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Executive summary
Sandy soils are a dominant feature of the soil resource base in the southern low-medium rainfall
zone. Water repellency and low fertility are the primary management problems farmers face on
sandy soils in this region. Water repellency has the potential to be expressed on ≈17% of the
cropping land in the study area and typically occurs in soils with clay contents less than 5%. It is
caused by sand grains being coated with hydrophobic compounds which originate from the
breakdown of crop residues. Water repellency stops soil from wetting up evenly, and if it does wet
up it returns to a repellent state on drying. Since soil water repellency is not always expressed in a
given soil, but is a consequence of interactions between soil properties, management and climate,
it is more of a soil state than a fixed soil property.

The primary consequences of water repellency are poor crop establishment and consequently, low
crop yields and soil erosion. Early research work in South Australia (SA) was focussed in the southeast of the State and examined causes of repellency. Addition of clay was found to eliminate
repellency and a research program centred around this emerged, followed by a State funded
extension program which continues today. Water repellency is also a significant problem on sands
in Western Australia (WA) but the research effort there has been more diverse with investigations
into the role of soil microbiology, seeding systems, soil wetting agents, soil inversion techniques
and clay spreading. Seeding systems (including wetting agents) and soil inversion techniques
appear to be providing significant benefit to a broader range of growers in WA than clay spreading
alone. Seeding systems, primarily furrow, on-row and twin row sowing, can provide effective
seasonal mitigation of water repellency in a cost effective manner but need to be tailored to local
soils, equipment and farming systems. Although about 25% of growers in the Southern cropping
region might have used clay amelioration strategies, growers generally do not appear to be aware
of other amelioration options or the benefits of available water repellency mitigation options.

A better understanding of the role of seeding systems and wetting agents for mitigation of water
repellency in the GRDC southern zone is required, including adaptation of strategies used in WA.
Amelioration options other than clay spreading and delving such as mouldboard and deep disc
ploughing need to be investigated as some of these are much cheaper than amelioration options
typically promoted in the GRDC southern zone. Less than half of growers surveyed believe they
have suitable clay available for delving or clay spreading on their farm. The role of different
rotations and crop species (including root material) in the development or mitigation of repellency
is poorly understood and may provide a useful management tool, along with associated changes in
soil biology. Microorganisms are known to play a key role in breaking down repellency and this
effect might be able to be enhanced at low cost.

Progress in solution of repellency will only be made with careful experimentation and
measurement. Unfortunately measurement techniques currently available are not robust and may
hamper our understanding of the development of water repellency and how it changes with
management and associated soil properties. Improved measurement methods are required.
x | Management of water repellent sands in the Southern cropping region
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1

Introduction

Sandy soils are highly prone to the phenomenon of “non-wetting”. Such soils are difficult to
wet up, with water beading on the soil surface and not penetrating, and when it does
penetrate it typically follows preferential flow pathways. Therefore “non-wetting” soils do
not wet up evenly and retain apparently dry patches (Figure 1). Such soils are “water
repellent” because hydrophobic compounds from the breakdown of plant material interact
with sand grains and prevent water from infiltrating. This primarily occurs near the surface
of the soil because this is where plant residues are deposited and break down to release the
hydrophobic compounds. It occurs on very sandy soils because, in the absence of clay
particles, sandy soil particles have a relatively low surface area which is readily covered by
the waxes. Only 1-3% of sand grains need be coated with water repellent compounds for
repellency to be expressed (Steenhuis et al. 2005). The production risks tend to be more
serious in lower rainfall environments where rainfall is insufficient to keep the soil wet for
extended periods and hence the soil returns to a water repellent state more frequently.

Figure 1 A section through a cropping soil at Karoonda, SA, showing an area of dry soil in the seeding zone.
Photograph taken after approximately 20 mm of rain in July 2015. Photograph by Murray Unkovich.

Water repellency causes major problems for grain growers, severely reducing seed
germination, crop emergence, and yield (Figure 2). Associated problems with staggered
weed germination can greatly increase the cost of control, while poor plant establishment
and/or surface run-off can increase the risk of erosion. Water repellent sandy soils are
12 | Management of water repellent sands in the Southern cropping region

typically beset with a range of other problems, especially low fertility, leaching, poor pasture
legume establishment, erosion, and a lack of profitable non-cereal crop options (Unkovich
2014). Yield losses due to water repellency have not been quantified but are estimated to
be as high as 30%. Water repellence is likely to become a greater risk for growers in lowmedium rainfall zones. Factors contributing to this include a move towards earlier and dry
sowing, more intense cropping and cropping on marginal paddocks, greater stratification of
organic matter under no-till, and shifting climate patterns such as weaker and later seasonal
breaks. Current management approaches focus primarily on mitigation (in crop
management) of repellency, or amelioration by clay spreading clay if clay is readily available.
There has also been significant recent progress on ameliorating repellency through soil
reforming, an expensive tillage process that may also provide a longer term solution and a
sustained crop productivity lift due to a raft of soil changes caused by these techniques.

Figure 2 The same water repellent sand at Karoonda in SA showing delayed and non germination above dry
patches. Photograph by Murray Unkovich.

The purpose of this paper is to map the geographic extent of the problem within the study
area, to survey growers about their perceptions and management of water repellency and
to review research into the management of water repellency for improved crop production
in the low to medium rainfall grain cropping zone of SA, Victoria and New South Wales. The
region incorporates part or all of three GRDC Regional Cropping Solutions Networks (Figure
3). We first identify and map the likely occurrence of water repellent soils in the region,
consider the efficacy of measurement techniques for water repellency, and then present the
results of research into the problem in SA. We then assess the outcomes of a large research
program on water repellency in WA before turning our attention to relevant measurement
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technologies, farmer experiences with management of water repellency, and finally
highlight what might be the most fruitful areas of research. This review thus provides a
unique combination of mapping, literature review and grower survey in solution of what is a
significant problem for the region. We have found almost no published work on water
repellent sands from Victoria and New South Wales, hence our report refers extensively to
work conducted in South and Western Australia.

14 | Management of water repellent sands in the Southern cropping region

Figure 3 Project boundary (red line) in relation to GRDC Regional Cropping Solution Network areas.
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2

The nature, extent and distribution of
water repellent sands in the low to
moderate rainfall Southern cropping
region

Comprehensive, reliable and standardised mapped or site information about water
repellent soils is uncommon across the globe. While this could also be said of much of the
Southern cropping region, fortunately the 1986–2012 State Land and Soil Mapping Program
(Hall et al. 2009; Soil and Land Program 2007b; Soil and Land Program 2007a) has produced
comprehensive land and soil attribute information for over 70 land and soil attributes
(mapped at 1:50,000 or 1:100,000 scale), including susceptibility to water repellence, based
on standardised criteria (Maschmedt 2002; McKenzie et al. 2005). In both the Victorian and
New South Wales (NSW) sections of the project area, there is no spatial coverage of soil
water repellence and there have been no routine site assessments of non-wetting soil
behaviour. Consequently, for this project, water repellency maps were newly developed for
these areas using local mapping frameworks, assessments of satellite and aerial imagery, a
range of mapping and soil descriptive information, the outcomes of the soil type–water
repellency spatial data analysis performed on South Australian spatial datasets, as well as
the soil key developed for this project. It should to be appreciated, however, that mapping
and data developments for water repellence for Victoria and NSW are very much
preliminary, and that they are partly based on insubstantial map unit descriptive
information for each jurisdiction (where land and soil features of relevance are often not
described), and mapping that is broad scale (1:250,000) and inconsistent.

Definition of the project boundary
Development of the GRDC Management of Non-Wetting Soil project boundary proceeded
on the basis that the project was primarily interested in the low–moderate rainfall cropping
areas of the GRDC Southern zone. The GRDC Southern zone boundary was initially acquired,
and then GRDC Agro-Ecological Zone (AEZ) and Regional Cropping Solution Network (RCSN)
area boundaries were acquired and assessed. The AEZ and RCSN boundaries were found not
to be suitable, instead mean annual rainfall isohyet data derived from Bureau of
Meteorology datasets were used for the delineation of the inner project boundary.

In South Australia and Victoria, the 450 mm annual average rainfall isohyet was used as the
upper rainfall boundary. In South Australia the boundaries of relevant RCSN areas were also
incorporated (e.g. just near Keith) for the sake of data statistic reporting for these areas. In
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NSW, owing to a more even yearly spread of rainfall and higher evaporation rates, the 500
mm rainfall isohyet was used as the upper rainfall boundary.

