower erosion rate (less 

than 0.1 g) than the untreated soil (Fig. 4.4). The surfactant treated soil showed no 

significant change in erosion rate over the five events for all slopes.  

  

Fig. 4.4 Total erosion over the course of five consecutive rainfall events of 2 mm with 30 min 
separation on A) untreated water-repellent soil and B) surfactant treated water-repellent soil. 
Error bars represent standard deviation of four replicates. Note: Different y-axes. 

 

The mass of DOC and N lost in the runoff showed high variation and no significant 

changes occurred over rainfall events or between slopes (Fig. 4.5, A & B). However, the 

9° slope had the highest amount of loss (9° DOC from 34.1 – 16.8 mg m-2, 3° DOC from 

20.7 – 8.4 mg m-2 and 9° N from 14.4 – 9.2 mg m-2, 3° N from 13.5 – 3.5 mg m-2) and all 

slopes showed some decline in loss of DOC and N from the first or second events to the 
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fifth event. When considering these as concentrations in runoff (mg L-1) there was a 

significant decline (p < 0.05) in concentration over events for all slopes. The 

concentrations for 9° were also significantly higher (p < 0.05) than 3° for all rainfall 

events except event 1. Concentrations of DOC and N in the pre-condition water were 

0.42 and 0.02 mg L-1 (Table 4.1), so all amounts in the runoff were significantly higher 

(p < 0.0001). When considering the concentrations of C and N in the eroded soil 

(mg mg-1), the concentrations were higher on the 3° slope and generally increased over 

events.  

 

Fig. 4.5 Mass of A) dissolved organic carbon (DOC), B) nitrogen (N) the runoff solution (mg m-2), 
and mass of C) carbon (C), D) nitrogen (N) lost in the eroded soils (mg m-2) over the course of 
five consecutive rainfall events of 2 mm with 30 min separation. Error bars represent standard 
deviation of the four, untreated replicates. Note: Different y-axes. 
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Table 4.1 Pre-condition water and soil concentrations of carbon, nitrogen and macronutrients. 
Values are means of nine samples taken from the pre-condition water and soil throughout the 
experiment ± standard deviation.  

 
 

All slopes showed a significant decrease in the mass of C and N lost in the eroded soil 

over the course of five events (p < 0.05), with the 9° slope showing the highest amount 

(Fig. 5, C & D). The 9° slope showed C loss to be from 2173.3 – 964.5 mg m-2 and N loss 

from 171.3 – 79.2 mg m-2, significantly higher (p < 0.05, 0.005) than that of the 3° slope 

which had C loss from 1052.5 – 57.5 mg m-2 and N loss from 79.3 – 5.3 mg m-2, with no 

difference between 9° and 6° slopes except for C loss at event 4. When considering 

concentrations of C and N in eroded soil (mg kg-1) there was a decline from event 1 – 3 

then the concentration of loss stayed at this level from 3 – 5 for both C and N. All 

concentration levels found in the eroded soil were significantly higher (p < 0.0001) than 

the pre-condition soil tested where concentrations were 7864.7 and 662.9 mg kg-1 

(Table 4.1).  

Nutrient loss in the runoff was influenced both by rainfall event and slope (Fig. 4.6). The 

nutrient with the highest amount of loss from the catchment was Ca with loss on the 9° 

slope from 12.2 – 6.8 mg m-2 and on the 3° slope from 9.1 – 3.4 mg m-2. P had the lowest 

losses on the 9° slope from 0.8 – 0.7 mg m-2 and on the 3° slope from 0.6 – 0.3 mg m-2. 

All nutrient losses decreased significantly over rainfall events (p < 0.05) apart from Na. 

Na increased in loss from event 4 to 5 on the 9° slope along with an increase in variability 

at that event, although there was not a significant decline from event 1 to 5, there was 

a significant decline from 1 to 4 (p < 0.0001). The 9° slope showed the highest and 3° 

showed the lowest nutrient loss with significance between the two slopes for all 

(p < 0.05) except Na at event 5.  

 DOC 
mg/L 

C 
mg/kg 

N 
mg/L(kg) 

Ca 
mg/kg 

K 
mg/kg 

Mg 
mg/kg 

Na 
mg/kg 

P 
mg/kg 

S 
mg/kg 

Water 0.42 
±0.38  0.02 

±0.02 
0.28 

±0.02 
0.05 

±0.04 
0.01 

±0.00 
0.09 

±0.04 
0.00 

±0.00 
0.03 

±0.02 

Soil  7864.7 
±793.1 

662.9 
±86.3 

522.1 
±43.9 

18.2 
±2.9 

30.3 
±3.0 

5.1 
±0.7 

18.9 
±1.6 

6.3 
±0.9 
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Fig. 4.6 Mass of macronutrients (calcium (Ca), potassium (K), magnesium (Mg), sodium (Na), 
phosphorus (P), and sulphur (S)) lost in the runoff solution (mg m-2) over the course of five 
consecutive rainfall events of 2 mm with 30 min separation. Error bars represent standard 
deviation of the four, untreated replicates. Note: Different y-axes. 

 

When considering the concentration of nutrients in runoff (mg L-1) there was a decrease 

over the rainfall events similar to that shown by mass of nutrients lost (mg m-2), though 

the most pronounced decrease was from event 1 – 2. However, when considering 

nutrient concentration in runoff in relation to the silt and clay contents in the erosion 

(mg kg-1) there is a major difference between slopes and events. Nutrient concentrations 
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in the runoff for the 3° slope were highest while 9° and 6° slopes were the lowest and 

not significantly different from each other. While there was no significant difference, 

the patterns of loss varied as the 9° did not increase over rainfall events, while the 6° 

slope showed some increase in all nutrients from events 4 – 5. The 3° slope had the 

highest concentrations of nutrients in the runoff with significant increases from event 

1 – 5 for all nutrients (p < 0.05). All nutrient concentrations detected in the runoff were 

significantly higher (p < 0.05) than the pre-condition water which again had 

concentrations of these nutrients at extremely low levels (Table 4.1).  

The mass of macronutrients lost in the eroded soil varied in amount for different 

nutrients, slopes and from within different events (Fig. 4.7). The largest loss of a nutrient 

was Ca, which lost a maximum of 119.3 mg m-2 in a single event. The lowest maximum 

amount of loss was of S that had only 2.6 mg m-2 in a single event. The highest nutrient 

losses in eroded soil were predominantly found in the 9° slope and they were 

significantly higher than the 3° slope losses (p < 0.05). While there was decreases in loss 

from event 1 – 4/5 for all nutrients and slopes, this was not always significant.  

Considering the macronutrient losses as concentrations in the total eroded soil (mg kg-1), 

the largest concentrations were lost on the 3° slope rather than the 9° slope. This 

concentration did not change from rainfall event 1 – 4/5, on all slopes. However, as a 

concentration of nutrients in clay and silt eroded (mg kg-1) there was a trend for 

increasing macronutrient concentration on the 3° slopes, except for K and Na. All 

concentrations of macronutrients in the eroded soil were significantly higher (p < 0.05) 

than the pre-condition soil (Table 4.1).  
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Fig. 4.7 Mass of macronutrients (calcium (Ca), potassium (K), magnesium (Mg), sodium (Na), 
phosphorus (P), and sulphur (S)) lost in the eroded soil (mg m-2) over the course of five 
consecutive rainfall events of 2 mm with 30 min separation. Error bars represent standard 
deviation of the four, untreated repeats. Note: Different y-axes. 

 

The percentages of silt and clay lost were significantly higher than the percentage in the 

in the pre-condition soil, which was not true for any of the other fractions (Fig. 4.8). The 

percentage of loss of clay was at a maximum 11.6× higher and at a minimum 4.5× higher 

than the pre-condition soil. For fine silt it was 1.7× – 1.3× higher, and for coarse silt it 

was 1.6× to 1.2× higher than the pre-condition soil. Meanwhile, the percentage of loss 

for the medium sand, the largest constituent of the soil (52.6 %), was at a maximum 1.1× 

higher, down to 93% of the amount in the pre-condition soil. The percentage of soil 
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within each size fraction did not show consistent strong trends, except for a trend to 

decrease in very coarse sand over the course of events. The percentage of each fraction 

did not vary greatly between each slope, however there did seem to be a higher 

percentage loss of larger particles on the 9° and thus a lower percentage loss of clay and 

silt. While the concentrations of silt and clay loss were low, the concentrations of these 

fractions in the pre-condition soil were also very low.  

Although percentages did not show strong trends, the total losses (mg m-2) showed 

decreases with slope and over the course of rainfall events, coinciding with the total 

losses incurred. The highest amount of loss was predominantly on the 9° slope and the 

lowest amounts of loss were from the 3° slope. The highest losses of clay (mg m-2) were 

predominantly on the 9° slope although the largest single loss event was the 6° slope in 

the first event. Very coarse sand showed strong trends to decrease over the course of 

rainfall events both in the amount and percentage. 
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Fig. 4.8 Fraction of eroded soil (log) in each particle size fraction as a function of the pre-
condition soil over the course of five consecutive rainfall events of 2 mm with 30 min 
separation (mean of four replicates). A) 3° slope, B) 6° slope and C) 9° slope. Bounds of particle 
fractions by international standards of the World Reference Base for Soil Resources (IUSS, 2015). 
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4.4.2 Runoff patterns 

Due to water cohesion remaining strong on these soils, ponding occurred before any 

downslope movement of water. This movement often occurred in narrow channels 

flowing across small areas of the water-repellent surface, while maintaining its water 

cohesion (Fig. 4.9). When the water moved, soil particles were transported on the 

surface of the water (such as what is visible on the water droplets of Fig. 4.1). As 

channels formed, seemingly a feedback loop was created as the water was more readily 

transported at these locations due to increased steepness. The water movement across 

the surface continually left dry soil exposed across the soil surface allowing source 

material to remain readily available. After continuous rainfall events, water remained 

on the soil surface creating a protective, perched, surface water layer. Once this layer 

had formed, water flowed across its surface and did not interacting with the soil 

underneath (Fig. 4.10).  

 

Fig. 4.9 Progression through time showing movement of water across the surface leaving dry 
soil below and carrying soil particles on the outside of the water body. White point is a surface 
position marker. 
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Fig. 4.10 Progression through time showing movement of water across the surface with little 
disturbance to the dry soil as flow is occurring over a thin protective, perched, surface water 
layer covering the surface. White point is a surface position marker. 

 

4.5 Discussion 

Water flow and erosion transport on a water-repellent soil was different from the 

mechanism for transport on a wettable soil. On the water-repellent soil surface channel 

networks were established, transporting water and soil across the surface. A form of 

infiltration excess runoff (Horton, 1933), the water-repellent nature of the soil caused 

aggregated water droplet masses to form on the surface. Small pathways was observed 

to form on the soils due to water ponding with strong cohesion and then moving across 

the surface area minimising soil contact. This was also observed by Müller et al. (2018), 

of which they attributed the original build-up to micro-topography. The movement 

across the surface in small channels potentially causes a feedback loop as the channels 

forged create steeper edges and thus are preferentially selected, similar to rill erosion 

(Lei et al., 1998). Müller et al. (2018), again, also noted the minimising of surface 

coverage with the calculation that less than a third of the surface area was utilised in 

runoff, with water flowing in rivulets. The maintenance of these erosion pathways also 

leaves dry soil available at the surface, continuously supplying transportable material. 

This water transport mechanism was also notable for its difference in soil particle 
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transport. On wettable soil, soil particles are transported by entrainment within the 

water (Fig. 4.11, Wettable; Morgan, 2009; Sharmeen and Willgoose, 2006), however it 

was noted that on water-repellent soil, like soil on a water droplet, soil was transported 

on the water surface (Fig. 4.11, SWR A).  

Not as clearly expressed, though observed especially in later events, was the presence 

of a protective, perched, surface water layer. The presence of a layer of water caught on 

a water-repellent surface was speculated in Chapter 2 (Lowe et al., 2017) as electrical 

resistivity tomography (ERT) measured high water contents at the surface of the soil 

with little signs of infiltration. With a water layer formed on the soil surface, water can 

flow over without interacting with the soil (Fig. 4.11, SWR B), thus maintaining runoff 

and reducing erosion over time. In combination with erosion channels this explains the 

stable amount of runoff over time (Fig. 4.3) and the decreasing total erosion amounts 

(Fig. 4.4).  

 

Fig. 4.11 Schematic of progression of runoff and erosion through time, demonstrating the 
difference between the established mechanism for runoff and erosion on wettable soil 
(Wettable) and two proposed mechanisms for runoff and erosion on water-repellent soil (SWR 
A and B). Blue, black and brown represent water, individual particles and the soil, respectively. 
With arrows representing the movement of water and individual particles. 
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In this experiment, water was applied via misting sprays. This led to application of water 

across the soil surface but could not mimic the effects of rain splash erosion. Rain splash 

is a critical aspect of soil erosion as its force can transport sediment materials 

predominantly down slope (Ahn et al., 2013; Terry and Shakesby, 1993), and dislodges 

material available for transport by surface water. It is conceivable that on the 

water-repellent soils, rain splash may impact the formation of channels and the creation 

of the protective water layer covering the soil surface. While rain splash may disrupt 

these erosion mechanisms, it is also possible that it will act in combination with them, 

possibly causing an even stronger erosional response.  