The aim of the project boundary was to include all cropping lands receiving rainfall below
these upper levels. In South Australia, the extent of comprehensive State Land and Soil
Mapping Program information was used as a northern boundary (which extends to or is
beyond the low rainfall edge of the cropping areas). In Victoria, the Murray River was used
as the northern boundary. In NSW, land use information (ACLUMP 2014) was assessed to
determine the western (drier) boundary. In general in NSW, the 400 mm rainfall isohyet
defines the drier edge of the cropping country, with the main exception being the area
around Hillston. Consequently, this isohyet was used as the project boundary, but with an
exception around Hillston, where land use data was used to determine the boundary.
Moreover, in the southern part of NSW, the western boundary of the GRDC Irrigation Zone
RCSN was incorporated, as sporadic areas of cropping occur in this zone beyond the 400 mm
rainfall isohyet, and for mapping and data calculation purposes. In central NSW, the very
northern boundary of the GRDC Southern zone was used as a project boundary. The final
project boundary together with relevant rainfall isohyets is shown in Figure 5. The project
area is also shown in relation to GRDC Regional Cropping Solution Network areas in Figure 3.

Data statistics (areas of affected land) for susceptibility to water repellency have been
reported for cropping land on a State-by-State basis across the project area (see Table 3),
and a region-by-region basis for the South Australian section of the project area (see Table
4). The project area in South Australia has been divided into Eyre Peninsula, Northern-Yorke,
and Murray Mallee - Upper South East for data reporting purposes (see Figure 3). For this
project, the boundary between the Northern-Yorke and Murray Mallee - Upper South East
regions is given by the GRDC Regional Cropping Solution Network boundary to the east of
Burra (see Figure 3).

2.1

Criteria for identifying water repellent sands

Non-wetting soils predominantly have sandy texture (a soil matrix dominated by sand-size
particles with less than 10% clay-size particles). It is similarly the experience of the Western
Australian Government mapping program that it is predominantly sandy soils that exhibit
water repellence (van Gool et al. 2005). Although, sandy soils with very low clay contents
(e.g. <5%) are usually the most severely affected, some soils with sandy loam texture are
also impacted, but this typically occurs in light sandy loams which are at the lower end of
the clay content range for sandy loams (just over 10% clay) – and non-wetting behaviour in
these soils is more likely to occur in permanent pasture situations after a long dry period
than in cropping situations.
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South Australia
In South Australia’s agricultural areas, non-wetting behaviour is most common and most
severe on deep (>1 m: Isbell 2002), acid to neutral, bleached siliceous sands. Thick to very
thick (>0.3 m: Isbell 2002) bleached siliceous sands (underlain by non-clayey, non-sandy
layers) and highly leached sands (Podosols: Isbell 2002) are also significantly affected. Deep
unbleached siliceous sands, deep calcareous siliceous sands, deep carbonate sands (Hall et
al. 2009) and a range of other soils with sandy topsoils are also affected, although usually
not as severely (Soil and Land Program 2007b; Soil and Land Program 2007a).

It has also been observed in South Australia that the most severe water repellency occurs on
sand dunes. The dunes are where the deeper sands usually occur, and also often where the
soils with the least clay content occur within a dune–swale landscape. However, this is not
always the case, as some sandy landscapes have deep sands on both dunes and swales. It is
thought that even in these landscapes the dune soils exhibit the most severe water
repellency, but analysis of available site and spatial datasets and/or targeted in-field testing
are required to confirm this. King (1978; 1981) classified the severity of non-wetting
behaviour of soils in South Australia (Table 1). King’s work lead to the use of a truncated
MED test in the State Land and Soil Mapping Program (Maschmedt 2002) as well as in
national standard in-field testing (NCST, 2009) to assess soil water repellence by designating
three classes of water repellency (Table 2).

Spatial data on soil water repellence was accessed from the State Land and Soil Information
Framework, South Australian Department of Water, Environment and Natural Resources, via
the information contained on the CD ‘Land and Soil Spatial Data for Southern South
Australia – GIS Format’ (Soil and Land Program 2007b). Information on water repellence is
presented on the CD for every soil landscape map unit or ‘LANSLU’ (mapped at 1:50000 or
1:100000 scale), which has been consolidated using standardised rules from water
repellence information associated with soil landscape map unit components (where these
have been described).

The South Australian mapping corresponding to the project area was then selected using
geographic information system (GIS) computer software. Map unit polygons intersecting
with cropping land were then selected. Maps were subsequently produced showing areas of
strong, moderate, and combined strong and moderate susceptibility to water repellence
within the project area for cropping land (see Figure 7 and map attachment). This is the first
time that South Australian water repellence spatial data have been matched explicitly
against cropping land spatial data. Given the comprehensive and standardised nature of
base datasets, as well as their scale, the confidence level for the data presented for the
South Australian section of the project area is high. GIS technology has also been utilised to
calculate and produce water repellence data for cropping land within the project area for
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specific parts of South Australia. It is important to note that the maps of water repellence
give general representations of the total available data, while the ‘data statistics’ given in
the tables below, present summaries of the full dataset.

In addition, a preliminary spatial analysis of South Australian water repellence attribute data
and corresponding soil type attribute data was performed via the utilisation of Geographic
Information System (GIS) technology and the assessment of over 60,000 mapping polygons.
This was to determine in an objective fashion which soil types – and hence soil features –
are important in influencing non-wetting behaviour. The most up-to-date spatial datasets of
the South Australian Land and Soil Information Framework were accessed from the
Department of Environment, Water and Natural Resources for this analysis. Rules were then
determined for assessing water repellence data against corresponding soil type data. These
rules were programmed into the GIS and calculations of frequency of various water
repellency ratings against soil types made for spatial information across all land in non-arid
South Australia (Soil and Land Program 2007a). No statistical analysis of results was
performed owing to time constraints associated with this pilot project. The somewhat
surprising outcome of this analysis was that one soil type – soil H3 (bleached siliceous sand)
– of the sixty one soil types mapped in SA (see Hall et al. 2009) was much more likely than
any other to be matched to strong non-wetting behaviour (see Table 2). Only two other soil
types – soils G2 (bleached sand over sandy clay loam) and I1 (highly leached sand) – are
regularly matched to strong repellence. A range of other sandy soil types commonly
correspond to moderate repellence, but not strong repellence. The results of this analysis
have been shown in map form in Figure 6 – highlighting soil features and their relationship
to severity of water repellence. A soil key for water repellency was also developed based on
these results.
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Table 1 Classification of Water Repellent Sand (after King 1981).

‘Rating’ Severity of
Repellence

Occurrence

1

Subsoils, drift sand, beach
sand
Ploughed virgin land,
undisturbed clear areas
between native plants

2

3

Not
significant
Very low

low

Under mallee, banksia,
newly developed land

4
5
6

moderate

Under yacca and native
pine. Perennial pastures
(5-10 years old). Croppasture rotations

7
8
9

severe

Under yacca. Perennial
pastures (10-15 years
old), old annual pastures
with no cropping.

10
11

12

Very severe

Old lucerne, perennial
veldt grass and phalaris
pastures (>15 years old).
Dry bare patches in
pastures.

Molarity WD
of Ethanol (s)

Small Ring
Infiltration
(mm/min)

Contact
Angle
(degrees)

-

<1

>70

<75

-

1

69

75

0.0

4
7
8

43
30
34

78
80
81

0.2
0.4
0.6
0.8
1.0
1.2

11
16
22
33
53
85

18
13
9
6
4
3

82
83
84
85
86
87

1.4
1.6
1.8
2.0
2.2
2.4

142
260
-

2
1
0.9
0.6
0.4
0.3

89
90
91
92
93
94

2.6
2.8
3.0
3.2

-

0.2
0.1
0.09
0.06

95
96
97
98

3.4
3.6
3.8
>3.8

-

0.04
0.03
0.02
<0.02

99
100
101
>101
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Table 2 Classification criteria for susceptibility to water repellence as used by the South Australian Land and
Soil Mapping Program (Maschmedt 2002) and standard national in-field testing (NCST 2009).