With the loss of soil there was evidence of soil armouring occurring as the silt and clay 

particles were more readily transported, and thus left behind larger sized, protective 

particles. In wettable soils, soil armouring occurs because the energy needed to move 

the smaller grain sizes is much less (Morgan, 2009). However, because there are 

stronger flows on a water-repellent surface, energy needed for transport is likely 

available. Due to the proposed mechanism for transport (Fig. 4.11, SWR A), this may 

provide an explanation for the transport of smaller fractions. As smaller, wettable 

particles are more likely to move up the sides of a water droplet (McHale et al., 2007), 

they are also likely to move along with the mass of moving water. Also, as smaller 

particles are less likely to be as repellent as larger particles (Dekker and Ritsema, 1996; 

Hamlett et al., 2011), armouring may also have a component of maintaining SWR, as 

was observed by Müller et al. (2018).  

The nature of SWR predicts that there will be an increase in runoff and potentially 

erosion rates (Doerr et al., 2000; Heidary et al., 2018). This experiment found that not 

only were runoff and erosion rates higher than wettable soil but they also had a different 

relationship with each other. Throughout this experiment the amount of runoff was not 

directly related to the amount of eroded soil, most notably where at the lowest runoff 

rate (event one) there was the highest erosion. It was expected that the sustained runoff 

would cause sustained erosion (Morgan, 2009; Parsons et al., 2006) until armouring 

could take effect. While some armouring took place, the effect of the runoff mechanisms 

caused the erosion response to decrease while maintaining similar energy in the surface 

water flow. The number of rainfall events, though not impacting runoff beyond the first 
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event, did influence erosion rates. The erosion rates, therefore, were more directly 

influenced by the mechanism of runoff production rather than runoff rate. 

The losses for agricultural productivity not only included total water and soil but also 

more specifically silt and clay loss (linked to armouring), and carbon, nitrogen and 

nutrient loss (linked to silt and clay). While it has been shown that runoff and erosion on 

water-repellent soils can cause losses of P fertiliser that had been applied (Müller et al., 

2018), this study also demonstrated how there are also large losses of macronutrients 

that have not been recently applied. Most nutrient losses can be related to the loss of 

the silt and clay fraction (Zhang et al., 2011), which is preferentially eroded. Over a large 

area and with water-repellent soils that have a larger fine earth fraction, silt and clay 

erosion could potentially reach 373.9 kg ha-1 over just 10 mm of applied rainfall as 

calculated from the results of this chapter. Other losses calculated in just 10 mm of 

rainfall could reach 70 tonnes ha-1 of water, 76.8 kg ha-1 of C and 6.8 kg ha-1 of N, along 

with 5.3 kg ha-1 of Ca and 0.2 kg ha-1 of Na, P and S. Based on the continued high runoff 

coefficients, it could also be assumed that the losses invoked by 10 mm of rainfall 

projected over a hectare could be repeated with another application of similar rainfall 

after the soil surface has dried. With these losses the need for extra soil management 

and fertiliser input becomes vital. 

The slope and the number of rainfall events had a large impact on runoff and erosion. 

As expected, the lower slope produced less runoff and erosion (Lu et al., 2016), however 

the 6° and 9° slopes produced very similar runoff. This suggests that between 3° and 9° 

is a critical point above which runoff is not increased as slope increases. The same does 

not appear to be true for erosion, which increased with slope, although this was not 

significant. The amount of runoff seems to be a factor of the amount of time that runoff 

is incurred and the 6° and 9° slopes both show similar lag times and thus runoff totals. 

Therefore, while erosion followed an expected trend with slope, runoff did not. As 

discussed above, the number of rainfall events also affected runoff and erosion 

differently, with erosion rates following the pattern expected for the soil, but runoff not 

following the expected pattern.  
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4.6 Conclusion 

The amount and mechanism of runoff and erosion were highly impacted by the presence 

of SWR. The initial mode of surface water transport was via small water pathways 

creating small channels. Over time the formation of a protective, perched water layer 

on the soil surface lead to transport of water over the entire surface, without direct 

interaction with the soil surface. On the water-repellent soil it was also noted that 

protective armouring occurred by the preferential loss of silt and clay, leaving larger, 

potentially more repellent, particles on the surface. The consequences of these 

mechanisms are initially high runoff and erosion rates, with runoff being sustained while 

erosion decreases over time. Also, the preferential loss of silt and clay allows a higher 

degree of organic carbon and nitrogen loss as well as macronutrients. The impact of 

slope on these processes was more apparent in the erosion than runoff with, however, 

all showing 9° to have the highest and 3° to have the lowest losses.  
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Chapter 5 

The Use of Geophysical Tools to Test Claying and 

Incorporation’s Ability to Increase Water Content in a 

Water-Repellent Soil – An Agricultural Case Study. 

5.1  Abstract  

Agricultural treatments ability to ameliorate soil water repellency in the field has led to 

variable results. Outcome variability often arises because outputs, such as yield, are 

used to gauge the effectiveness of the treatment rather than assessing water content 

and distribution directly. This study looks at the use of non-destructive, geophysical 

techniques, electrical resistivity tomography (ERT) and ground-penetrating radar (GPR), 

to measure proxies for water content distribution in an established field trial. The ERT 

and GPR were applied across 15 m of the field plots, with three measurements over a 

single growing season: before the first rain of the growing season, immediately following 

the first winter rain and mid-winter. The field trial was established two years prior, 

examining the addition of clay at three rates and incorporation by spader and one-way 

plough, with a control also tested. Results found that spading caused the most soil 

disruption, as measured by GPR. ERT and GPR were able to distinguish between clay 

rates and differences of incorporation. Additionally, the untreated and the water 

repellent soil showed similar formation of post-incorporation preferential flow 

pathways. The preferential pathways showed the capability to cause infiltration into the 

deeper soil on all treatments. It is, however, uncertain if the positioning of these flow 

pathways are in line with furrows and thus increase water content at the seed for the 

treated soils. While the delay of the measurements to two years after field trial 

establishment means that the direct impact of the treatments was not fully discernible, 

the capacity of the techniques to detect differences highlights their suitability for field 

measurements. GPR was effective in showing the physical disruption of the spader 

incorporated soil, while also demonstrating variations in the profile likely due to water 

content changes. The ERT was also capable of showing variability attributable to water 

content, with surface as well as depth measurements, providing a non-destructive 

estimate of the water content variability in the profile.  
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5.2  Introduction 

The impact that soil water repellency (SWR) has on infiltration causes negative follow-on 

effects for the productivity of agriculture (Hall et al., 2010; Roper et al., 2015). This is 

mostly attributed to a decrease in soil moisture content, with unevenness of its 

distribution and high runoff (Jordán et al., 2009; Roper et al., 2015), as well as potential 

nutrient loss (Chapter 4; Jeyakumar et al., 2014; Müller et al., 2018). Uneven distribution 

due to preferential flow pathways allows movement of water to bypass the upper soil 

matrix during early stages of crop development (Denmead and Shaw, 1960; Müller and 

Deurer, 2011; Roper et al., 2015). Seed sown outside of water pathways are impacted 

by low or delayed germination, causing decreases in yield and thus profitability 

(Crabtree and Henderson, 1999; Doerr et al., 2000; Hall et al., 2010).  

As SWR alters soil water content and distribution (Bughici and Wallach, 2016; Hewelke 

et al., 2016), it is important to consider these properties when the effectiveness of an 

amelioration treatment is assessed in soils prone to SWR. The variability of SWR over 

time (Clothier et al., 2000; Müller et al., 2014) as well as space (Abrantes et al., 2017; 

Alanís et al., 2017) means that it is also important to consider spatial variability in 

advancing wetting fronts and the associated breakdown of SWR and thus taking multiple 

measurements over an area and throughout a season is necessary (Bodí et al., 2013; 

Jeyakumar et al., 2014). Previous chapters within this thesis have employed laboratory-

based approaches to measure water distribution and loss in soils with different 

treatments to understand their effects. In combination with field trials, the importance 

of non-destructive measurements is even greater as soil disturbances, caused by 

measurements, could effect upon the yield response. As such non-destructive, 

geophysical tools such as electrical resistivity tomography (ERT) and ground-penetrating 

radar (GPR) are potentially useful tools to monitor water content in field trials 

(Goldshleger et al., 2010; Greve et al., 2012; Michot et al., 2003).  

Claying is a method of SWR remediation that has shown success across southern 

Australia (Hall et al., 2010; Roper et al., 2015). Claying lowers SWR (McKissock et al., 

2002; Vasileios et al., 2017) and increases the capacity for nutrient and water retention 

(Hall et al., 2010; Roper et al., 2015). Clay’s effectiveness is also dependant on the clay 

type, with two-layer and three-layer clay minerals causing different effects (McKissock 



114 

 

et al., 2002; McKissock et al., 2000). The effects of added clay as a SWR remediation 

strategy are long term, with 15+ years of benefits (Roper et al., 2015). The capacity for 

SWR remediation by claying is via the increased abundance of hydrophilic surfaces in 

the soil and the clay’s dispersibility (McKissock et al., 2002; Müller and Deurer, 2011). 

To maximise benefits from the addition of clay, incorporation is needed to distribute the 

clay throughout the water-repellent soil (Hall et al., 2010). While methods to 

incorporate clay are tillage techniques, this disturbance creates the possibility for future 

soil stability through the increased clay content, allowing greater soil structure.  

This field case study was conducted to show the capability of non-destructive techniques 

to assess water distribution in an agricultural setting. Small scale ERT has been used to 

show effectiveness of treatments throughout this thesis (Chapters 2 and 3), with this 

case study aiming to apply it to the agricultural field context. This case study also aims 

to integrate the use of GPR as an additional non-destructive tool to monitor physical soil 

properties. These methods aim to show water content distribution changes associated 

with clay incorporated with a spader or one-way plough. 

 

5.3  Materials and methods 

5.3.1  Field trial 

This study was conducted in 2018 on a field trial established in 2016, near the township 

of Badgingarra, Western Australia (115°31’2.39” E, 30°14’20.34” S), on deep pale sand 

(Betti et al., 2018). The established field trial had four rates of clay and five incorporation 

methods, of which this study tested three rates of clay (nil, 150 t ha-1, 250 t ha-1) and 

two incorporation methods (single pass spader, and one-way plough). As a control, no 

clay with incorporation was also measured. At the start of the 2018 growing season, 

volumetric water content and potential SWR were measured within the trial site to 

assess the conditions before the growing season. Potential SWR was measured by 

means of the molarity of ethanol droplet (MED) test (King, 1981), as part of the field 

trial. 
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5.3.2  Geophysics  

ERT and GPR were used in the field to give measurements of electrical resistivity and 

frequency reflection changes as proxies for physical soil properties, specifically water 

content distribution. ERT was conducted twice, with measurements on the 1 June, 

following rainfall, and the 12 July, as an average winter day. GPR was conducted on the 

24 March, before the first growing season rain, and then again on the 1 June and 12 July. 

The beginning and end coordinates of each line was marked by a Topcon FC-120 field 

controller (Topcon, Japan) with a Hemisphere GPS R130 receiver and A30 antenna 

(Hemisphere GNSS, USA) to assign locations without markers in the field.  

2D ERT was conducted with a wenner dipole-dipole combination array to measure 

resistivity, with a 25 cm spacing for 60 electrodes going across the furrows. 

Measurements were conducted using the software geotest (Geophysik – Dr. Rauen, 

Germany) and a 4point light 10W resistivity meter (Lippmann Geophysical Equipment, 

Germany) with a firmware version of 4.63. The frequency of measurement was 4.16 Hz 

and the preferred current was a 5 mA, with a maximum of 15 mA and a minimum of 

0.1 mA. Two measurements were taken and averaged, and if they had errors greater 

than 2% then five measurements were taken and averaged. Predominantly errors 

between resistivity measurements were less than 0.1%. Post processing of apparent 

resistivities was conducted in Res2DInv software (Geotomo Software, Malaysia). After 

2 – 6 iterations of inversion, errors conceded were all less than 6% and predominantly 

less than 3% absolute error.  

GPR was conducted along the transects using a MALÅ ProEx system with an 800 MHz 

shielded antenna (MALÅ, Sweden), again going across the furrow line. Sampling settings 

used were a 2 cm point interval and auto stacking on, with distance measured by 

metering wheel on a cart. Post processing of GPR was conducted within Reflex2DQuick 

(Sandmeier Geophysical Research, Germany) following the filter methods of: 

 subtract mean (dewow, 1.25 ns) 

 static correction (correct to max amplitude, finishing at 6 ns.) 

 2D filter (background removal) 

 1D filter (frequency bandpass butterworth) 

 vertical gain (manually applied y-gain to increase clarity with depth) 
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 depth conversion on axis (0.1 m ns-1 was chosen based on diffraction velocity 

assessment) 

 

5.4 Results 

5.4.1  Field trial 

In February 2018, two years post clay application and incorporation, volumetric water 

content in the top 10 cm was less than 0.004 cm3 cm-3 ±0.003. In the soil between 15 

and 25 cm depth, volumetric water content ranged from 0.017 – 0.035 cm3 cm-3 

±0.010 – 0.005. At this time potential SWR was also measured, with the control 

treatment showing the highest SWR with a moderate SWR of 1.7 ±0.5 MED. The rate of 

clay with spader incorporation had little effect on the potential of SWR with the use of 

spader on all rates of clay showing low SWR with between 0.8 and 1.0 ±0.5 MED. 

Incorporation with one-way plough showed some effect of clay rate on SWR, with no 

clay having moderate SWR (1.6 ±0.1 MED), while 150 t ha-1 and 250 t ha-1 had low SWR 

(0.6 ±0.3 and 1.1 ±0.6 MED respectively).  

During field visits it was also noted that after the first growing season rain fall (June) 

there was evidence of erosion on the surface. With signs of rainsplash, sheet wash, and 

small scale rill erosion.  

5.4.2  Geophysics 

The unamended control and one-way plough have similar reflections in the dry (March) 

soil (Fig. 5.1). These both show an upper soil depth, with variation, of 0.2 m. Under this 

upper soil depth, a second layer of GPR reflections is visible at the depth of 0.38 – 0.6 m. 

The reflections noted in the spader trial were similar for the upper soil layer, however, 

there was a much smaller area of reflection at depth, with reflections only from 3 – 7 m 

distance along the transect.  

In June, after an early growing season rainfall, GPR reflections patterns from the upper 

soil increase to depths of 0.35 m on all incorporations (Fig. 5.1). At multiple points along 

the transects, columns connect the upper layer reflections to reflections at 0.5 m. Across 

all incorporations, GPR reveals similar reflection patterns in the June measurement. In 

contrast, the ERT shows strong similarities between the control and one-way plough, 
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and the spader treatment shows deeper surface resistivity patches and higher resistivity 

in the subsoil (Fig. 5.2). Although there were differences between incorporation 

treatments, all show the presence of high resistivity patches in the top soil. Also visible 

was a more uniform lower resistivity area below the more variable upper 0.4 m soil. In 

all incorporations there were also patches of lower resistivity on the surface, with no 

visible path to depth, most prominently in the control. The average resistivity in the top 

30 cm was highest for the spader incorporation and lowest for the on-way plough, 

differing by 179 .m (Table 5.1). Below 30 cm the average resistivities measured were 

highest for spader incorporation and lowest for the control, differing by 97 .m. 

 

Table 5.1 Average resistivity (.m) of the control as well as the spader and one-way plough 
incorporation methods in the June and July measurements. Resistivities given at different rates 
of clay incorporated and split between above and below 30 cm depth.  

 

In the mid-winter measurement (July), there was a reduction in depth of the GPR 

reflections, however, the reflection patterns more closely resemble those of the June 

measurements than the March measurements (Fig. 5.1). The reflections in July only 

reached to a depth of 0.2 – 0.3 m. The deeper GPR reflections were also weaker and less 

connected to the upper soil than the June measurements. While overall the resistivity 

of the July measurements was greater than that of the June measurements, the 

presence of concentrated high resistivity patches had diminished (Fig. 5.2). Average 

resistivity in the upper 30 cms was highest in the spaded incorporation with 1069 .m, 

Clay rate Month 

Av. control 
resistivity (.m) 

Av. spader  
resistivity (.m) 

Av. one-way plough 
resistivity (.m) 

Above 
30 cm 

Below 
30 cm 

Above 
30 cm 

Below 
30 cm 

Above 
30 cm 

Below 
30 cm 

0 t ha-1 
June 1073  426 1164 523 985 446 

July 1061  609 1069 711 1039 580 

150 t ha-1 
June   1055 589 752 401 

July   1156 674 1018 523 

250 t ha-1 
June   827 603 569 465 

July   1132 819 1075 607 
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which was only 8 .m greater than the control and 30 .m greater than the one-way 

plough incorporated soil (Table 5.1). The resistivity below 30 cm was again highest for 

the spader incorporation at 711 .m, with one-way plough again lowest at 580 .m.
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Fig. 5.1 2D ground-penetrating radar (GPR) soil profiles in water repellent soil wetting in winter when no clay was applied. Columns show the control, spader and 
one-way plough. Measurements were taken in March, June and July with March representing conditions before growing season rain began, June a day immediately 
following an early growing season rainfall and the July measurement a typical winter’s day. Horizontal axis indicates distance along the transect, while the left vertical 
axis denotes time as measured by the GPR, while the right is the converted depth as calculated by v = 0.1 (m ns-1) indicative of sandy soils. The white markings within 
each image show reflections indicating a change in the soil conditions. Depth of incorporation indicated by yellow dashed line on the March profiles.
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Fig. 5.2 2D electrical resistivity tomography (ERT) soil profiles in water repellent soil wetting in winter when no clay was applied. Columns show the control, the 
spader and one-way plough. Measurements were taken in June and July with the June measurement a day immediately following an early growing season rainfall 
and the July measurement a typical winter’s day. Horizontal axis indicates distance along the transect, while the vertical axis indicates depth. Colours show the 
resistivity, measured in Ohm.m (Ω.m), where lower resistivity (blue colours) potentially indicate higher water content and higher resistivity (red colours) potentially 
indicate lower water content. Horizontal dashed line represents the depth of 2D GPR measurements.  
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The incorporation of clay resulted in minor differences in the pattern of GPR reflections 

in the measurement before the growing season (March; Figs. 5.3 and 5.5). The depth of 

the upper soil, however, did show slightly deeper reflections than when 0 t ha-1 clay was 

added, with depths of up to 0.25 m in the 150 t ha-1 clay added soil and 0.28 m in the 

250 t ha-1 clay soil. At the depth of 0.4 – 0.6 m, one-way plough again showed an 

increased reflection zone not seen as prominently in the spader incorporated soil (Figs. 

5.3 and 5.5). 

Measurements of GPR in June and July revealed similar reflections in pattern and depth 

across all clay rates within each incorporation method (Figs. 5.1, 5.3 and 5.5). 2D ERT 

also showed similar patterns and depths across clay rates, however, the intensity of 

resistivity did decrease with clay rate in June (Figs. 5.2, 5.4 and 5.6). While the June 

average resistivity decreased in clay treatments, the July measurements remained 

stable. In the top 30 cm, increasing the clay concentration from 150 – 250 t clay ha-1 

decreased the average resistivity in June by 228 .m for the spading incorporation, while 

decreasing by 183 .m in the one-way plough incorporation (Table 5.1). In June, below 

30 cm, with increased clay concentration resistivity varied only by 14 .m in the spaded 

soil and by 64 .m for the one-way plough incorporated soil. In July, the top 30 cm with 

increasing clay concentration from 150 – 250 t ha-1, caused a variation in resistivity of 

24 .m for the spaded soil, while for the one-way plough resistivity varied 57 .m. In 

july, increasing clay caused resistivity below 30 cm to vary 145 .m in the spaded soil 

and 84 .m for the one-way plough incorporation. At each measurement time the 

spader incorporation method had the highest resistivity (Table 5.1). 

The addition of 150 t clay ha-1 with spader incorporation resulted in a decreased 

resistivity of soil above a zone of soil with higher resistivity compared to the unamended 

control (Fig. 5.4). This difference in resistivity then decreased to be more evenly 

distributed by the July measurement.  
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Fig. 5.3 2D ground-penetrating radar (GPR) soil profiles in water repellent soil wetting in winter with 150 t ha-1 of clay applied. Columns show the control, spader 
and one-way plough. Measurements were taken in March, June and July with March representing conditions before growing season rain began, June a day 
immediately following an early growing season rainfall and the July measurement a typical winter’s day. Horizontal axis indicates distance along the transect, while 
the left vertical axis denotes time as measured by the GPR, while the right is the converted depth as calculated by v = 0.1 (m ns-1) indicative of sandy soils. The white 
markings within each image show reflections indicating a change in the soil conditions. Depth of incorporation indicated by yellow dashed line on the March profiles. 
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Fig. 5.4 2D electrical resistivity tomography (ERT) soil profiles in water repellent soil wetting in winter with 150 t ha-1 of clay applied. Columns show the control, the 
spader and one-way plough. Measurements were taken in June and July with the June measurement a day immediately following an early growing season rainfall 
and the July measurement a typical winter’s day. Horizontal axis indicates distance along the transect, while the vertical axis indicates depth. Colours show the 
resistivity, measured in Ohm.m (Ω.m), where lower resistivity (blue colours) potentially indicate higher water content and higher resistivity (red colours) potentially 
indicate lower water content. Horizontal dashed line represents the depth of 2D GPR measurements.  



 

 

124 

 

Fig. 5.5 2D ground-penetrating radar (GPR) soil profiles in water repellent soil wetting in winter with 250 t ha-1 of clay applied. Columns show the control, spader 
and one-way plough. Measurements were taken in March, June and July with March representing conditions before growing season rain began, June a day 
immediately following an early growing season rainfall and the July measurement a typical winter’s day. Horizontal axis indicates distance along the transect, while 
the left vertical axis denotes time as measured by the GPR, while the right is the converted depth as calculated by v = 0.1 (m ns-1) indicative of sandy soils. The white 
markings within each image show reflections indicating a change in the soil conditions. Depth of incorporation indicated by yellow dashed line on the March profiles. 
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Fig. 5.6 2D electrical resistivity tomography (ERT) soil profiles in water repellent soil wetting in winter with 250 t ha-1 of clay applied. Columns show the control, the 
spader and one-way plough. Measurements were taken in June and July with the June measurement a day immediately following an early growing season rainfall 
and the July measurement a typical winter’s day. Horizontal axis indicates distance along the transect, while the vertical axis indicates depth. Colours show the 
resistivity, measured in Ohm.m (Ω.m), where lower resistivity (blue colours) potentially indicate higher water content and higher resistivity (red colours) potentially 
indicate lower water content. Horizontal dashed line represents the depth of 2D GPR measurements.  
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5.5 Discussion 

GPR and ERT are useful tools for assessing effectiveness of amelioration techniques in 

water-repellent soils, as they can indicate sub-surface patterns of water distribution 

while being non-destructive. The GPR reflections represented the structure of the upper 

soil, showing the physical impact of the incorporation methods (Keller et al., 2017; Miller 

et al., 2002). GPR also showed that after water had started to infiltrate it was an 

influential factor as many of the features present before rainfall diminished after. The 

ERT, though not effective when there is poor soil contact (Ganz et al., 2014; Loke et al., 

2014), shows the variation in soil resistivity that can be used to indicate distributions of 

soil water and dry patches in the soil to a depth of 1.5 m. The level of detail that is 

provided by these methods is greater than what is possible by manual sampling, and less 

time consuming.  

The use of clay and different incorporation methods are known to have effects on yield 

response (Cann, 2000; Hall et al., 2010; Roper et al., 2015). The results of this study 

further support these findings, demonstrating that the incorporation methods impact 

subsurface water contents, here indirectly measured as resistivity and reflected radar 

pulses. Clay with spader incorporation had the greatest effect on the soil’s physical 

profile still evident after two years. This has also resulted in the most consistent 

increased germination rates and yield across the clay rates and years (Betti and Davies, 

2017; Betti et al., 2018). In contrast, soil structure as shown by GPR for the one-way 

plough incorporation was comparable with soil structure of the control, yet resulted in 

lower resistivity in the top soil after rainfall.  

While incorporation should have somewhat homogenised the topsoil (Roper et al., 

2015), all clay application rates and incorporation methods show indication of 

preferential pathways in the topsoil. These are represented by the small areas of lower 

resistivity between the patches of higher resistivity as shown in Figs. 2, 4, and 6. The 

presence of these pathways would explain the lower resistivities detected in the lower 

profile, which indicate higher water content at depth. The higher average resistivity 

measured in lower parts of the spader incorporated profiles also potentially point to 

water being held in the upper soil. The prominence of preferential pathways amongst 



 

 

127 

 

the incorporated soils similar to the control, could indicate an incomplete incorporation. 

However, the two-year delay in assessment may have led to preferential flow paths that 

are common when stubble is retained (Roper et al., 2013) and potentially also some 

re-establishment of SWR. As the pathways are likely to be located where stubble has 

been retained and old roots have created flow pathways, the agricultural technique of 

on-row sowing could mean greater soil water content to the new plant. 

The patches of lower resistivity at the surface of the soil likely represent areas of higher 

water content at the surface above dryer soil, similar to that described in Chapter 2 

(Lowe et al., 2017) although potentially deeper. The presence of these lower resistivity 

patches are shown in all incorporations but especially in the control, and could indicate 

water unable to infiltrate due to the SWR. Water held near the surface and unable to 

infiltrate has a higher chance of evaporation, while the water infiltrating deeper via 

preferential pathways has a lower chance of evaporation (Rye and Smettem, 2017; 

Shokri et al., 2009). Although vertical movement is inhibited there is the possibility that 

the water could flow laterally within the soil (Chapter 3; Lowe et al., 2019). While ERT 

captures the position of water within a profile, 2D ERT is unable to measure any lateral 

movements outside of the profile of measurements (Chapter 2; Lowe et al., 2017).  

To further advance the data produced by GPR, a weight form analysis and calculations 

of accurate velocity of reflections could be conducted. These would give insight into 

what causes the changes in attenuations and at what actual depths these are occurring 

at different times. Due to the radar being effected by water content, depth is likely to 

be different in the varied water contents and thus the number of m ns-1 should be 

adjusted to give more accurate depth estimates (Galagedara et al., 2005). For ERT, as 

has been conducted in previous experiments within this PhD thesis (Chapters 2 and 3; 

Lowe et al., 2017; Lowe et al., 2019), water content can be calculated from electrical 

resistivity through the relationship given by Archie’s law (Archie, 1942). As this 

relationship follows a power law function, water content at higher resistivity often 

changes less than perceived (see Chapter 2, Fig. 2.2; Lowe et al., 2017), thus 

demonstrating less variable water content than represented by resistivity.  
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5.6 Conclusions 

This study has successfully demonstrated the general applicability of ERT and GPR 

(non-destructive, geophysical techniques) to assess effectiveness of different SWR 

amelioration techniques in the field. Even after two years, these methods could 

distinguish the different clay incorporation techniques and detect the presence of 

preferential flow pathways. Attributing these differences to SWR alone was not possible 

as land management and plant growth after incorporation may have altered the 

hydrology of the soils.  
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Chapter 6 

General Discussion. 

6.1 Summary 

The purpose of my PhD thesis was to assess soil water repellency (SWR) and its impacts 

on the movement of water into and through soil. I propose that better understanding of 

water movement, and monitoring tools novel to this use (e.g. electrical resistivity 

tomography; ERT) will allow improvements in the management of soils affected by SWR. 