Repellence category

Water absorption / 2-Molar Ethanol

Land
Class

Non repellent

Water is absorbed in less than 10 seconds

1u

(Moderately) Repellent

Water takes longer than 10 seconds to be absorbed; 2M
Ethanol is absorbed in less than 10 seconds

2u

Strongly repellent

2M Ethanol takes longer than 10 seconds to be absorbed

3u

Victoria
Victoria possesses no spatial information about water repellence. Consequently, the data on
water repellency developed for this project is a first. In addition, available spatial
information about soils in Victoria is insubstantial. That is, descriptive information is scant
and inconsistent. Three different mapping coverages apply to at least parts of the project
area within Victoria. There is the 1963 very broad level reporting and mapping by Rowan
and Downes that covers most of the project area save for the most southern and eastern
parts; more detailed mapping of the Wimmera that only applies to the very south eastern
part of the project area; and the Victoria-wide Geomorphic Mapping Units (GMU250:
1:250,000 scale). The latter was chosen for map unit boundaries as it is the only complete
coverage of the project area and provided map unit boundaries that were meaningful in
terms of on-ground soils and landscapes. Datasets were obtained from the Victorian
Department of Economic Development, Jobs, Transport and Resources. A detailed landform
categorisation derived from a digital elevation model exercise was also accessed. It was
found, however, that the descriptive data associated with the GMU250 map units was
largely unhelpful, as it only provided generalised dominant soil types. These were found to
not always be accurate. In addition, sand dunes associated with non-wetting soil are often
subdominant parts of the landscape, and these are not described. The nature of the data
required a change of tack in methodology. Originally it was proposed that soil information
associated with map units would be assessed for characteristics indicative of non-wetting
behaviours. As this was not possible, map unit boundaries were visually assessed against
colour satellite and aerial imagery available through Google Earth. All map unit polygons
were assessed, especially for the presence of sand dunes or thick sand spreads. The nature
(e.g. linear or jumbled), size and abundance of sand dunes in each map unit was then
evaluated. Close similarities with South Australia dune landscapes and soils allowed an
assessment of likely dune soil types and features (see Figure 6). In addition, the Rowan and
Downes (1963) report and map were used to confirm sand dune soil types in general areas.
The categories of key soil features for water repellence and the soil key for water repellence
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(see Section 2.1 ‘South Australia’) were both utilised to support determination of repellency
rating (see Figures 6 and 7).
Owing to available time and the pilot nature of this project, site data was not accessed.
However, water repellency has not been assessed as part of Victorian field surveys (Mark
Imhof, pers comm.). Owing to great similarities between South Australian and Victorian
dune landscapes and the experience of the data developer – but the absence of on-ground
testing and the broad scale of available mapping boundaries – the confidence level of the
data developed for the Victorian section of the project area is moderate.

New South Wales
New South Wales possesses no spatial or site information with respect to water repellency
(Mark Young, pers comm.). Map unit boundaries covering the project area were obtained
from the New South Wales Office of Environment and Heritage. A range of mapping
coverages were pieced together (see Figure 4), which are ostensibly at a scale of 1:250,000.
A range of different reporting on land systems is linked to map units via three-letter master
codes. Also, some useful dominant soil data is attached to the GIS map unit coverage. Owing
to the existence of a greater level of soil description associated with most map units than
the Victoria data, more value was given to descriptions with respect to the development of
water repellency data. Also, the intricate nature of the mapping coverage (which is unusual
for 1:250,000 mapping), and difficulty in always identifying the land and soil features each
small and intricate map unit applied to, lead to a fair degree of reliance on map unit
descriptions.
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Figure 4 Mapping coverages utilised to develop water repellency data in the NSW section of the project
area.

Nonetheless, the whole area was assessed in reconnaissance fashion via colour satellite and
aerial imagery through Google Earth to initially identify sand dune areas. Over 3300 map
unit polygons were assessed. Then, map units were more intensively studied via aerial
imagery if their descriptions indicated the presence of any significant deep or thick sand.
Sand dune size, nature and abundance were assessed for each set of map unit polygons
comprising a land system. There are very few regular dune–swale systems within the project
area in New South Wales. Those that do occur lie across the Murray River from
corresponding landscapes in Victoria. The vast majority of the dune sands assessed via this
project are low rises or very low rises associated with drainage channels. These are often
former drainage channels. Sand has been carried by water, and then deposited by water
and wind adjacent to channels, or where channels are broad, within the channel itself. A
number of very broad channels occur in the south east of the project area (but mostly
outside of mapped cropping land). These are very different to the South Australian and
Victorian sand dune systems. Also, as there was little data about whether sandy soil profiles
possess bleached layers or not, this knowledge was not available to be utilised in
assessments of water repellence. Given the general small size, formation history, and soil
characteristics of dunes, it was assumed water repellency, if present, is most likely
moderate. The categories of key soil features for water repellence and the soil key for water
repellence (see Section 2.1 ‘South Australia’) were both utilised to support determination of
repellency rating (see Figures 6 and 7). It is likely that some small areas of low sandy rises
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were overlooked in this assessment, especially if forming a subdominant part of a larger
map unit. Plus, owing to available time and the pilot nature of this project, no site data was
accessed. Owing to the absence of on-ground testing, the scale and nature of available
mapping boundaries, and the lack of data available on water repellency, the confidence
level of the data developed for the New South Wales section of the project area is low (in
terms of the attribution of repellency status, not in terms of the presence of sandy soils in
the landscape).

2.2

Extent and distribution of water repellent sands in the
southern cropping region

Nearly 2,233,000 ha of cropping land across the project area has been mapped as
susceptible to water repellency (Table 3 and Figure 7). This is an immense area that includes
more than 16.6% or one-sixth of all cropping land. South Australian croplands in the region
had the highest total area (1.4 mill. ha) of soils susceptible to water repellency, although a
greater fraction (over 23%) of soils in the Victorian zone under investigation were deemed
susceptible to water repellency (Table 3). Three percent of the cropping land within the
project area was deemed susceptible to severe water repellency (Table 3) and thirteen
percent susceptible to moderate water repellency (Table 3). Within South Australia the
Murray Mallee - Upper South East region had the greatest fraction of croplands susceptible
to water repellency, with 26% susceptible to moderate water repellency and 10% severe
water repellency, while the Eyre Peninsula had 17% of crop lands susceptible to moderate
water repellency (Table 4). High resolution versions of Figure 3, 5,6 and 7 additional maps
showing areas susceptible to moderate and severe water repellency are provided in a
separate attachment.
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Table 3 Estimate of area of cropping land susceptible to water repellency within the project area (Southern
low-medium rainfall cropping region) by state.

State
SA

Total Crop area

None

Moderate

Strong

7,927,355

6,496,432

1,190,669

235,842

82

15

3

2,615,393

596,403

195,809

77

18

6

2,120,194

14,206

0

99

1

0

11,232,019

1,801,278

431,651

83

13

3

Cropping land (ha)
% of cropping land

Vic

Cropping land (ha)

3,407,812

% of cropping land
NSW

Cropping land (ha)

2,134,517

% of cropping land
Total

Cropping land (ha)

13,469,684

% of cropping land

Table 4 Estimate of area of cropping land susceptible to water repellency within the SA section of the
project area by region.

Region
Eyre Peninsula

Cropping land (ha)

Crop area

None

Moderate

Strong

2,561,859

2,119,242

435,373

7,244

83

17

<1

2,971,242

202,472

18,317

93

6

1

1,405,948

552,823

210,281

65

26

10

% of cropping land
Northern-Yorke

Cropping land (ha)

3,193,763

% of cropping land
Murray MalleeUpper South
East

Cropping land (ha)

% of cropping land

2,171,733
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Figure 5

Map showing project boundary, relevant annual average rainfall isohyets, and cropping land assessed for water repellency.
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Figure 6

Cropping land highlighting soil features and susceptibility to water repellence.
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Figure 7

Cropping land and susceptibility to water repellence.
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Key points – Extent of water repellent soils
 There are limited reliable data to map water repellency in Victoria and New
South Wales but good quality data in South Australia
 Across the region it is estimated that 17% of croplands are susceptible to
water repellency, with about 1.4 mill. ha in South Australia, more than 0.7
mill. ha in Victoria and little evidence for repellency being a problem in New
South Wales
 The most severe repellency is likely to occur on the sand dunes.
 The problem is likely to be greatest in the Murray Mallee- Upper South East
of South Australia and on the Eyre Peninsula
 A more reliable spatial assessment of water repellency of Victorian soils
would require further field assessment
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3

A history of water repellency research in
the Southern cropping region

A farmer from the south east of SA stated that “The non-wetting problem started to cause
concern some years after we cleared the area in the late 1940’s to early 1950’s” (Obst
1989). At this time the farmer was using the land for pasture. Institutional led research into
problems of soil water repellency in SA commenced shortly after in the 1960’s. Initial
research by CSIRO and the SA Department of Agriculture was focussed on measuring water
repellency (Emerson and Bond 1963; King 1981), examining the wetting patterns of soil in
space and time, and the possible role of microorganisms in the production of repellent
compounds (Bond 1964b; Bond 1968c; Bond 1968b). The occurrence of water repellent soils
in Australia was discussed in the review of Bond (1968b), which was primarily focussed on
SA. The water repellency problem was subsequently brought into sharp focus in the 1970’s
when farmers tried to re-establish pastures on water repellent soils, following the
devastation of lucerne pastures by aphids. The SA Department of Agriculture then began
working with farmers in the south east to investigate the role of seeding systems and tillage
in mitigating water repellency, and the effect of fumigation on water repellency (King 1974;
King 1975; King 1976; King 1977; King 1978).