This combined with greater understanding of the implications SWR has on soil functions, 

will allow informed decisions on when and how to mitigate, manage and finally 

overcome the constraint of SWR in managed landscapes. To achieve these aims, I used 

non-destructive measurements of SWR assessment to allow for a more complete 

understanding of water movement. These measurements were performed in small 

scale, artificial catchment systems and on established field trials. The specific questions 

posed by this PhD thesis were addressed in the preceding chapters (compare Fig. 6.1) 

and are discussed in the following.  
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Fig. 6.1 Representation of the research questions, how they were addressed and the summary 
of each chapter’s findings. Abbreviations: SWR – soil water repellency, ERT – electrical resistivity 
tomography, GPR – ground penetrating radar. 
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6.2 Research questions 

6.2.1 Question 1: How does water move on, into and through water-repellent soils? 

Water movement in water-repellent soils was investigated in each chapter of this PhD 

thesis (compare Fig. 6.1). Water flow across the water-repellent soil surface showed 

variable patterns of runoff, with different mechanisms, causing previously 

undocumented patterns of surface flow. Infiltration, as expected, was slow and occurred 

primarily by preferential pathways. Uneven vertical wetting fronts, with lateral and 

upwards vertical movements of water were observed in areas of high water contents. 

While preferential flow pathways have been linked to SWR for some time (Doerr et al., 

2000; Van Dam et al., 1990), monitoring water movement and at a high resolution have 

been less common (Heijs et al., 1996; Wessolek et al., 2009; Zehe and Sivapalan, 2009). 

Miyata et al. (2007) and Müller et al. (2018) showed increased surface flow in association 

with SWR, however, the process of movement was not described beyond the 

percentage of surface area covered in active flow.  

The mechanism for water flow on the surface of water-repellent soil varied greatly from 

what would be expected on a wettable soil. Not only was the amount of surface flow 

greatly increased by SWR, but also the pattern of water transport. This was evident in 

the difference between a wettable soil’s kinematic wave flow mechanism (Vijay and 

João, 2018) and the proposed mechanisms for water-repellent soils (Chapter 4). The 

proposed mechanisms describe runoff initially by movement over the surface with flow 

pathways minimising soil surface contact. Surface flow over a minimal area was also 

described by Müller et al. (2018), who noted that only a third of the soil surface was 

used in active runoff. In Chapter 4, it was reported that as water is retained on the soil 

surface, a perched, protective layer of water develops and additional water flowed over 

its surface, avoiding direct contact with the soil. This layer was observed visually in 

Chapter 4 and measured by ERT in Chapter 2 (Lowe et al., 2017) where water content 

was displayed on the surface of the soil. Runoff associated with SWR has been noted for 

its high velocity and also for its capacity to transport sediment (Heidary et al., 2018; 

Leighton-Boyce et al., 2007), however surface mechanisms of runoff and sediment 

transport have not been fully described. The mechanisms proposed in Chapter 4 may 
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explain the sustained runoff that was observed in this thesis (Chapters 2 and 4) and also 

in the literature (Leighton-Boyce et al., 2007; Müller et al., 2018). The combination of 

the surface impact of rain splash erosion and the mechanisms proposed here, can 

suggest towards the extent of erosion observed in the literature (Chapter 4; Benito et 

al., 2003; Leighton-Boyce et al., 2007). It is likely that the differences in the impacts of 

surface flow that was noted in the field case studies (Chapter 5 and Appendix 2) are 

related to decreased protection of the soil’s surface layer, such as is often considered 

the case in fire-induced SWR erosion studies (Cawson et al., 2016; Cerdà and Doerr, 

2008; Shakesby et al., 2015).  

In SWR studies, preferential flow is often measured only as the presence and shape of 

the wetting front without also measuring water movement processes (Wessolek et al., 

2009; Zehe and Sivapalan, 2009). Water movement with unevenness in preferential 

pathways is often due to larger pores and the randomness of their connectivity (Gerke 

et al., 2010). In water-repellent soils it has been noted that preferential flow pathways 

can also be associated with increased bulk density as water flows through less 

water-repellent space and condenses the soil (Heijs et al., 1996). This thesis described 

lateral and upwards movements of water (Chapter 3), that are not associated with the 

gravity-driven movements in wettable soils (Gerke et al., 2010) but instead caused by 

capillary action (Wallach and Jortzick, 2008). While there may be potential for the draw 

up of water by evaporation, this is less likely as it has been noted that SWR can act as a 

protective barrier for evaporation (Rye and Smettem, 2017; Shokri et al., 2009).  

6.2.2 Question 2: How can agricultural management alter the movement of soil 

water? 

There are many different treatments used in agriculture to mitigate the impact of SWR 

(Müller and Deurer, 2011; Roper et al., 2015). This thesis examined how treatments 

effectively overcome this constraint by increasing water content and altering water 

movement (Fig. 6.1). Surfactants reliably and reproducibly increased infiltration and 

created stable wetting fronts below the area of application, while also drawing water 

from surrounding wettable soil (Chapters 2, 3 and 4; Lowe et al., 2017; Lowe et al., 2019). 

Microbial inoculation was effective in increasing the speed of infiltration and SWR 
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breakdown. However, its impact on subsurface water flow and the behaviour of wetting 

fronts remains uncertain as ERT could not be used to asses microbiological activity 

(Chapter 3; Lowe et al., 2019). While it was possible to monitor water movement in the 

agricultural case study where clay was applied to soils, the link with SWR was masked 

by other factors and thus not completely conclusive.  

Prior to the research conducted here, the impact of surfactants on water movement 

through water-repellent soils was uncertain, as field testing had shown varying results 

(Crabtree and Henderson, 1999; Davies et al., 2015; Scanlan et al., 2012). In this thesis 

chemical surfactants were chosen as the main treatment to overcome SWR, primarily 

because of their compatibility with soil conservation techniques (e.g. minimum till) 

widely used in Western Australia. Agriculturally focused research using surfactants often 

takes one-dimensional measurements (point data) of water contents and speculate on 

preferential pathways, often not reporting these measurements (Crabtree and 

Henderson, 1999; Davies et al., 2016). Field trials that have concluded surfactants can 

ameliorate SWR have often based their conclusion on measured increases in yield not 

water content (Crabtree and Henderson, 1999; Dekker et al., 2019). Consequently these 

trials may have erroneously overlooked direct impacts of the surfactants on increasing 

soil water content and overcoming SWR. This potentially occurring because crop yields 

are subject to a variety of factors and not necessarily only related to overcoming SWR 

and increased soil water availability. As detailed in Chapters 2 and 3 (Lowe et al., 2017; 

Lowe et al., 2019), it was evident that surfactant usage, both in furrow application and 

blanket application, allowed for the direct movement of water into the soil with a more 

stable wetting front shown sub-surface. This increase in infiltration led to an increase of 

water content below the area of application by lateral flow. It was shown (Chapter 3; 

Lowe et al., 2019) that water was drawn into the water-repellent area, with higher water 

content soil moisture than the surrounding wettable soil. This process of drawing in 

water due to lower surface tensions is similar to that suggested by Diamantis et al. 

(2013) using a natural surfactant mixture. Nektarios et al. (2002) measured water flow 

by observing the size of preferential flow pathways, and speculated that surfactant 

application would not increase matrix water flow when preferential pathways already 

exist. The soils used here (Chapters 2, 3 and 4) did not have established preferential 
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pathways, however, the rate of infiltration and movement of wetting fronts observed, 

did not support the conclusion of Nektarios et al. (2002).  

The analysis of the biological inoculum Bacillus subtilis (B. subtilis; Chapter 3; Lowe et 

al., 2019) was used to examine its potential as a new agricultural treatment compatible 

with soil conservation (e.g. minimum tillage). The unforeseen effective disablement of 

the microbial community by ERT, however, disallowed determining the impact of 

biological treatments on water movement by use of ERT. As it is speculated that the 

inoculum would be transported in water, it is unlikely that it would alter the pattern of 

water movement. However, it was apparent that B. subtilis and, to a lesser extent the 

natural microbial community, accelerated the wetting front, probably due to the 

production of biosurfactants (Bodour et al., 2003; Van Dyke et al., 1993). The limited 

number of previous studies of microbial inoculations had not considered their impact 

on water movement and the speed of the wetting front (Roper and Gupta, 2005).  

Within the agricultural case study (Chapter 5) the effectiveness of clay incorporation was 

examined in an existing field trial. The impact of incorporated clay, however, was 

inconclusive based on the assessment being conducted two years after incorporation. 

The process of this treatment would assume that preferential pathways are 

mechanically destroyed (Roper et al., 2015) and SWR lowered by redistribution and the 

addition of clay sized particles (Hall et al., 2010; McKissock et al., 2002; Müller and 

Deurer, 2011; Roper et al., 2015). However, during the time since the initial 

incorporation, new preferential pathways may have formed by other means (e.g. 

seeding practices and plant growth; Roper et al., 2013). This formation may have masked 

the impact of SWR on water movement. These factors indicate the importance of water 

content measurements throughout the wetting period in the assessment of water 

movements and their implications.  

6.2.3 Question 3: What role do physical and microbial mechanisms have in the 

permanent breakdown of SWR? 

The breakdown of SWR is an important aspect to consider in the remediation of SWR, 

as the physical and microbial mechanisms of breakdown have different implications (Fig. 

6.1). Elements of SWR breakdown were observed in multiple aspects of my PhD thesis 
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but were specifically addressed in Chapter 3 (Fig. 6.1). It was shown that breakdown of 

SWR, while having a physical component, and was only permanent when biological 

degradation of organic matter occurs. It was also shown that increases in soil water 

content followed after the permanent breakdown of SWR. This mechanism suggests 

that when humidity is low, such as in the laboratory (Doerr et al., 2002; Whelan et al., 

2015), biological breakdown occurs before water can infiltrate into the soil. However, in 

the natural case study (Appendix 2) a fast breakdown of SWR was observed, consistent 

with observations of other research (Doerr et al., 2002). These observations describe a 

typical physical breakdown, occurring quickly due to the high humidity environment and 

reforming afterwards as previously suggested by Bayer and Schaumann (2007) and 

Crockford et al. (1991). Other studies have demonstrated that partial re-establishment 

of SWR often occurs after drying, and that for full return of SWR a fresh input of organic 

molecules is required (Doerr and Thomas, 2000). The latter consistent with a partial 

physical and microbial breakdown. When the soil had neither physical nor microbial 

mechanisms available (sterile soil in Chapter 3; Lowe et al., 2019) no increase in water 

content or breakdown of SWR occurred. The understanding of microbial activity on SWR 

breakdown could, therefore, help to explain why some soils recover more quickly from 

natural or fire-induced SWR than others (Cerdá and Doerr, 2005; Doerr et al., 2009; 

MacDonald and Huffman, 2004). It also may lead to further investigation of biological 

(e.g. microbial inocula) or biochemical (e.g. enzymes) treatments.  

The influence of chemical surfactants on the process of SWR breakdown may be 

two-fold. Firstly, the surfactant-induced decrease in water surface tension (Karnok et 

al., 2004) may have a similar effect as humidity does during physical breakdown. This 

follows the logic that water cannot infiltrate into water-repellent soil because the 

surface tension cannot be overcome by the attractive forces of the soil (Doerr et al., 

2000). Thus, surfactant and humidity enable water to infiltrate as surface tensions are 

reduced. Secondly, surfactants are able to enhance the activity of the microbial 

communities, as they create a moist environment for them to inhabit. As surfactants 

likely remained in the soil for the duration of the experiment in Chapter 3 (Dekker et al., 

2019; Kostka, 2000; Nektarios et al., 2002), it is uncertain what its long-lasting impact 

may be beyond their direct influence. With the combination of surfactants and microbes 
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there is a possibility that even once the surfactant is removed that the microbial impact 

will remain, this however requires further investigation.  

6.2.4 Question 4: What is the extent of water, soil and nutrient losses that are 

incurred by SWR? 

Losses of water, soil particles and nutrients from soil systems decrease agricultural 

productivity as the resources are not available for soil function and plant growth. As 

such, this thesis aimed to quantify the losses attributable to SWR and to speculate on 

the extent of its impact (Fig. 6.1). As expected water-repellent soils caused high volumes 

of surface runoff comparable to other studies, with runoff coefficients of 0.96 and 0.72 

in Chapters 2 and 4, respectively, comparable with 0.64 and 0.88 observed by Miyata et 

al. (2007) and Müller et al. (2018), respectively. Erosion measurements are commonly 

conducted in combination with runoff, however factors other than SWR’s effect on 

erosion are often not taken into consideration. However, much of the research into 

these losses has been conducted with SWR induced by fire, and thus some aspects could 

also be attributable to other factors such as ash, changes in surface cover and pore 

obstruction (Cerdà and Doerr, 2008; Madsen et al., 2011; Woods and Balfour, 2008). 