In the 1980’s Wetherby (1984) surveyed the extent of water repellency on the Eyre
Peninsula, and the University of Adelaide and CSIRO together began investigating the origin
and identity of hydrophobic compounds in South Australian soils (Ma'shum and Farmer
1985; Ma'Shum et al. 1988; Tate et al. 1989). Studies on the interactions between clays and
hydrophobic compounds followed (Ma'shum et al. 1989; Ward and Oades 1993), then more
on the nature of the water repellent compounds (Franco et al. 1995; Franco et al. 2000a),
and on the possibility of promoting breakdown of hydrophobicity by stimulation of
microbial growth (Franco et al. 2000b). A short review of the problem and potential
solutions was published in 1990 (Ward et al. ), and Cann (2000) reviewed field trials on clay
spreading some fifteen years ago. After this time research reports investigating soil water
repellency in SA dried up and we can find no published research from the region after this
time, although State Agencies continued to work with farmers to develop soil amelioration
strategies based around clay spreading and soil reforming (Leonard 2011a; Masters 2014),
and a soil mapping program continued apace (Soil and Land Program 2007b; Soil and Land
Program 2007a). This included consistent mapping of the ‘severity of water repellence’
within each soil landscape map unit or map unit component (at 1:50000 or 1:100000 scale)
across the whole of SA’s agricultural zone (see Hall et al. 2009). These data allow the
calculation of affected area for any area of interest, as well as forming a basis for spatial
modelling.
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Current research activity is centred around the South Australian “New Horizons” program
(Anon 2015) which aims to use a “…mix of fundamental and applied research, extension and
regional demonstrations to develop an effective soil management package and technology
guidelines… to uncover the benefits of modifying the top 50 centimetres of the soil profile to
improve root growth, plant vigour and water use efficiency”. While it is anticipated that such
soil amelioration strategies would resolve water repellency issues, the program is not
explicitly focussed on it, and water repellency mitigation options are not directly included in
the “New Horizons” program. There does not appear to have been any reports into the use
of soil wetting agents to mitigate against water repellency in the southern region.

3.1

The dynamic nature of water repellency

Much of the early work on water repellency in SA was conducted on fields sown to pastures,
this was primarily because it was difficult to manage erosion when the sands were tilled for
cropping, and because the soils were very infertile and crops prone to root diseases.
Investigations by Bond (1964a) at Tintinara (Figure 8) using Rhodamine dye which coloured
wet soil red, demonstrated the heterogeneous nature of soil wetting under a pasture on
water repellent sand. Bond (1968a) also noted that water moved quickly to depth in water
repellent sands, resulting in leaching below what would be expected on an evenly wet
profile.

Figure 8 Water infiltration and soil wetting on a water repellent soil under pasture at Tintinara, SA. Some
areas of plants were noted to suffer water stress and reduced growth during the winter (from Bond 1964b).

The severity of water repellency in soils was shown to change over time within a year
(Figure 9) and across years (Figure 10). While Bond (1968c) considered increases in water
repellency in the autumn to be the result of fungal growth during the autumn period, this
was later suggested to be due to release of hydrophobic compounds from the decomposing
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plant residues rather than directly from the fungi themselves. Water repellence was thought
to increase where lucerne had been grown for 15 years or more (King 1976). Under these
conditions both water repellency and sandblasting were major impairments to successful
crop establishment.

Figure 9 Seasonal changes in infiltration of water in long-term pastures on water repellent sands in the
upper south east of SA (from Bond 1968c).

On a water repellent sand near Cummins on the Eyre Peninsula, Bond (1972) found that
barley sown into furrows germinated better than that sown on to ridges and concluded that
micro-water harvesting improved germination. Many of the ridge sown barley seeds
remained ungerminated three months later because the soil never wet up. In other early
reports at Coonalpyn (King 1975), farmers noted that pastures germinated in hoof marks in
water repellent soils and that this effect was more pronounced in drier than wetter years.
This “breakdown” in water repellency in depressions is most likely to result from an increase
in “head pressure” of water in the depressions which forces the water down through the
hydrophobic zone. This is likely to be the primary factor leading to infiltration of water on
repellent soils after sufficient rainfall, although it may not overcome problems of
heterogeneous wetting. Water repellent soils can remain dry for much of the winter
because rainfall infiltration tends to follow paths in the soil which have already wetted up,
and so the dry, water repellent patches can remain for a considerable time (Bond 1964b).
These observations led to furrow and ridge sowing investigations in studies at Coonalpyn.
Soils in furrows displayed lower apparent water repellency compared to those on ridges
(King 1976) and farmers in SA thus recognised in the 1970’s that seeding systems could be
used as a mitigation tool for water repellent sands (King 1974).
32 | Management of water repellent sands in the Southern cropping region

Figure 10 Water repellency was shown to be greater under older than younger lucerne pastures at Tintinara,
SA (from Bond 1964b).

Obst (1989) noticed in the 1950’s that tillage of dry, water repellent soils, made the water
repellency worse, but that tillage of wet soil decreased the water repellency. Soils were
compacted with a ribbed roller after sowing into wet soil. It is not clear why “…we have
noticed after a clean lupin crop or two the non-wetting problem is reduced for some years”.
Whether this was due to tillage or species effects was not clear.

Tillage during or immediately after rainfall was thought to reduce water repellency and
allow for seeding at Coonalpyn (King 1978), particularly with a disc plough. Bond (1968b)
observed positive, but short-lived, effects of tillage on water repellency in pasture soils in
SA, and while Wetherby (1984) suggested lower repellency on crop stubble (fallow) and
bare ground than in pasture fields, and no difference between direct drilled and
conventionally sown cropping systems, the data presented (Table 5) was equivocal as the
treatments were imposed in time, not space.
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Table 5 Soil water repellency measured from the molarity of ethanol droplet test (MED) on a rotation trial
at Wanilla, Eyre Peninsula (from Wetherby 1984)

Treatment

MED
Plot 1
Plot 2

1980 – bare ground

1.1

1.0

1981 - stubble

2.8

2.8

1982 - pasture

2.8

3.0

Farmers have long noted that in water repellent soils, grass appears where straw has been
deposited by headers, before it appears in interlaying areas and that mulch rows left after
topping grass were greener than adjacent areas where plants had struggled to germinate
(King 1975). This would suggest that both mulch and stubbles may reduce the impact of
water repellency. The recent observations of Roper et al. (2013) in cropping systems in WA
are similar to those made by Bond (1964a) fifty years earlier at Tintinara in SA which showed
infiltration of water under plants in an annual pasture but not under bare ground in the
pasture (Figure 11).

Wetherby (1984) stated that rainfalll events totalling <8 mm/24 hours aggravated the water
repellency problem but that rainfall of 25-50mm received over a couple of days would wet
the sand throughout the soil profile in the months of May-July.

Figure 11 Wetting pattern beneath a pasture at Tintinara, SA (from Bond 1964b). Note wettability beneath
plants compared to bare ground.

Farmers in the south east of SA observed that in native bushland water penetrated more
quickly under burnt than adjacent unburnt scrub (King 1975). Combustion of organic matter
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in soils has been shown to decrease water repellency (Bond 1968c), and hence annual
burning of crop stubbles can reduce repellency (Roper et al. 2013), although increasing
ambient soil temperatures up to 150°C have been shown to increase soil water repellency
(Roper et al. 2015a).

3.2

Microbial activity and hydrophobic compounds

Bond (1964a) found that soils with water repellent horizons always contained “…zones of
copious fungal proliferation” and thus it was thought that growth of basidiomycete fungi
increased water repellency following the break of the season (King 1974). In an attempt to
reduce hydrophobicity by killing fungi in water repellent soils in SA, farmer fields were
fumigated with Chloropicrin (220 lbs/acre) and the surface covered with plastic sheeting for
several days. Farmers then sowed over the treated areas as normal. Soil fumigation had no
effect on the degree of water repellence in soil samples taken from ridges or furrows at any
site (King 1977). Although the presence of fungal mycelium was strongly correlated with
water repellency in sandy soils in SA, and led Bond (1968c) to consider the primary cause of
water repellency in sandy soils to be the activity of basidiomycete fungi, it was later
suggested that the fungi do not in themselves produce the hydrophobic compounds, which
appeared to be primarily of plant origin (Franco et al. 2000a). Thus fungi are not the primary
source of hydrophobic compounds but their action may release water repellent compounds
from plant debris. In laboratory studies in WA (McGhie and Posner 1980) fungal growth was
found to reduce water repellency.