Leighton-Boyce et al. (2007) used surfactant on a non-newly burned, water-repellent, 

bare soil and on a wettable soil and found that the burned soil had twice as much erosion 

than the wettable soil. While this is much lower than the amount of erosion shown in 

Chapter 4, this was conducted on a less repellent, structured soil. The quantification of 

nutrient losses is less common, though Müller et al. (2018) reported that 23% of the 

added fertiliser was washed off in the runoff of the first wetting event. This amount was 

higher than the nutrients washed off in Chapter 4, however, when considering the 

concentration in the original soil this is at least comparable. Based on observations of 

surface water flows, this thesis suggests that losses of water, soil, and nutrients could 

be linked to the described mechanisms of runoff and how they change over time 

(Chapter 4). Quantifying the total water balance (as seen in Chapter 2 and partially in 

Chapter 4) as well as the total soil lost, its soil particle size distribution, and the loss of 

nutrients, quantifies the extent of loss incurred due to SWR. With further data, this 

approach could provide information for agricultural management models including cost-

benefit analyses informing decisions as to when amelioration techniques are warranted.  
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6.3 Methods of assessing water movement  

Non-destructive measurements for assessing soil water content and distribution are 

extremely valuable for understanding soil water distributions. Furthermore, it is 

advantageous that the scale of these measurements can also be altered to measure 

from millimetres in the laboratory (Chapters 2 and 3; Lowe et al., 2017; Lowe et al., 

2019) to centimetres (Chapter 5) and potentially meters in the field (Basso et al., 2010; 

Samouëlian et al., 2005). ERT allowed measuring resistivity, as a proxy for water content, 

in both 2D (Chapter 2; Lowe et al., 2017; Michot et al., 2003), as well as 3D for more 

intricate monitoring and the calculation of the volume of water held by the soil (Chapter 

3; Greve et al., 2012; Lowe et al., 2019). The setup of ERT also allowed for time-lapse 

recordings, repeating measurements on a regular basis, giving the designed resolution 

over time (Chapter 3 and Appendix 2; Chrétien et al., 2014; Lowe et al., 2019). Despite 

these advantages, ERT has limitations with contact errors (Limitation 1; identified 

limitations referred to in ‘6.4 Limitations and future research’) and seemingly negative 

impacts on the viability of microbial communities (Limitation 2). Irrespective of the 

limitations of ERT, comparable data could not have been obtained by destructive mass 

sampling.  

The use of ERT in the laboratory allows both 2D and 3D visualisation of soil water 

content. Observations in 2D allow an overview of a transect, which provides information 

on vertical water movements as reported within Chapters 2 and 5 and by others (Michot 

et al., 2003). However, 2D ERT cannot detect lateral movements perpendicular to the 

transect. Therefore, the addition of a third dimension was implemented, to monitor 

water content throughout the observation area (Chapter 3; Greve et al., 2012; Lowe et 

al., 2019). This addition also allowed for the quantification of volume within water 

content ranges. The addition of the third dimension, however, is more labour-intensive 

both in terms of setup and analysis time. Hence there is a trade-off between the level of 

precision required and cost of time and labour. It follows that the appropriate method 

should be chosen for the problem that is being investigated.  

Many studies of SWR treatments have been field-based (Müller and Deurer, 2011; Roper 

et al., 2015) and as such, many factors could not be controlled. This has led to results 
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with high variation in estimates of their effectiveness, with many factors potentially 

altering outcomes. While there are benefits to testing the outcome of a treatment in the 

complexity of the field environment, results can be complex and attributable to site 

specific factors. The use of catchment systems developed in this PhD thesis are, 

therefore, beneficial to test with replication and controlled conditions (Müller et al., 

2018). This PhD found that more direct relationships between factors can be monitored 

by decreasing complexity and this allows a better understanding of the mechanisms. 

Observing the more direct relationships between two factors can also give explanation 

to variations in effectiveness of treatments (Zhang et al., 1997). 

The catchment system has been applied to test the impact of several factors on 

infiltration and runoff. Its use is particularly appropriate for Western Australian soils 

affected by SWR as they are often structure-less sands (Roper et al., 2015), which can 

be easily transferred to the laboratory catchment. Therefore, disturbing this original soil 

had little effect on the outcome of water movement through the majority of the soil 

matrix. When transferring soil to the laboratory, vegetation was removed before 

packing into the catchments, as such any heterogeneity that was present was removed 

(Limitation 3). The laboratory-based catchment system replicated field conditions to test 

different outcomes for soils with varying SWR, treatments, and slopes (Chapters 2, 3 and 

4; Lowe et al., 2017; Lowe et al., 2019). This was in line with capabilities demonstrated 

by other research, which had also tested slope (Aksoy et al., 2017; Lassu et al., 2015). 

While not in the laboratory, there has been use of catchments to examine the effects of 

surface covers (Keesstra et al., 2019; Martínez-Murillo et al., 2013) and the effect of 

rainfall over time, with intensity and raindrop size variation (Dunne et al., 1991; Zhang 

et al., 2011; Zhang et al., 1997), as well as drying periods with different durations and 

intensities. While misting was used as rainfall throughout this PhD thesis, other water 

application options are available (Carvalho et al., 2016; Jeyakumar et al., 2014; Lassu et 

al., 2015), although the creation of raindrops consistent with natural rainfall is difficult 

(Lascelles et al., 2000; Tossell et al., 1990). The benefit of the mist is that water can be 

applied evenly across the surface and the erosional response is not as disruptive to other 

surface processes. The effect of the mist, however, is limited (Limitation 4) as it does not 

replicate normal raindrops in size or intensity. 
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Another benefit of the artificial catchment system is the closed balance. By measuring 

the water input and output, infiltration and/or evaporation can be calculated. The inputs 

and outputs can also be more easily controlled and monitored, with soil and nutrient 

loads and surface observations also more easily captured for analysis. Similar to Chapter 

4’s capture of nutrient outputs, Müller et al. (2018) showed that it is also possible to 

monitor fertiliser loss, with the percentage of loss easily calculated for the system. 

Calculating loss from the artificial catchment can then help to quantify incurred physical 

and financial losses and potentially inform agricultural management decisions.  

The scale of the catchment system captures both small and some broader scale 

dynamics. Because broader scale dynamics can be working alongside small scale ones, 

results can give insights at the micro-, meso- and macro scales, depending on the range 

of measurements taken. As many of the measurements taken within this PhD thesis 

were at the mesoscale, they have provided insight into the small scale dynamics as well 

as the broader dynamics. Being able to scale up the results, where applicable, can show 

estimates of real-world benefit to the application of treatments.  

 

6.4 Limitations and future research 

The main limitation of ERT in SWR studies is its high contact resistance in dry conditions 

(Limitation 1). ERT is known to produce high errors when there is poor connection 

between the electrode and soil (Ganz et al., 2014; Loke et al., 2014). Therefore, in the 

agricultural case study GPR was used instead to observe the soil in a dry state, as the 

factor of contact is less critical. Another limitation identified in this thesis is ERT’s 

negative effect on microbial communities, and thus it should not be used to assess 

microbiological processes in the soil (Chapter 3; Limitation 2). This was an unexpected 

result as the use of ERT at this scale and for this purpose was novel. A review of the 

literature revealed that a current of 20 – 25 mA had been found to cause microbial cell 

death (Luo et al., 2005; Palaniappan et al., 1990). Palaniappan et al. (1990) had, 

however, shown that B. subtilis had shown resilience to induced electrohydraulic shock. 

As the current used by the ERT at this scale was less than 5 mA, it may be considered 

that with this electric current there is an immobilisation of the bacteria or that cell death 
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can occur at a much lower current than previously reported. As such, the use of ERT in 

relation to studies involving the activity of microbial communities should consider this. 

Further research into the effect of ERT on microbial communities may be of value for its 

future use, especially in relation to small scale experiments. To test this further, it is 

recommended that a CO2 chamber is used to measure the respiration of the catchment 

system, before and after electrical current is applied. With the continuous measurement 

of respiration following current application, this can also indicate recovery time for the 

microbial community. The addition of these measurements can indicate the resilience 

of the community to electrical current applied and what impact this may have on their 

function.  

Other limitations of the artificial catchment system include the use of homogenised soil 

(Limitation 3) and small water drop size (Limitation 4). Much of the created pores in the 

field are provided by the presence of vegetation (Roper et al., 2013), which for these 

laboratory experiments was removed. Although sandy soils that exhibit SWR in Western 

Australia are mostly structure-less (Roper et al., 2015), the potential loss of macropores 

may reflect a difference to in situ soils. While this removes a complexity from the field, 

it also allows analysis under controlled conditions without added complications. 

Although other studies have transferred intact soil for their experiments (Müller et al., 

2018), the loose sandy nature of WA soils would make this a highly challenging approach 

with uncertain results. Following this, general observation by those working with this 

material has noted that packing of water-repellent soil can cause a temporary decrease 

in the SWR level, however this was not observed in this study. Limitation 4, the difficulty 

of mimicking natural raindrops, has also been encountered by others, with distribution 

and size difficult parameters to control (Müller et al., 2018). While mist application of 

water may not fully represent the impact of the raindrop on the soil, it does apply water 

evenly across the surface. It would, however, be beneficial to runoff experiments, such 

as the ones established here, especially Chapter 4, to examine runoff and erosion under 

different rainfall durations, intensities and raindrop sizes.  

Another major limitation is the duration of the experiments (Limitation 5). While 

time-courses were sufficiently long to show some specific effects they were too short to 

follow certain aspects, evident in Chapters 2, 3 and 4 but also Chapter 5. Chapters 2 and 
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3 (Lowe et al., 2017; Lowe et al., 2019) both show the impact of surfactant treatment 

however, neither examine how long the impacts will last. Due to the length of study, the 

transition from dry to saturated soil could not be demonstrated for all treatments of 

Chapter 3, thus possibly not detecting all dynamics that may have occurred. The 

experiment reported in Chapter 3 was also unable to discern if the microbial community 

with surfactant showed an effect beyond the surfactant’s mode of action, or if the in 

situ soil microbial community could completely remove SWR, given sufficient time. In 

Chapter 4, it is unknown if surface pathways would have been re-established after drying 

and what the potential impact of treatments over the course of a growing season could 

be. Finally, the monitoring conducted in Chapter 5 was not sufficient to show the 

progression from recent to established incorporation. With extended monitoring time, 

more detailed and informative results can be obtained.  

The application of surfactant to water-repellent soils has shown good short-term 

improvements in water infiltration and soil water content, however, it is uncertain what 

its long-term impact would be. Studies with surfactant trials have shown that 

re-application of surfactants is necessary, with frequency of application from every 

second year to multiple times per year (Barton and Colmer, 2011; Dekker et al., 2019; 

Roper et al., 2015). Turf grass, however, is frequently irrigated (Dekker et al., 2019; 

Kostka, 2000), so it is possible that the surfactant is washed out of the soil, something 

that would not occur at lower watering rates. The combination of the shorter-term 

effects of surfactants with the longer-term benefits of microbial breakdown, could 

enhance the overall effect of the treatments. The impact that B. subtilis could have in a 

field setting and in combination with surfactant is, therefore, potentially high. This 

impact, however, is currently untested and would require further laboratory 

examination.  

To be able to fully assess the implications of tillage treatments, a full study should be 

conducted on trials from the point of inception. The assessment in the third year 

demonstrated the capability of these instruments to detect differences in the soil water 

distribution. However, they could not be fully ascribed to the originally implemented 

treatments. To fully assess effectiveness, however, measurements through seasons 

would be beneficial. Specifically, to measure the initial changes in soil water content and 
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how it altered would give insight into yield changes. Measurements at a field site from 

the beginning with re-measuring for three years would provide more information on the 

effect of the treatment than an assessment at any singular time point. Hence 

non-destructive methods measuring soil water distribution represent an ideal 

opportunity to follow such trials and should be implemented as a standard field test 

when evaluating treatment effectiveness.  

Gamma irradiation carries the most benefit as a method of sterilisation of SWR soils as 

it sterilises the soil without the addition of water (McNamara et al., 2003). Methods such 

as autoclaving, sterilise using moist pressure and as such affect SWR (Urbanek et al., 

2010). Also known to impact SWR is sterilisation by dry heat (DeBano and Krammes, 

1966). The limitation (6), however, is that gamma irradiation decreased the severity of 

SWR and, surprisingly, after drying increased the severity to a level higher than the 

original soil. While the reasons could not be elucidated, a possible mechanism was 

suggested in Chapter 3 (Lowe et al., 2019). This mechanism involved the disruption of 

the phospholipid bilayer of microbial cell membranes, creating a mono-layer of 

amphiphilic molecules (Lombard, 2014) that acts as a biosurfactant. These mono-layers 

may then have rearranged after drying to form an even more water-repellent surface.  

The potential of microbes to be effective in an un-sterilised soil, is also a suggested 

future research direction. Using microbial inocula have already been tested in pot and 

field trials by Roper (2006) and Roper and Gupta (2005), however these tests were 

inconclusive as there was no way to discern the inoculum’s impact apart from the 

physical effects. The testing of further microbial treatments, therefore, should involve 

intensive laboratory and pot trials, with measurements at a scale capable of testing 

impacts on SWR and soil water content over time. Knowing the capability of the added 

microbes to survive in soil in competition with the natural microbial community is also 

key prior to any field application. Testing should also include their ability to survive and 

be active long term, as well as how long they can survive in the soil before rainfall.  

Based on the observations of surface flow in Chapter 4 further analysis of these flow 

pathways could be warranted. The pathways that water takes across the surface of 

non-wetting soils are unlike those described for wettable soils. While Müller et al. (2018) 
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suggested that the patterns observed were similar to vertical preferential pathways and 

described the limited active runoff area, they did not give a full description of this runoff 

pattern. Therefore, future research is recommended to more intensely monitor the 

movement of water on the surface and the implications this has for the transport of 

water and soil across the surface. This could be an interesting direction of research as 

the dynamics of vertical water movement in the soil are not yet fully understood. 

Similarly, sediment movement across the surface also requires elucidation by better 

simulation of raindrops, with a more realistic size and intensity, to gauge their full 

potential impact. For erosion, the raindrop size and intensity has a large impact (Lardier 

et al., 2018) and thus the inclusion of more realistic sizes are likely to impact the 

underlying mechanisms. This may give a better understanding of these mechanisms as 

observed in the field as well as the magnitude of runoff and erosion on water-repellent 

soils. While as a method of understanding vertical movements the addition by feeder at 

the top of the slope (such as that developed by Jeyakumar et al. (2014)) may be the most 

appropriate, as it would simulate more closely water supply from the soil surface.  