Although Bond (1968b) found sandy soils with no plant residues/organic matter, such as
beach and desert dune sands without vegetation, are not water repellent, no relationship
was observed between organic carbon and water repellency. However, working in WA both
Harper and Gilkes (1994) and Roper et al. (2013) found strong correlations between soil
organic carbon and water repellency (MED). Davenport (2015) found soils of <0.1% organic
carbon can be readily water repellent in SA. Particulate soil organic matter was shown to
contribute to water repellency in the glasshouse studies of Franco et al. (1995) using soils
from the south east of SA.

Microorganisms are known to play pivotal roles in the breakdown of plant residues and
consequently the release of hydrophobic compounds from those residues (Franco et al.
2000a), and in the production of waxes (Franco et al. 2000a). They have also been
demonstrated to degrade hydrophobic compounds in laboratory studies (Franco et al.
2000b). Attempts to “stimulate” the activity of wax-degrading microorganisms in the field at
Tintinara, through improved nutrition, were unsuccessful, even though this worked in the
laboratory (Franco et al. 2000b). One reason for a failure to work in the field could be that
temperature and soil moisture are less favourable for microbial growth than under
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glasshouse conditions. Indeed it may well be that the water content of water repellent field
soil acts to limit the microbial breakdown of these hydrophobic compounds. Furthermore,
breakdown in the glasshouse was observed in the absence but not presence of plants.
Perhaps this is because plants continually contribute hydrophobic compounds, and/or
because the microorganisms prefer to utilise more readily metabolised plant exudates than
the long chain hydrophobic compounds (Franco et al. 2000b).

3.3

Nature of the hydrophobic compounds

The hydrophobic compounds which coated sand grains in SA were found to be long chain
polymethylene waxes (Ma'Shum et al. 1988), long chain fatty acids, alcohols and their
esters, alkanes, phytanols, phytanes, and sterols (Franco et al. 2000a). These long chain (16C
– 32C) fatty acids were found to resemble those of plant cuticles (Tate et al. 1989), and in
planta might be involved in plant water relations. The hydrophobic compounds also exist as
particulate matter, and affect repellency(Franco et al. 1995). Hydrophobic compounds that
contribute to water repellency can be found in all soils, however, it is the low surface area of
sandy soils that gives rise to the expression of the hydrophobicity, more so than the
existence of the hydrophobic matter itself, which can degrade to the extent that water
repellency is reduced. Since soil water is H-bonded to sand, as the sand dries out the water
is replaced by hydrophobic compounds, which can also be strongly H-bonded to the sand,
but with a long chain hydrocarbon sticking up from the surface and preventing access by
new water molecules to the all important surface silanol (Si-O-H) groups (Tate 2013), and
hence water repellency is formed following the drying cycle. International research into the
specific nature of the hydrophobic compounds is discussed in Section 6.3.

3.4

Tillage and nutrition

Recent investigations into suitable seeding systems on mallee sands (Desbiolles 2015) have
highlighted opportunities for improving crop emergence on water repellent sands, using
twin boot systems, a “scooping” share to remove water repellent topsoil and place it
between the furrows, and on-row sowing. These packages include both novel approaches
(scooping share) and adaptations of recent Western Australian research (on-row sowing).
This work is currently in its infancy and is deserving of further research and development.

There is scant reference to specific nutritional problems on water repellent soils in SA, or
indeed elsewhere. As noted in our earlier review (Unkovich 2014), the sandy soils in this
region have very low fertility. How crops extract sufficient nutrients from heterogeneously
wet soil has been poorly studied, as have fertiliser strategies under such conditions. Plant
densities were the same on harrowed, furrow sown and press wheel treated plots where no
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N was applied but where N was applied more plants emerged in the furrow sown and press
wheel plots than in the harrowed treatment (King 1976). This might be more likely to be due
to the effects of furrow sowing on infiltration and press wheels on seed-soil contact than
nutrition (Blackwell et al. 1994). However, crop yield increases where press wheels were
used were not always due to increased density/emergence but were sometimes due to
greater growth of individual plants (King 1976).

3.5

Applying clay to alleviate repellency

Since the primary root of the water repellency problem in sandy soils is a low surface area,
the favoured solution would be to increase the surface area of the soil by increasing the clay
content. When added to water repellent sands clays tend to spread over the sand grains and
thus mask the hydrophobic surface (Ward et al. 1990). Addition of clay to sandy soils thus
provides a simple, long term solution to problems of soil water repellency, and as only a
small fraction (<3%) of sand grains are coated with hydrophobic compounds in a water
repellent sand, it only requires a small amount of clay to mask the repellency, typically 3-5%
(Ward and Oades 1993). However, suitable clays are not available everywhere and transport
and spreading costs restrict the viability of claying in many areas. To be a viable option clays
need to be within 65cm of the surface for delving or within 300m of a source for spreading
(Davenport and Masters 2015), severely limiting the extent to which clays can be sourced
and applied.

Figure 12
Clay spread (right) and unamended sandy soil (left) in a pasture in the south east of SA,
not dated (from Tate 2013).
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In SA clay spreading appears to have first been used to reduce water repellency in sands in
the 1960’s, and indeed fields that were clay spread at this time still retained the effects
more than thirty years later (Obst 1989). Substantial and sustained increases in crop and
pasture dry matter production have been observed following application of clay to water
repellent soils in the south east of SA (Cann 2000). In the Telopea Downs area of Victoria,
90% of farms have had some clay spread to tackle water repellency (Pritchard 2011). Rates
of clay spreading in SA have tended to be higher on sandhill (100 – 250 t/ha clay) than on
lower lying sands over clay (40 – 100 t/ha clay, Cann 2000). Clay amended soils require a
wetting and drying cycle before the repellency is overcome (Ward and Oades 1993). It is not
generally practical to use soils with a low clay content (<25%) for clay spreading on to sands,
because very large quantities would be required. Incorporating 200 t/ha of a 30% clay to the
top 10cm of soil with only 0.5% clay would increase the clay content to about 5% (Leonard
2011a).

Dispersive-sodic clays (those with excess sodium attached to their exchange surfaces) have
been found to be more effective for clay spreading than than non-dispersive (non-sodic)
clays (Ma’Shum 1989; Leonard 2011a). Clays such as kaolinite and illite were more effective
at reducing water repellency than clays like montmorillonite. Ward and Oades (1993)
similarly found that kaolinite but not montmorillonite was effective in reducing water
repellency and that this was thought to be due to the kaolinite not aggregating on drying
whereas montmorillonite tended to aggregate on drying, thus reducing the surface area
available on rewetting compared to kaolinite. Clays with relatively low charge were thus
considered to be the best candidates for reducing repellency in sands. Fortunately suitable
kaolinitic clays are commonly found under sands across the South Australian cereal belt,
including Eyre Peninsula (Cann 2000; Tate et al. 1989; D. Chittleborough pers. comm.) and
also under the non wetting sands of the Telopea Downs region of Victoria (Leonard 2011a).
However, clay spreading is not practical everywhere, the high cost of transporting hundreds
of tonnes of clay restrict clay spreading to fields already containing clay in the subsoil. A
preliminary assessment of sandy agricultural soils in SA (utilising SA Land and Soil
Information Framework soil type attribute data and excluding non-agricultural land)
indicates that approximately 45% of sandy soils are ‘sand over clays’. This roughly indicates
the proportion of sandy soils that are suitable for delving of subsoil clay. It also roughly
indicates the proportion of water repellent sands that might have suitable clays for clay
spreading, although suitable clays often occur in areas adjacent to deeper sands
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Figure 13 Change in water repellency of a sandy soil, as indicated by the molarity of ethanol droplet (MED)
test as a function of clay type and clay concentration (redrawn from laboratory data of Ma'shum et al.
1989).

Clayey subsoils across the low to moderate rainfall cropping areas of SA commonly contain
carbonate and if applied at too high a rate or not incorporated sufficiently can result in crop
nutrient deficiencies, especially phosphorus, zinc and manganese. Mild cases of such
deficiencies could be corrected by fertiliser regimes (May 2006), but in more severe cases
ongoing nutritional problems have been experienced on the Eyre Peninsula where sodic,
high pH clays have been applied to sandy surface soils (Leonard 2011b). Great care needs to
be taken with claying carbonaceous sands which can also substantially extend the
persistence/activity of some residual herbicides (see e.g. Hollaway et al. 2006).

While only 50 t/ha of clay may be sufficient to eliminate water repellency, higher rates of
soil addition are needed because ameliorant soils available in the region typically contain
<50% clay. It is unclear whether water repellency would return if insufficient clay was
applied. Therefore rates of 50-100 t/ha of clay soil are typically used (Cann 2000; Leonard
2011a). To spread clay at a rate of 100t/ha on to a 100 ha paddock would require some
7200 m3 of clay soil, weighing approximately 10,000 tonnes. Compaction problems have
been observed where rates of clay application have been too high (May 2006).