From an agricultural perspective, a recommendation for future exploration is the 

creation of decision tools. This idea was partially explored in Chapter 2 (Lowe et al., 

2017) with the analysis of potential yields by water content increases. Further research 

was then conducted (Chapter 4) into soil and nutrient losses on different slopes, with 

analysis, greater complexities could be added to decision tools. Factors such as slope 

and SWR severity have shown direct influence on the potential benefit and loss 

(Chapters 2 and 4; Lowe et al., 2017), and as such should be considered. The impact of 

acting or being passive on management of soil water content, runoff coefficients, and 

losses of soil and nutrients should be considered as the outcome. This is important as 

these are more direct outcomes, rather than yield which can be associated with a variety 

of factors. The first step is having the correct assessment to create the added knowledge 

of controlling factors. From this point, analysis can be conducted on how these factors 

alter outcomes, and with appropriate support by decision framework resources this 

could allow for more informed choices (Keating et al., 2003; Rose et al., 2016). 

Management decisions based on the increased benefit as well as the avoidance of loss, 

potentially provides the best framework for efficiency.  
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Environmentally SWR can play a large role in hydrological outcomes, this can proceed to 

play a role in geomorphological functions and the survivability of plant species. Another 

exhibition of SWR in a natural environment could be in the form of biological soil crusts 

(Fischer et al., 2010). The work and methods presented in this thesis could have further 

potential in the development of research into hydrophobic biological crusts and pore 

clogging. While these surfaces were not observed in our experiments the methods could 

be extended further explain the mechanisms of infiltration and runoff rates in natural 

landscapes. Furthermore, understanding how plants alter their environment to increase 

survivability could allow for better conservation strategies. As suggested in Appendix 2, 

plant species may induce SWR to alter their hydrology allowing for deeper and more 

protected water storage, this also being suggested by (Robinson et al., 2010). Using the 

methods developed, and the observations of Appendix 2, increased understanding of 

how and why plants and microbial species induce SWR may be more effectively 

understood.  

 

6.5 Conclusions 

In conclusion, this PhD thesis has fundamentally improved our understanding of SWR 

and its breakdown. SWR affects many aspects of the soil’s interactions with water, with 

these interactions altered differently by different treatments. The observations noted 

within this PhD thesis allow progress towards understanding the dynamics of water 

movements and the impact of treatments in water-repellent soils. Understanding the 

mechanism for the permanent breakdown of SWR can also provide insight into previous 

observations and influence the way SWR is treated. The quantification of the extent of 

nutrient losses from water-repellent soils also provides information required for more 

effective land management. The means of measuring water movement by 

non-destructive methods and by using replicable catchment systems allows more 

intensive measurements. This provides the scale needed to observe both small and 

larger scale processes. While this PhD thesis provides valuable methods and data, there 

is still more to be examined in this field of research. 
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Appendix 1 

Supplementary Figures. 

A1.1 Chapter 3 supplementary 

 

 
Fig. A1.1 Persistence of soil water repellency through time, as determined by the molarity of 
ethanol droplet (MED) test at 0 – 1 cm and 2 – 3 cm depth. Downwards arrows denote the 
points at which 2 mm water was applied. Severity of soil water repellency based on associated 
MED given on far right as low to very severe (King, 1981), with horizontal dashed lines showing 
these categories across the figure. Treatments: Control (C), gamma-irradiated (G), gamma-
irradiated with surfactant (Gs), gamma-irradiated with microorganisms (Gm), and gamma-
irradiated with microorganisms and surfactant (Gms). Error bars show calculated standard 
deviation. 
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Appendix 2 

Soil Water Repellency and the Movement of Water 

– A Natural Case Study. 

A2.0 Preface 

This chapter is based on field work conducted in a natural bushland within the 

metropolitan area of Perth, Western Australia. The work focuses on the response of a 

native Banksia menziesii tree to a rare out of season summer rainfall event. The study 

demonstrates a collaboration between soil science, geophysics, and plant 

eco-physiology to observe the movement of water through the system and its impact 

on the plant’s drought tolerance. With these observations the purpose of this study was 

to “help refine existing models of tree water storage and survival strategies under future 

climates characterised by extreme events”. While not the focus, the study does highlight 

some effects of soil water repellency (SWR; referred to as hydrophobicity within the 

proceeding paper) on the natural environment and how it can be assessed using ERT 

technology. It also suggests SWR can be a benefit for native species.  

In this paper, SWR was found to be severely water-repellent (MED = 3.4) in the top soil, 

and completely broken down (MED to 0) by the end of the large rainfall event. Physical 

breakdown could occur quickly with this scenario as the summer heat and large amounts 

of rainfall allowed for high soil humidity. This non-permanent breakdown is further 

demonstrated by the return in SWR after 10 days. This shows how in an instance of a 

large summer rainfall soils can adapt to the influx through the fast breakdown, while 

rebuilding the SWR after drying. This also maintaining deeper water storage through the 

inclination for preferential flow. 

The impact of the SWR, though a fast re-development, enabled deep penetration of 

water at early stages of infiltration. This was caused by the development of preferential 

pathways in the upper soil (Fig. A2.5). These were observed as water content increased 

above and below a relatively dry patch of soil. Over time this patch diminished and the 

distribution became more homogeneous over the area (Fig. A2.5). Under more 

moderate rainfall the SWR breakdown may not have occurred. The continued presence 



 

 

160 

 

of dry patches in the top soil maintains the barriers between the surface and sub-soil, 

conserving a more stable sub-soil water storage location. This could potentially benefit 

deeper rooted plant species.  

This project also demonstrates the practical use of ERT to monitor water movements in 

the field. The ERT was able to measure changes in resistivity of the event from before, 

through and in the process of returning to an equilibrium. Consecutively, time-lapse 

monitoring allowed to portray changes of volumetric water contents in the soil over 

time.  

The following manuscript ‘Changes to Tree Water Storage and Flux in Response to 

Out-of-season Extreme Summer Rainfall’ was written in collaboration with supervisors 

Matthias Leopold and Gavan McGrath, along with Paul Drake, Jason Stevens and Erik 

Veneklaas. The paper was first authored by Matthias Leopold, where I contribute by field 

and laboratory work related to SWR, water content, and ERT. I also contributed to the 

writing of these sections within the manuscript. This manuscript has some different 

formatting and terminology due to its preparation for publication.  
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Changes to Tree Water Storage and Flux in Response to Out-of-

season Extreme Summer Rainfall 

A2.1 Abstract 

The rainfall patterns that prevailed during the last century are shifting globally with 

extended droughts or extreme rainfall events becoming more common. We discuss the 

eco-hydrologic effects of one such event in a Banksia woodland system, a dominant 

community of SW Mediterranean Australia. The climate is characterised by wet, cool 

winters and dry, hot summers, has experienced a steady decline in rainfall over the past 

four decades, leading to increased water stress at the end of the dry summer. However, 

heavy summer rainfalls events are predicted to become more common. We report the 

ecosystem responses of a single 114 mm summer event that occurred in January 2018 

(median rainfall for January is 3 mm) in an urban bushland. Soil water observations using 

a combination of moisture probes, drill cores and electric resistivity tomography (ERT) 

showed preferential flow paths and unevenly distributed wetting fronts during the first 

few hours of the storm, caused by extreme hydrophobicity in the upper 3-5 cm of the 

sandy soil. This hydrophobic layer broke down during the rainfall event but redeveloped 

after 10 days. Rainfall infiltrated to 4 m in the sandy soil. Observations of tree water 

storage and sap flux using point dendrometers, sap flow sensors and a second ERT 

device observed the direct response of a Banksia menziesii tree to the additional water 

supply. During the rainfall event sap flow was low (approx. 3 cm hr-1) due to low 

radiation and the allocation of water to storage. Tree water storage increased almost 

immediately, indicated by an increase in below-bark girth of approx. 10 m within only 

a few hours of the start of the rainfall event. The use of ERT on the tree enabled us to 

visualise the specific location of these changes in volume, thereby providing new insight 

into the dynamics of tree water storage in response to rainfall events. These 

observations will help refine existing models of tree water storage and survival 

strategies under future climates characterised by extreme events.  
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A2.2 Introduction 

Observed and forecast increases in the occurrence and magnitude of climatic extremes 

present challenges for species adapted to predictable seasonal oscillations. A case in 

point is Mediterranean south-western Australia, which has experienced up to a 20% 

decline in winter rainfall and an increase in out-of-season extreme summer rainfall 

events in the last 30-40 years (Andrys et al., 2016; Andrys et al., 2017; Alexander and 

Alabaster, 2017; Firth et al., 2017). This change in rainfall magnitude, seasonal 

distribution and event intensity will likely alter patterns of water use and growth of 

vegetation. The specific response of plants following an extreme rainfall event will 

depend on functional type (BassiriRad et al., 1999; Burgess, 2006), topography (Zhan et 

al., 2012; Eberbach and Burrows, 2006), antecedent conditions (Zeppel et al., 2008; 

Ivans et al., 2006) and soil properties (Farrar et al., 1994). Although we define extreme 

events in climatological terms, we appreciate the organism-centric description offered 

by Gutschick and BassiriRad (2003) in which an extreme event challenges the capacity 

of an organism to acclimate.  

Here we investigate the effect of an extreme out-of-season summer rainfall event on 

Banksia menziesii, a tree species native to south-western Australia. Banksia menziesii 

R.Br. and the closely related B. attenuata R.Br. are keystone species of the threatened 

and iconic Banksia woodland communities of the coastal sand-plains around Perth, 

Western Australia. These species suffered substantial mortality at the end of a recent 

extreme summer (Challis et al., 2016). They are evergreen trees that tolerate long dry 

summers by having deep and extensive root systems that rely on soil-stored water, and 

by avoiding dehydration through stomatal closure; while their tissues (roots, stems and 

leaves) are not particularly drought-tolerant (Canham et al., 2009; Froend and Drake, 

2006, Veneklaas and Poot, 2003). The predicted increased summer rainfall events might 

help to mitigate the late-summer droughts which are expected to increase in frequency 

due to an overall reduction in rainfall (McCaw, 2013). However, these trees have 

dimorphic root systems: shallow laterals, mostly active in the moist winter, and deep 

tap roots and sinker roots, mostly active in summer (Pate et al., 1998), so it is not clear 

if roots can respond well to summer rain pulses. Water may not infiltrate deep enough 
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to reach active roots, and shallow roots may need to re-grow before being able to take 

up water from out-of-season rainfall events.  

Tree responses to rain pulses have been studied in several species using sap flow probes 

(e.g. Burgess, 2006), which provide good estimates of whole-plant transpiration rates. 

Measurements of diurnal tree girth dynamics are increasingly used to examine tree 

water relations, as stem volume varies with the amount of water stored in stems. Little 

is known about the role of stem water storage before and after a rain pulse in a dry 

season. In the case of the woodland ecosystems in which B. menziesii occurs, incident 

rainfall below a certain threshold may not illicit a response because of interception 

losses by the canopy, understory or leaf litter, or competition for water by species with 

shallow roots. It is also possible that small rainfall events do not replenish water in the 

relatively deep soil occupied by B. menziesii roots. The tendency of Banksia trees to 

maintain relatively high levels of leaf hydration in dry conditions (isohydric behaviour; 

Bader et al., 2014; Benigno et al., 2014) may be partly based on the ability to store water 

in stems during the night, which can then be used during the day. Such dynamics may 

be revealed by small fluctuations in girth which can be detected by dendrometers. In 

the present study we also use electrical resistivity (Mares et al., 2016) in an attempt to 

map which parts of the trunk are most dynamic in terms of water content.  

Integrating approaches from the disciplines of plant ecophysiology and geophysics, we 

tested whether B. menziesii could take advantage of a large out-of-season rainfall event. 

We hypothesised that incident rainfall would rapidly infiltrate the sandy soil and 

replenish the water available to roots, but that the response of B. menziesii would be 

delayed or non-existent due to an inability to take up water from surface soil at a time 

of year when it is usually dry. 

 

A2.3 Materials and methods 

A2.3.1 Field site and experimental design 

The field site is located on the Swan Coastal Plain, which is 20-30 km wide and stretches 

over a few hundred kilometres along the south-western coastline of Western Australia. 
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The surficial geology of this 13300 km2 low lying coastal plain consists of a mixture of 

colluvial, alluvial and aeolian sediments and is home of the Banksia communities which 

recently have come under increasing urbanisation pressure. The experiment was 

conducted in Kings Park within the Perth metropolitan area, Western Australia (31.96°S, 

115.83°E). The park includes a bushland area of approximately 267 ha in size. The 

surficial stratigraphy of the park is described as aeolian sands of the late Pleistocene 

Spearwood dune system over older Tertiary aeolianites cemented by CaCO3 known as 

the Kings Park formation (Playford et al., 1976; Davidson, 1995). The soils are nutrient 

depleted, weakly developed Tenosols (Isbell, 2001), which have low water retention 

capacity due to their predominantly sandy nature. Fig. A2.1 gives an overview of the 

location and a representative mature Banksia menziesii tree, with instrumentation used 

for this study. The tree was approximately 5 m tall and had a diameter at breast height 

of 17.5 cm (Fig. A2.1). The study aimed to capture the response of this tree and the 

surrounding soil profile to a large out-of-season rainfall event which was forecast and 

occurred on 15 January 2018.  

 



 

 

165 

 

 

Fig. A2.1 Location of the field site in the bushland area of Kings Park, Perth, Western Australia. 
A displays the location of the monitored Banksia menziesii tree in relation to the soil electric 
resistivity line, the soil moisture and temperature sensors as well as the meteorological station. 
B - D image the soil resistivity line with electrodes placed every 0.5 m, the monitored Banksia 
menziesii tree and a close-up of the stem electrodes at the top and displacement and sapflow 
meters at the bottom of the stem.  