South Australian government agencies have extensive field experience working with farmers
on best practices for clay addition to sandy soils in SA. Publications such as Spread, delve,
spade invert: a best practice guide to the addition of clay to sandy soils (Leonard 2011a),
provide guidance on suitable sands for clay spreading, the types of clays most suited, the
rates of clay application that should be applied, and whether clay should be spread, delved
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and/or spaded. Although Cann (2000) reviewed clay spreading trials in the south east of SA,
a more rigorous analysis could be fruitful as there was no statistical analysis presented for
any of the datasets published.
Clay addition is somewhat of an inexact science because the clay soils used are typically
those readily available “on site” and not “made to order”. Furthermore as the spreading of
tonnes of soil over another soil is a cumbersome process, the outcomes, although primarily
positive are somewhat variable, depending on the nature of the clay, the rate it is applied
at, the degree of incorporation and soil heterogeneity.

3.6

Reforming soils

Soils can be “reformed” by deep tillage and inversion techniques which mix the surface soil
layer with soil from deeper in the profile. In this way water repellency can be ameliorated.
Multiple benefits can be achieved on soils which have a significant textural change within
reach of a deep tillage implement. Soil inversion techniques were established at Coonalpyn
in SA in 1977 (King 1978) and were instigated specifically to try and reduce water repellency.
Soil inversion can only be achieved when the soil is wet and so is typically done in autumn,
followed by immediate seeding of a cereal to reduce wind erosion. It can also be done later
in the season after the main seeding program is completed. Depth of inversion is typically
ca. 40cm, similar to that commonly achieved with clay delving, thus in SA sands deeper than
40cm are typically clay spread rather than delved or inverted (Leonard 2011a), although
there has been some success with delving up to 60cm.

Table 6 Infiltration rates, plant density and grain yield in response to amelioration or mitigation of water
repellency at Coonalpyn, SA in 1977 (from King 1978).

Treatment

Disc plough

Infiltration rate
(mm/min.)
9/11/77
19/4/77
1.9
2.1

Plant density (/m2)

Barley grain yield
(kg/ha)

Lucerne
53

Lupin
13

500

Mouldboard plough

3.2

2.5

39

28

740

Cultivator

0.13

0.25

14

25

330

Undisturbed pasture

0.07

0.04

-

-

-

Recent work examining clay delving on water repellent sands at Coonalpyn and Bordertown
in SA (Betti et al. 2015) found that soils which had been delved for clay had reduced
preferential (finger) flow of water into the soil and displayed increased wetting up of the soil
A horizon, primarily along the delved line. Water repellency was very much eliminated along
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the delve lines but remained between the delve lines. It was concluded that delving lines
might need to be close together, or clay spread more evenly if repellency was to be
eliminated.

South Australian government agencies have been conducting research into sandy soil
amelioration techniques for many years and Masters (2014) provides a summary of that
work. Unfortunately much of the work has been insufficiently replicated, preventing
rigorous analysis of techniques tested, or the reporting has not been subjected to peer
review.

The Department of Primary Industries and Regions SA currently has trials underway
investigating crop responses to incorporation of clay and/or organic matter to infertile
sandy soils at three sites in SA (Davenport 2015), two of which can be water repellent. The
treatments established at all three sites in 2014 were as follows:
 control (managed as per best district practice)
 deep nutrition (banded)
 shallow incorporated clay
 spaded
 shallow incorporated clay & deep nutrition (banded)
 clayed & spaded
 spaded & nutrition
 clayed & spaded & nutrition
 spaded & organic matter
 clayed & spaded & organic matter
 spaded & organic matter & nutrition
 clayed & spaded & organic matter & nutrition

Only the shallow incorporated clay, clay & spading, and spading only, treatments can be
considered to explicitly address the amelioration of water repellency. The remainder of the
treatments could tackle water repellency plus a raft of other problems of infertile sandy
soils. A full analysis of the first year of trial data was not completed at the time of writing
(Davenport 2015), analysis of the 2014 data and measurements on the sites are continuing.

Crop establishment and grain yield results from the year in which the treatments were
established are given in Table 7, but only significant differences between the control and
other treatments are available at this stage. Crop establishment data from the sites confirms
the complex nature of water repellency, with the Brimpton Lake and Karoonda sites not
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appearing to be affected by repellency in 2014 (Table 7), most likely the result of above
average rainfall received both pre and post sowing at the two sites. In contrast, crop
establishment was significantly improved at the Cadgee site when the soil was mixed with a
spader and was further enhanced by the deep incorporation of clay. Shallow incorporated
clay reduced crop establishment at the Karoonda site (Table 7) and was only effective at
increasing grain yield at one of the three sites. Spading alone and the deep incorporated
clay + spading treatment increased grain yields above unamended controls at all three sites.

Grain yield results from the year in which the treatments were established are given in Table
7, but only significant differences between the control and other treatments are available at
this stage. Untangling the effects of treatments on water repellency is difficult given the
myriad of treatment effects possible. In the first instance the surface applied clay and
spaded with or without clay and organic matter treatments might be most pertinent.
Unincorporated, surface applied clay was only effective at increasing grain yield at one of
the three sites, while spading alone, and claying + spading increased grain yields above
unamended controls at all three sites. The results demonstrate that large yield gains can be
achieved when surface and subsoil constraints are overcome and that poor productivity on
sandy soils is the result of more than water repellency alone.
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Table 7 Established plants (plants/m2) and grain yield (t/ha) of wheat at three sites in SA following soil modifications as part of the New Horizons program. Values in
bold indicate significant differences from the control treatments within a site. Data courtesy Melissa Fraser (PIRSA).

Treatment

Brimpton Lake

Karoonda

Cadgee

Established
plants

Grain
yield

Established
plants

Grain
yield

Established
plants

Grain
yield

1

Control

181

1.40

121

0.49

74

0.59

2

Deep nutrition

185

1.86

110

1.57

95

0.90

3

Shallow incorporated clay

156

2.01

58

0.38

115

0.53

4

Shallow incorporated clay
& deep nutrition

153

1.51

76

1.44

91

0.67

5

Spaded

171

2.29

113

1.47

135

1.00

6

Spaded & organic matter

181

2.96

104

2.05

120

1.19

7

Spaded & nutrition

178

1.56

105

1.14

127

1.38

8

Clayed & spaded

164

2.48

115

1.07

165

0.84

9

Clayed & spaded &
organic matter

164

2.62

117

1.57

155

1.00

10 Clayed & spaded &
nutrition

164

1.69

112

1.05

160

0.75

11 Spaded & organic matter
& nutrition

160

2.85

117

2.00

117

1.23

12 Clayed & spaded &
organic matter &
nutrition

175

2.81

113

1.42

146

1.06
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Key points – Water repellency research in Southern Australia
 Much of the early research work on water repellency in Australia was
conducted in South Australia, primarily on pasture systems because crops
could not be grown on the fragile sands at that time
 The work showed that repellency increased with time under pasture and
that infiltration of water was restricted to zones where there were existing
plant roots, and in micro-depressions in the soil where water accumulated
allowing seeds to germinate
 The hydrophobic compounds coating sand grains were found to be long
chain fatty acids, alcohols and their esters, alkanes, phytanols, phytanes,
and sterols, long chain polymethylene waxes, primarily of plant origin
 While these hydrophobic compounds could be broken down by the actions
of microorganisms, water repellency would return once the soil returned to
a dry state
 Addition of clay to sandy, water repellent soils was found to eliminate
repellency permanently by increasing the surface area of the soil for
bonding of hydrophobic compounds
 Dispersive, sodic clays were found to be more effective in eliminating
repellency than non-dispersive clays. Also, clays rich in kaolinite and illite
clay minerals were more found to be more effective than those rich in
montmorillonite.
 Farmer guidance on clay spreading is available but either clay is not
available, or its addition is not economic, for all water repellent soils
 Clay spreading or delving is unlikely to be a feasible option on >50% of
sandy soils

44 | Management of water repellent sands in the Southern cropping region

4

Water repellency research in Western
Australia

There has been considerable investment in research on water repellency in WA, since the
1980’s (see e.g. Crabtree and McGhie 1990). In an earlier review of research in Australia
Blackwell (2000) concluded that the primary problem with water repellent soils was the
uneven wetting which occurred to the detriment of crop germination. The management
options which might usefully contribute to overcoming the effects of soil water repellency
were considered to be; removal of the hydrophobic soil or the hydrophobicity itself,
reducing the surface tension of the interaction between the water and soil, water
harvesting, claying, movement of water along dead root channels, and plant adaptation.
Several key research papers have been published from more recent research, of which a
2015 review (Roper et al. 2015a) examines the causes, consequences and management
options for water repellency in Australia, and an illustrated report from a field tour (Anon
2014) highlights the achievements of Western Australian growers in combatting water
repellency.