 

A2.3.2 Sap velocity 

Sap flow velocity (Vs) was measured with two sensors on the B. menziesii tree using the 

heat ratio method (HRM) (Burgess et al., 2001) (Model HRM 30, ICT International, 

Armidale, Australia). Each sensor was connected to a digital interface and data recorded 

by a logger (Model SL5, ICT International, Armidale, Australia). Probes were installed 

within active sap wood at 0.2 m from the ground surface. The depth of sap wood was 

estimated as the average distance to a distinct colour change in three tree cores. Sap 

velocity was corrected for the thermal diffusivity of sapwood, probe misalignment, 

wounding due to probe installation, sapwood density and sapwood water content. 

Wound widths were determined as the visual deformation of sap wood in wood cores 
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where sensors had been installed. Baseline values for Vs were taken from data recorded 

overnight during the rainfall event. We acknowledge that during drought sap velocity 

may be driven by convective water transport (Tanner and Beevers, 2001), but we 

consider Vs to be a good approximation of sap flow rate in this study. 

A2.3.3 Stem displacement 

An automatic point dendrometer (Model ZN11-T-IP, Natkon.ch, Switzerland) was 

installed on the B. menziesii tree near the heat pulse sensor. A small window of bark was 

removed to reveal the outer layer of xylem. The dendrometer frame was then seated 

such that the tip of the potentiometer was in contact with this tissue. This ensured that 

changes in displacement were not influenced by the shrinking and swelling of bark. The 

surface of the exposed xylem was coated with a small amount of silicon grease to ensure 

that the sap wood did not desiccate due to the removal of the bark. The dendrometer 

was connected to a logger (CR1000 Campbell Scientific, UT, USA) and set to record 

displacement at 10 minute intervals. Since our interest was in changes in stem water 

storage, we removed the background growth signal from the displacement record. We 

derived a linear relationship between daily minimum displacement and time for a period 

of four days before the rainfall event (r2 = 0.97, P < 0.05), and subtracted this ‘baseline’ 

from the displacement record. Before installing the dendrometer we verified the 

relationship between voltage output from the potentiometer and displacement in m 

by manually adjusting displacement and recording the change in distance using a 

dissecting microscope (model SMZ800, Nikon Instruments). 

A2.3.4 Electrical resistivity tomography 

Electric resistivity tomography (ERT) was deployed to measure 2-D changes of electrical 

resistivity on a time-lapse basis before, during and after the extreme summer rainfall 

event. ERT has been shown to be effective in displaying small scale moisture changes in 

soils over time in a number of studies (Garré et al., 2011; Brunet et al., 2011; Hübner et 

al., 2015). The method and its application is well established and widely used in soil 

hydrological studies both in the field and the laboratory (Daily et al., 1992; Samouëlian 

et al., 2005; Chambers et al., 2014; Lowe et al., 2017).  
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The multi electrode system 4point light (Lippman Geophysical instruments, GER) was 

used to conduct an electrical current along a 20 m line with 40 electrodes (0.5 m spacing) 

at 4.16 Hz. A combined Wenner and Dipole-Dipole array was chosen to achieve a 

maximum penetration depth of 4.5 m depth and a horizontal and vertical resolution of 

0.5 m and 0.1 m respectively. This resulted in pseudo sections with 628 measurement 

points where the conducted current was between 1 and 5 mA. Each measurement point 

was repeated three times and stored when the difference between measurements (ΔU) 

was below 3%. In case ΔU was larger than 3% the system measured the point five times 

and averaged the values. Post processing deleted individual values with ΔU larger than 

10%, however, this was rarely the case with over 95% of all data points having a ΔU of 

less than 1%. Soil ERT measurements were acquired and logged automatically at hourly 

intervals before, during and after the rainfall event. 

Apparent resistivity data were inverted using RES2DINV software (Geotomo - Loke, 

2014) following general principles stated in Leopold et al. (2013). After 4-5 iterations, 

individual resistivity sections usually resulted in a total difference of <10% between 

modelled and measured data. Since temperatures affect resistivity (Samouëlian et al., 

2005), temperature data down to 6 m depth were used to adjust all resistivity values to 

20 °C following Ma et al. (2011).  

We created a calibration curve for resistivity to volumetric water content (VWC 

expressed as cm3 cm-3 of water per volume of soil). A known volume of soil was packed 

to 1.6 g cm-3, saturated and subsequently dried under controlled temperature 

conditions to monitor changes in electric resistivity and weight loss during drying (an 

approach comparable to Lowe et al., 2017). Five replicate measurements were taken for 

each measurement time, with the percentage difference less than 1%.  

A power function fitted the relationship between electrical resistivity,  (Ohm m), and 

VWC,  (cm3 cm-3), well (r2=0.92) in accord with Archie’s Law (Archie, 1942), i.e.  = 1.57 

-0.5. This allowed the changes in inverted 2-D resistivity patterns to be interpreted as 

changes in soil water content. 

A second ERT system was installed in the trunk of the selected B. menziesii tree to 

document the timing and location of changes in water storage as indicated by changes 
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in electrical resistivity. ERT is increasingly used in trees (Bieker and Rust, 2010; Guyot et 

al., 2013; Wang et al., 2015; Mares et al., 2016) to separate sapwood from heartwood 

and to better understand diel and seasonal dynamics of soil-water-tree systems.  

The tree ERT was connected to electrodes that were inserted into the stem of the B. 

menziesii tree (n = 20 electrodes with a spacing of 27 mm between electrodes) and data 

logged at hourly intervals before, during and after the rainfall event. In this case the 

electrodes were stainless-steel screws (diameter x length: 2.5 mm x 30 mm) seated to a 

depth of 20 mm from the stem surface and 1.2 m from the ground surface. A dipole-

dipole array was used, which resulted in 200 measurement points with identical 

thresholds and parameters as the 20 m soil survey line. Conducted currents were 

between 0.1 to 1 mA and differences of received voltages (U) were always <1% 

between replicated measurements. Raw data were inverted using the Python-based 

BERT 2.33 code provided by Günther and Rücker (2017), which allows inversions of 

irregular circular objects with a defined boundary. The irregular circumference of the 

tree was measured using callipers. The influence of temperature on electrical resistivity 

can be significant (Campbell, 1948). However, we believe that the effect of temperature 

might be less influential in trees based on observations that the dielectric constant is 

relatively insensitive to temperature fluctuations in wood (Irvine and Grace, 1997). Thus, 

data were temperature-compensated to 20 °C only on the outside of the tree (2 cm from 

the cambium) based on air temperature, assuming negligible variations at greater 

depth.  

A2.3.5 Soil parameters 

Soils to 2 m depth were collected every 20 cm and analysed for texture and total carbon 

following methods described by McKenzie et al. (2002) and Rayment and Lyons (2010). 

Water repellency was tested on five randomly distributed sites with three samples each 

besides the ERT soil monitoring line over the first 10 days of the experiment. The 

molarity of ethanol droplet test (MED, after King, 1981) was used to test the level of 

water repellency.  

Soil temperature as well as moisture were recorded using SMT100 sensors and a 

Truelog100 logger (Truebner GmbH, GER). A percussion drill allowed a borehole (6-8 cm 
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diameter) to be cored down to 6 m depth. Sensors were carefully installed at 0.35, 0.6, 

1.0, 1.5, 2.5, 4.5, 5 and 6 m intervals by backfilling the borehole with the soil that was 

removed during drilling. The 2.5 m sensor did not show continuously reliable 

connections and was removed from further analysis. Moisture content and temperature 

were logged every 10 minutes. The sensors were installed five weeks before the event. 

 

A2.4 Results 

A2.4.1 Historical changes in rainfall patterns 

Reliable meteorological data for the Perth metropolitan area exist from the mid 20th 

century. Mean annual rainfall was 765 mm for the period 1944-2017 (Perth station no. 

9021, BOM, 2018). However, the period 1945-1975 was considerably wetter with an 

average annual rainfall of 836 mm compared to 731 mm for the period 1976-2017. Fig. 

A2.2, A displays the general trend of cumulative deviation from the mean (CDFM) of 

winter rainfall (from June to August) and summer rainfall (from December to February) 

since 1945. Winter and summer rainfall tended to be rather consistent in their mean 

values (summer: average 22.2 mm, SD 16.4 mm; winter: average 480.3 mm, SD 104.3 

mm) until about 1975 when cumulative winter rainfall started to decline and cumulative 

summer rainfall increased. Winter rainfall over the past 43 years was on average 77.0 

mm less than in the period before 1975. Summer rainfall increased by approximately 

18.3 mm on average over the same period of time, but with greater variance (1046.4 

compared to 269.9 for the period prior to 1975). Importantly, not only the amount of 

precipitation changed but the frequency of daily summer rain events larger than 10 mm 

has also increased since 1975 (Fig. A2.2, B). These patterns indicate a trend towards less 

rainfall to replenish the vadose zone during the winter months and more frequent 

higher-volume rain events during the otherwise dry and hot summer period (McCaw, 

2013).  

 



 

 

170 

 

 

Fig. A2.2 A) Cumulative deviation from the mean (CDFM) winter and summer rainfall based on 
data from the Australian Bureau of Meteorology for the Perth airport station 1945 to 2017. 
Winter rainfall shows a clear declining trend since 1970 whereas summer rainfall increases since 
1975 but with a much higher variability.  

B) Overview of the relative frequency of summer rainfall events in relation to their amplitude. 
Results are displayed as greater or lower compared to 1975 where summer rainfall started to 
increase. Summer rainfall events smaller than 10 mm per day were more frequent before 1975, 
whereas frequency for events larger than 10 mm increased since 1975.  

 

These high intensity summer rainfall events often occur when tropical lows from the 

northern part of Western Australia migrate to the mid-latitudes. On 15 January 2018 the 

Kings Park area (Weather Station Kings Park 1 - DPIRD, 2018) received 114 mm of rain in 

less than 21 hours from an ex-tropical low that originated as a tropical cyclone in the 

northeast Indian Ocean. This is a significant rainfall event given the long-term median 

rainfall for January is less than 3 mm (BOM, 2018). 
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A2.4.2 Soil properties and infiltration during rainfall event 

Topsoils consist of 98% sands with medium to fine grained sands being the main texture 

class followed by 2% silt. The texture distribution points to a well sorted sediment, 

typical for an aeolian derived dune and sand sheet formation. The sandy texture 

together with an organic carbon content of 2% and a prevalence of waxy plant residues 

makes these surfaces prone to water repellence during the hot summer months, which 

can lead to preferential flow path patterns during infiltration. The water repellence of 

top soils started with an MED of 3.4 ± 0.4 (severely repellent) and one day after the 

heavy downpour it measured 0. Four days after the rainfall, the levels of MED were 2.2 

± 1.3, and after 10 days, MED returned to 3.2 ± 0.6.  

The rainfall event and subsequent wetting of the soil at different depths to 6 m are 

depicted in Fig. A2.3. Rainfall at the site started gently at 07:00 with a total of 8 mm until 

12:00 and an additional 32 mm until 19:00 totalling 40 mm for the first 12 hours. 

Intensity of rainfall increased over the next 9 hours producing 64 mm, totalling 114.6 

mm in 21 hours. VWC was 0.015-0.025 cm3 cm-3 from the surface to 6 m depth prior to 

the rainfall event. Moisture sensors first recorded increased values at 35 cm depth 5 

hours after the rainfall had started. Values rapidly rose to greater than 0.2 cm3 cm-3 

VWC. Field capacity for this soil was estimated to be at 0.08-0.11 cm3 cm-3 VWC at a 

matric potentials of -10 to -30 kPa from pressure plate tests (Fig. A2.4), indicating that 

the soil at 0-35 cm was still above field capacity 6 hours after the rainfall had stopped 

on the 16th of January. Three days later, soil moisture content had declined to less than 

0.05 cm3 cm-3 at 35 cm depth. The sensor at 60 cm depth first recorded increased 

moisture values at 17:00 or 10 hours after the start of the rain and the 100 cm sensor 

reacted first at 14:00 on the following day or 19 hours after the initial rainfall. The 60 cm 

sensor reached its highest moisture content of 0.11 cm3 cm-3, 16 hours after 

commencement, while the 100 cm sensor reached a maximum of 0.04 cm3 cm-3 at 28 

hours and the 150 cm sensor reached a maximum of 0.03 cm3 cm-3 at 14 days. One 

month after the event, moisture contents for the upper 1 m were at or below the 

pre-event values and values at 4.5 m had slightly increased. There was no increase 

observed for sensors installed at 5 and 6 m depth.  
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Fig. A2.3 Percentage of volumetric water content as measured by soil moisture sensors before, 
during and after the rainfall event as indicated by the cumulative rainfall curve.  

 

Fig. A2.4 Volumetric water content (cm3 cm-3) at various tensions (-kPa) for a soil sample 
representing the upper 1 m of the study site. Dashed line represents field capacity (-10 kPa). 
Curve is a best fit for four replicates at various tensions.  
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A2.4.3 Time lapse resistivity of the soil 

The 2-D resistivity patterns in the subsurface over time as well as the differences relative 

to the driest conditions before the event along with the calculated VWC are shown in 

Fig. A2.5. Temperature compensated values prior to the event were above 5 kOhm m 

near the surface (0-1.5 m) followed by a zone between 2 – 3.5 kOhm m down to 5 

meters. This results roughly in a 2-layer model of <0.02 cm3 cm-3 VWC down to 1.5 m 

followed by a layer with 0.02-0.035 cm3 cm-3 VWC. 