It is thus not our purpose to repeat the reviews of Roper et al. (2015a) and Anon (2014) but
rather we summarise the key points from that review, and include examples illustrating
these points from the original or other sources. We also include our observations from a
recent field visit to water repellency research sites in WA. Two summary tables from Roper
et al. (2015a) are reproduced in Appendices A.1 and A.2.

The key points from the Roper et al. 2015a review are as follows
 There is both laboratory and field evidence that fields sown to crop or pasture legumes
display higher water repellency than fields predominantly sown to non-legumes
 The following seeding system elements can greatly improve crop establishment, especially
when used in combination; furrow sowing with ‘V’ or ‘U’ shaped press wheels, using
winged knife points that place seed to the side in less disturbed soil, and sowing as close
as possible to the previous crop row in no-till systems. To be effective wetting agents
need to be applied as a band in a continuous stream, and in conjunction with the above
measures.
 Furthermore, no till systems are generally preferable because they retain old crop root
and faunal channels that provide the critical pathways for water flow into water repellent
soils.
 Although bacteria are able to break down water repellent compounds in the soil, current
inoculant technologies are not effective and opportunities in this realm are probably
limited, however, stimulation of microbial growth can result in reduced hydrophobicity.
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 Lime applied to acidic, water repellent sands can reduce repellency, partly through a
“claying effect” of the fine lime particles, and partly through increases in biological activity
which can break down repellent compounds.
 Addition of clays to sandy soils can ameliorate water repellency, either completely (ca 5%
clay) or partially (ca 2% clay). The clay needs to be incorporated into the surface soil with
a spader or similar. Other potential benefits of clayed sands include increased water and
nutrient holding capacity, and heat storage and possible associated reduced frost risk.
 Soil inversion techniques were introduced in WA to bury herbicide resistant weed seeds
but have been found to greatly reduce water repellency by burying the water repellent
soil, and in some cases increasing the clay content of the topsoil. Inversion is typically
done with a mouldboard or large disc plough. While burying organic matter through soil
inversion usually increases the zone of organic fertility, it also dilutes this fertility and thus
careful consideration needs to be given to fertility management in inverted soils.
 Amelioration options such as clay spreading and soil inversion were suggested to achieve
production improvements of >50% and mitigation treatments ca 10%.

We now highlight key pieces of evidence underpinning the above points, and begin to draw
out potential areas of uncertainty and opportunity for the GRDC southern region.

4.1

The contribution of crop species and rotations to water
repellency

Replicated long term trials at Esperance Downs in WA (Table 8 ) indicate that rotations
including legumes displayed higher repellency than those without legumes. How long such
differences take to develop is unclear, also if the repellency is diminished when switching
from a legume back to a continuous cereal system, or how long it might take for a
continuous cereal to restore wettability. At Badgingarra severe repellence was observed
after three years of continuous wheat or annual pasture (Table 8), and Loss et al. (1993)
observed higher repellency in subclover pasture compared to narrow-leaf lupin, and blue
lupin greater than annual pasture, in paired samplings in WA (Table 9). McGhie and Posner
(1981) suggested that blue lupin reduced water repellency on Western Australian sands,
while Moore and Blackwell (1998) suggested it was a major contributor to water repellency.
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Table 8 Observations on crop rotation and soil water repellence (molarity of ethanol droplet test, MED) in
WA (from Moore and Blackwell 1998, n.d. – not determined).

Rotation

MED

Water repellence
rating

Clover/wheat rotation

1.2 – 1.6

Moderate

1.1

Moderate

1.1 – 1.2

Moderate

Site
Esperance Downs
Esperance Downs

Continuous lupin

Esperance Downs

Wheat/lupin

Esperance Downs (20th
year)

Continuous clover

2.6

Severe

Esperance Downs (26th
year)

Continuous wheat

0.3

Low

Badgingarra

Permanent annual
pasture

n.d.

Severe

Badgingarra (3rd year)

Continuous wheat

n.d.

Severe

Newdegate

Permanent annual
pasture

n.d.

Severe

Newdegate (16th year)

Continuous wheat

n.d.

Nil

Geraldton

Continuous blue lupin

3

Very severe

Table 9 Water repellency (molarity of ethanol droplet test, MED) at two sites in WA. (from Loss et al.
1993).The rotations included very irregular (1/10) cereal crops and the annual pasture was primarily grass
and broadleaf weeds.

Site

Rotation

0-5 cm 5-10 cm

Three Springs Subclover pasture

2.7

3.6

Narrow-leaf lupin

1.0

0.0

Blue lupin

4.0

1.1

Annual pasture

1.1

0.0

Mingenew
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Table 10 Contact angle (CA) and water droplet penetration time (WDPT) for sands treated with 2% or 5% by
weight of a range of ground legume or cereal tops (from McGhie and Posner 1981). Subspecies of T.
subterraneum are indicated (B - brachycalycinum, S - subterreneum and Y - yanninicum).

Species
Legumes

Cereals

Variety

CA 2%

CA 5%

WDPT 2%

WDPT 5%

Lupin cosentini

Blue lupin

50

62

0

0

Medicago littoralis

Harbinger

71

94

0

5

Medicago sativa

Lucerne

62

95

0

6

Medicago scutellata

Snail

89

114

10

90

Medicago tornata

Tornafield

86

97

>1800

1200

Medicago truncatula

Cyprus

77

108

60

>1800

Ornithopus sativus

Serradella

92

111

20

60

Trifolium hirsutum

Rose clover

80

97

0

12

Trifolium subterreneum

Clare (B)

92

99

120

900

Dininup (S)

71

80

0

780

Geraldton (S)

87

110

5

>1800

Mt Barker (S)

73

96

0

>1800

Nungarin (S)

90

102

>1800

>1800

Tallarook (S)

79

95

0

10

Uniwager (S)

79

95

45

30

Yarloop (Y)

80

102

12

1200

Triticum aestivum

Wheat

61

82

0

0

Avena sativa

Oat

67

86

0

0

Hordeum vulgare

Barley

59

82

0

30

While there is also laboratory evidence demonstrating that ground tops of some legume
species induced greater water repellence than non legume species (McGhie and Posner
1981), this data was inconclusive since there was considerable variation within the legume
species examined (Table 10), including some that induced virtually no repellency. In contrast
there was only one variety of each of the cereals examined so we are unsure if similar
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variance in the water repellency of cereal varieties occurs. Furthermore no statistical
analyses of any of the data were presented. Consequently it is difficult to draw unequivocal
conclusions about the relative importance of species in contributing to the repellence
observed in Table 10, and therefore perhaps even Table 8. In addition, since the data of
Table 10 are only for crop shoots, the importance of root residues in contributing to
repellency is not known. Since the roots are always returned to the soil their role in
producing hydrophobic compounds may have been overlooked. Furthermore, since the
cultivars listed in Table 10 are very old and generally no longer recommended, the relative
water repellency risk of crop and pasture cultivars currently used is not unknown. Water
repellency is certainly observed in continuous cereal systems in WA, both under stubble
retention and stubble removal (Roper et al. 2013), thus the role of different species in
contributing to greater or lesser extents to water repellency is not clearly defined.

Water repellency
(MED)

3.0

2.0

1.0

0.5

1.0

1.5

Soil carbon content (%)
Figure 14 Scatterplot of soil carbon content and water repellency, as measured by the molarity of ethanol
droplet test, for continuous wheat at Munglinup, WA. Different symbols represent different years,
cultivation treatments, and soil depths (from Roper et al. 2013).

While crop species may play an important role in the development of water repellency,
whole crop/pasture system effects may also be important as well as species differences. For
example the relative removal of plant dry matter between systems, which could include
effects of system productivity, or the turnover of plants and their residues through animals
might significantly influence water repellency. Since strong correlations have been observed
between water repellency and soil organic carbon, even in continuous wheat systems
(Figure 14, Roper et al. 2013), it may be that the productivity of the system is as important
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as the species grown. Such possible effects have not been quantified and may contribute to
some of the apparent differences attributed to species. McGhie and Posner (1981)
examined soil water repellency in soil samples from a long term rotation trial at Newdegate
in WA (Table 11) and concluded that water repellency could be reduced by switching from
pasture to crops. However, this information is now of little use given the intensive crop and
cereal systems widely used, and furthermore it is likely that it was the build up of carbon in
the pastures and run down of soil carbon under cropping (Table 11) that reduced repellency,
not the switch between species per se. The merit of decreasing soil carbon to reduce
repellency in cropping systems is debatable.