 

 

Fig. A2.5 Soil Electrical resistivity tomography. Left: Daily 2D distribution of the electrical 
resistivity with numbers of iterations and difference (%) between modelled and measured 
apparent resistivity. Due to the homogenous character of the sandy subsurface, moisture is the 
main factor influencing resistivity changes over time. Zones of high resistivity are interpreted as 
areas with rather dry conditions, whereas zones of low resistivity indicate higher moisture 
contents. All values are compensated for temperature fluctuations during the survey. Middle: 
2D patterns of the differences in electrical resistivity compared to the driest conditions (14 
January 2018) prior to the rainfall event on 15 January 2018. Right: 2D patterns of volumetric 
water contents over time. 

 

However, in the evening of 15 January, during the rainfall event, resistivity values not 

only decreased near the surface (<0.8 kOhm m or >0.04 cm3 cm-3 VWC) down to about 

0.8 m depth, but also simultaneously at 1.5 m depth, leaving a layer of rather high 
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resistivity (3-5 kOhm m or 0.01-0.03% cm3 cm-3 VWC) in between. In the following days, 

resistivity in this zone from 0.8-1.5 m decreased overall (0.1 – 0.8 kOhm m) and became 

more uniform down to a maximum of about 3 m resulting in a zone with 0.03-0.06% cm3 

cm-3 VWC. On the 18th of January, 3 days after the event, resistivity values increased 

again in the upper 1.5 meters and remained low between 1.5 and 3 m (0.3-1 kOhm m). 

The VWC was around 0.03 cm3 cm-3 near the surface down to 1.5 m, followed by a 1.5 

m layer of 0.04-0.06 cm3 cm-3 VWC above a layer of 0.02-0.035 cm3 cm-3 VWC. 

A2.4.4 Tree response 

In the days leading up to the rainfall event, sap flow velocity reached daily maxima of 

approximately 12 cm hr-1, during the early to mid-morning (Fig. A2.6, A). On the day of 

the rainfall event, sap flow velocity was low (Fig. A2.6, C), coincident with low solar 

radiation due to cloud cover, low vapour pressure deficit, and wet foliage. In the days 

following the rainfall event, the daily maximum sap flow velocity increased to 

approximately 15 cm hr-1 when solar radiation was high. The time at which the maximum 

sap flow velocity occurred shifted toward midday. In the days before and after the 

rainfall event, some nocturnal sap flow was evident as a positive sap flow velocity at 

night. 

Stem displacement records indicated swelling within 30 minutes of the start of the 

rainfall event (Fig. A2.6, B). The stem continued to swell for the duration of the rainfall 

event and only began to shrink the following day, coincident with a sharp increase in sap 

flow velocity (Fig. A2.6, A). 

Electrical resistivity patterns in a cross-section of the experimental tree (Fig. A2.7) show 

a lower resistivity after the rain event than before it, but with considerable spatial 

variability. The narrow, approximately 2 cm wide outer ring of lower resistivity, which is 

likely sapwood, shows a relatively small decrease in resistivity. The large central cylinder 

of heartwood shows a broad arc of high resistivity prior to rain, which decreased 

following the rain, with the exception of two regions that showed little change. These 

included the central heartwood which maintained a low resistivity and a wedge-like 

anomaly of low resistivity prior to rain, which decrease further during the rainy days. 

The latter represents a crack where the wood has presumably lost part of its structural 
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integrity or may be partly replaced by highly conductive material/fluid. Average 

electrical resistivity values, excluding the bark, were calculated from the inversions to 

compare between individual time slices. Highest average resistivity values (84.4 Ohm m) 

were recorded on 15 January several hours before the rainfall occurred. Within 2 hours 

of the rain event the average resistivity had decreased from 84.4 to 80.6 Ohm m. 

However, by 10:00 the following day the average resistivity values decreased further to 

78.2 Ohm m with a minimum of 77.9 Ohm m observed at 22:00 the same day. The 

average resistivity remained below 80 Ohm m in the following two weeks with slight diel 

increases during the nights.  

 

 

Fig. A2.6 A) Stem displacement and sap flow 4 days prior and after the rainfall event on the 15th 
of January. B) Displays hourly changes of the same parameters over the 15th and the early hours 
of the 16th of January. C) Cumulative rainfall and solar radiation with a running mean display 4 
days prior and after the rain fall event on the 15th of January. D) Displays hourly changes of the 
same parameters over the 15th and the early hours of the 16th of January. 
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Fig. A2.7 Time-lapse 2D sections of the tree with selected slices representing temperature-
compensated electrical resistivity values prior, during and after the rainfall event. Ø res = 
average electrical resistivity value across the whole section. Dotted line refers to an assumed 
sapwood-heartwood boundary. The approximately 2 cm thick bark is missing in these images as 
it was excluded from the inversion.  

 

A2.4.5 Fate of rain water 

The estimated increase of soil moisture by the end of the rainfall, based on VWC sensors 

to a depth of 4.5 m, was 107 mm, comparable to the 114 mm measured at the rain 

gauge. Potential evaporation for the 2 weeks post-rainfall was 106 mm (DPIRD, 2018). 

During the same period soil moisture measurements suggest a decline in soil moisture 

storage of 39 mm between 0-4.5 m depths. The integral of the product of sap flow 

velocity and sapwood area during the same period was 2 % greater than the week prior 

to the event indicating enhanced transpiration rates. While this study was not designed 

to partition the water balance an approximate estimate was obtained assuming a 

catchment area equal to the projected crown area. Using this and the above integral, 

transpiration was estimated to be 19 mm over the two weeks, 50% of the soil moisture 

storage decrease. Assuming a smaller catchment area would suggest greater use 

efficiency. There may have been greater wetting in the uppermost topsoil than we 

measured, since the most shallow moisture sensor was positioned at 20-35 cm depth, 

which in turn would suggest a smaller proportion of soil water was transpired by the 

tree.  
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A2.5 Discussion 

The out-of-season extreme rainfall event caused quick and substantial recharge of the 

dry sandy soil to approximately 1 m depth on the first day and down to 4.5 m one week 

after the event. Contrary to our expectations, the B. menziesii tree responded rapidly to 

the greater moisture availability. There was swelling of the trunk within 30 minutes of 

the start of the event, reduced electrical resistivity within hours, and a small increase in 

sap flow velocity the day after the event. For the first time, the response to an intense 

rainfall event was captured using ERT of the trunk, from which we were able to visualise 

the location of changes in water content. Decreased electrical resistivity values were 

observed in the outer 1-2 cm of the tree but also more centrally within 4 hours after the 

rainfall event, at 1 m above the ground.  

Soil moisture was measured at VWC of 0.01-0.025 cm cm-3 prior to the rainfall event 

represented dry summer conditions, likely limiting water availability to most plants 

(Dodd and Bell 1993). Moisture distribution, however, was not homogeneous. The 

2D-ERT greatly improved understanding of the hydraulic processes that occurred during 

the rainfall and the consecutive days, corroborating the 1D moisture sensor data. Initial 

infiltration of water lowered the specific resistivity values near the surface as expected. 

The low resistivity values at 1.5 m depth together with the horizontal heterogeneous 

distribution pattern during the event, can only be explained by preferential flows which 

allowed a quick infiltration into deeper parts of the soil profile. Rye and Smettem (2015) 

described these preferential flow paths in detail for a similar Banksia woodland area and 

provided a model for the vertical flow and moisture patterns (Rye and Smettem, 2018) 

in the upper 0.30 m. In our case preferential flow patterns resulted in a relatively dry 

zone from 0.5-1.5 m depth. This suggests that preferential flow paths influence moisture 

distributions beyond 0.3 m depth during large summer rainfall events. Two days after 

the rain event the resistivity distribution and thus recharge pattern had become much 

more homogenous. This is well-illustrated in the time-lapse maps of the resistivity 

change (Fig. A2.5) compared to the driest condition (highest electrical resistivity) one 

day prior to the rain event. Köstel et al. (2008) and Oberdörster et al. (2010) have 

demonstrated the efficiency of ERT in displaying preferential flow patterns using 
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experimental infiltration studies. Here we document the efficiency of ERT to portray 

preferential flow paths during a natural out-of-season event. Preferential flow paths 

may either benefit or disadvantage plants, especially in the first few days after rain, 

depending on the location of the plants’ root systems relative to the preferential flow. 

In situations where preferential flow leads to recharge at greater depth, this may reduce 

evaporative losses of soil moisture and increase the volume of plant-available water, as 

long as water does not percolate beyond the maximum rooting depth. Rooting depth of 

the study species, Banksia menziesii, as well of several co-occurring species in these 

sandy soils, can be at least 8 m and less than 30 m, but exact depths remain unknown 

(Zencich et al., 2002). 

The large amount of rain water that infiltrated into the soil presumably allowed 

increased soil evaporation and plant transpiration in the ensuing period. Our estimates 

suggest that approximately 40 mm was lost through evaporation, with roughly half of 

that being tree transpiration. Soil evaporation will have been high initially, as soils were 

wet and potential evapotranspiration rates in summer are approximately 7 mm d-1. 

However, the sandy soil with low organic matter content holds little water (field capacity 

~0.11 cm3 cm-3), so soil evaporation was soon limited by dry surface soil. Merlin et al. 

(2016) reported an empirical relationship between clay and sand content and the critical 

surface moisture content at which soil evaporation rates decrease rapidly (crit). For 

these sandy soils it is estimated that crit ~ 0.04 cm3 cm-3, which was reached at 0.35 m 

depth within 3 days of the event. It is therefore likely that root water uptake was an 

important factor in the continuing depletion of soil water in the weeks following the rain 

event.  

The substantial increase in soil moisture caused a clear response in the studied Banksia 

tree, but led to a relatively minor increase in transpiration. Despite relatively dry soils 

prior to the rainfall event, maximum rates and diurnal patterns of sap flow did not 

indicate severe drought stress. This species is known to have deep root systems (Zencich 

et al., 2002), so it is possible that much of the water uptake was taking place at great 

depth. Increased soil moisture at 0-4.5 m depth likely shifted water uptake to these 

shallower soil layers, as has been demonstrated for B. attenuata and B. prionotes 

(Zencich et al., 2002) and B. prionotes (Pate et al., 1998). Two indicators of stem water 
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status, decreased electrical resistivity and increased girth, suggest that the rainfall event 

did improve tissue hydration. The ecophysiological significance of the improved water 

status is unknown at this stage, but merits further investigation, especially considering 

the relatively minor change in transpiration rate. We hypothesise that this improved 

water status may be sustained as long as the greater water content in the top 4.5 m of 

the soil is not depleted.  

Some of the increase in sapflow may not represent transpiration but replenishment of 

stem water storage. These sites of storage appear to reside within the sap wood (Cermak 

et al., 2007), but recent observations suggest that heartwood water storage is significant 

in semi-arid species during drought (Hu et al., 2018). Banksia trees have prominent 

parenchymous rays across sapwood and heartwood (Pate et al., 1998). The relatively 

thin layer of sapwood, and the greater ERT changes in heartwood, suggest that water 

storage increased mostly in the heartwood.  

The tree trunk began to swell within 30 minutes of the beginning of the rainfall event. It 

is unlikely this swelling was driven solely by water transported from the roots via xylem, 

a pathway in excess of 1 m. The observed sap flow velocities (generally <4 cm h-1 on that 

day), for example, would suggest that this was not the case. However, the sap flow 

velocities reported here are averages determined across the entire depth of sapwood. 

It is possible that specific pathways in the sapwood operate at velocities much greater 

than the average. Water uptake by stems through the bark, as reported in other studies 

(Katz et al., 1989; Mason Earles et al., 2016), may have contributed to stem swelling and 

resistivity changes.  

Changes in electrical resistivity are generally related to differences in moisture, 

temperature and/or ions. Unlike soils, trees are living organisms and as such can alter 

the chemistry of their tissues, which would reflect in increased or decreased resistivity 

values (Mares et al., 2016). Although the ERT images allow the identification of sapwood 

and heartwood in the Banksia stem, studies with different tree species (Bieker and Rust, 

2010; Guyot et al., 2013) have reported a clearer separation of sapwood and heartwood. 

Possible reasons are the thinner layer of sapwood in Banksia, the different anatomy 

(including prominent rays), and different chemistry. Banksia tissues are extremely low 
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in mineral nutrients due to the highly weathered sands that they grow on (Lambers et 

al., 2014). Similar to the soil 2D-ERT and the 1D soil moisture probes, the 2D-tree ERT 

provides a spatial context to the water dynamics within the stem of the Banksia tree, 

helping to better understand the complex mechanisms involved in quick water recharge 

during out of season rainfall events.  

 

A2.6 Conclusion 

Our study gives insights into the immediate response of a Banksia tree to an extreme 

out-of-season rainfall event during the dry Mediterranean summer months of a 

bushland in Western Australia. In our situation the extreme rainfall event did not cause 

any notable damage to the ecosystem such as soil erosion, flooding or breaking of 

branches. On the contrary the tree immediately reacted by increased water uptake 

within 30 min, making use of the additional water source to increase stem water 

storage. The subsequent increase of sap flow as a consequence of the rainfall was 

relatively low, indicating a modest reaction. This suggests that an increased frequency 

of such extreme summer rainfall events might be beneficial, however the net effect on 

the survival of the Banksia tree due to the added contribution of declining winter rainfall 

remains unknown. Non-invasive 2D and 3D geophysical methods can display the regions 

and the quantitative changes of water storage in trees. ERT and potentially radar are 

promising geophysical tools which are rarely applied in tree-physiological studies other 

than locating internal tree decay. However the collaboration of soil science, geophysics 

and plant physiology is necessary to understand how trees react to such extreme events, 

so that subsequent prognosis models can be developed.  
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