It may well be that legumes induce greater water repellency in soils, but from the existing
datasets it could not be concluded so. Furthermore, the ratio of the hydrophobic to
hydrophilic organic matter in species could also play a role. The relative importance of
different crop and pasture species and rotations in enhancing or mitigating water repellency
needs to be better defined if we are to provide informed guidance to growers, the existing
datasets are not convincing.
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Table 11 Measures of water repellency and soil carbon on a long term rotation trial on a water repellent
sand at Newdegate, WA (from McGhie and Posner 1981).

Rotation

Phase

Contact Angle

WDPT (s)

Carbon (%)

(o)
4 pasture /2 crop

4 pasture /1 crop

3 pasture/3 crop

2 pasture/2 crop

2 pasture /1 crop

1 pasture /1 crop

Continuous pasture

Continuous crop

First pasture

89.0

30

0.98

Second pasture

84.0

10

0.84

Third pasture

90.5

151

0.87

Fourth pasture

90.5

180

1.12

First crop

89.5

45

1.05

Second crop

87.5

2

0.66

First pasture

84.5

0

0.96

Second pasture

91.0

25

0.68

Third pasture

88.5

120

1.29

Fourth pasture

92.5

90

1.44

First crop

86.5

15

1.17

First pasture

82.0

7

0.34

Second pasture

86.5

12

0.64

Third pasture

90.0

60

0.98

First crop

91.0

50

0.83

Third crop

83.5

1

0.59

First pasture

87

10

0.75

Second pasture

86

10

0.69

First crop

88.5

5

0.61

Second crop

74.5

3

0.69

First pasture

84

10

0.81

Second pasture

89

45

1.13

Crop

84

5

0.89

Pasture

87.5

3

0.85

Crop

92.0

10

0.69

Pasture

69.5

20

0.84

Crop

89.5

12

0.40

16 pasture

98.5

>300

2.74

16th pasture

97.5

>300

2.94

11th crop

79

0

0.44

11th crop

78

0

0.50

th
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Key points – Contribution of crops and rotations to water repellency
 While it has been stated that legumes may cause greater repellency than
cereals there is no robust data in support of this. Severe repellency also
develops under continuous cereals
 The role of crop species and rotations in increasing or decreasing repellency
needs to be better defined
 Attention should be paid to the contribution of crop species roots to
repellency as well as shoots
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4.2

Seeding systems to mitigate water repellency

Furrow sowing
Micro land forming to channel water to seed rows, press wheels, and soil wetting agents can
all contribute to improved germination in water repellent sands and provide a useful
mitigation option for sowing of crops into water repellent soils. Wide furrow systems were
developed to reduce the effects of water repellency experienced by farmers on Western
Australia’s northern sandplains in the late 1980’s (Blackwell et al. 1994), although they had
earlier also been explored for pastures in the south-east of SA (King 1974).The approach was
to use a row spacing of >200 mm and to place seed into the bottom of the furrow (Table
12), where there might be subsurface moisture, and to where water harvesting from the
ridges would deliver water. Soil wetting agents were also applied. Press wheels were also
used to encourage seed:soil contact and may be essential for effective germination under
these conditions (Crabtree and Gilkes 1999). Although Crabtree and Gilkes (1999) saw no
advantage from furrow sowing in their field experiment (Table 12), this was thought to be
a consequence of it being a very low rainfall year such that water harvesting to the furrows
was not effected. While wind erosion was considered to be a problem, plants emerging at
the bottom of the furrow were somewhat protected from wind. Indents in press wheels can
provide “tie banks” to reduce water flow along the furrows (Blackwell 1993), thereby
reducing run off and erosion (Crabtree and McGhie 1990), and possibly movement of
surfactants if applied. Damage from herbicides carried over from the previous crop were
also a threat if the soils had not been sufficiently moist for herbicide breakdown, and
herbicides could move to the furrows in water and damage crop seedlings (Moore and
Blackwell 1998).

While narrow seeding points are popular with no till farmers these are not ideal for creating
furrows, and it has been found in WA that these can encourage the movement or “flow” of
water repellent soils around the seeding point and on top of the seed, resulting in poor
germination. One possible solution is to use winged points with seed placement on either
side of the wing (Figure 15) to better control the flow of water repellent soil and to sow in
twin rows (Figure 15). Winged points have been found to improve water harvesting in the
seed row (Figure 16), possibly because water repellent topsoil does not flow as readily back
behind the wings and into the seed row. The twin rows are sown at the same overall density
as for a single row but the two seed positions provide a greater likelihood of sowing into
wet soil. Together these adaptations show improved crop emergence over standard narrow
points in water repellent soil (Table 13).
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Table 12 Emergence and grain yield of a barley crop sown on the side of furrows (conventional) or at the
bottom of furrows (furrow sown) with and without press wheels on water repellent sand at South Stirlings,
WA.

Seed placement

Compaction

Emergence 28 das
(plants m2)
72a

Grain yield
(t/ha)
1.70a

Conventional

none

Conventional

Flexi-coil

73a

1.82a

Conventional

press wheel

101b

2.13b

Furrow

none

62a

1.69a

Furrow

Flexi-coil

57a

1.70a

Furrow

press wheel

74a

1.79a

(significant differences between treatments are indicated with letters, from Crabtree and Gilkes 1999).

Figure 15 A knife point with wings for improved seed placement and soil control in water repellent soils.
Seeds are placed in two rows, one either side of the point (right).

Seeding systems were investigated earlier by farmers in SA’s south-east (King 1974), but
documentation of both research and adoption of this technology in SA seem to be limited.
Reference to guidance provided to Western Australian farmers is given in Appendix A.3 and
could be readily tested and adapted in the GRDC Southern Zone.
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Table 13 Establishment of wheat on a water repellent sand at Badgingarra, WA, using knife points or winged
points with paired row sowing (from Davies et al. 2012).

Soil type

Sandy gravel

Deep pale sand

Establishment
(plants/m2)

Grain yield
(t/ha)

Establishment
(plants/m2)

Grain yield
(t/ha)

Knife points

95

3.98

97

1.19

Winged points
with paired rows

222

5.42

201

1.79

Soil moisture (% v/v/)

5
Knife point
Winged point

4

3
2
1

Furrow

Ridge

Figure 16 Soil moisture in furrows and ridges following sowing with knife or winged points on a water
repellent sand at Badgingarra, WA (from Davies and Blackwell 2012)

Stubble retention and tillage systems
In addition to furrow sowing techniques, research in WA indicates that crop germination
and emergence is reduced by tillage on water repellent soils compared to no till systems
(Table 14). This is because in stubble retention systems soil macropores and root channels
are maintained, providing important pathways for water entry into water repellent soils
(Figure 17). These pathways are disrupted in tilled systems and thus no till systems may
achieve greater crop emergence on water repellent soils, even though the retention of crop
residues may increase organic matter additions to soil and measures of water repellency
(Figure 18). The recovery of infiltration pathways post-cultivation appears to take more than
two years (P. Ward pers. comm.)
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Table 14 Crop emergence (plants/m2) under no till and cultivated systems with stubble retention or stubble
burning (fromRoper et al. 2013).

No tillage
retained burnt

Cultivated
retained burnt

Year

Crop

2008

Canola

24.63

11.55

19.46

9.45

2009

Barley

66.20

53.90

50.50

35.30

2010

Canola

23.09

7.67

5.09

2.83

2011

Wheat

95.85

122.01

100.69

118.38

Figure 17 Exposé of wet soil (pale blue colour) under (a) no till or (b) cultivated wheat cropping systems on
the same soil at Munglinup, WA. (from Roper et al. 2013)
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Molarity of ethanol
(MED)

2.0

Stubble retained
Stubble burnt
1.0

No
tillage

cultivated

Figure 18 Water repellency in the top 5cm of soil, as measured by the molarity of ethanol droplet test, in no
till and cultivated systems, with and without stubble removal by burning (redrawn from Roper et al. 2013)

Macropore or preferential flow of water into the soil on water repellent sands appears to be
the key entry point for water in these soils. Figure 17(a) indicates that in no till stubble
retained systems the soil wets up primarily beneath old standing stubbles, following the
roots of the previous crop. Old crop roots thus provide an important conduit for water entry
to soils. For this reason, experiments examining on-row versus between row sowing in WA
have shown improved emergence of crops when sown close to the previous crop row
(Figure 19). The technique (Davies et al. 2012; Roper et al. 2013) involves sowing the crop
close to the previous years’ crop row to take advantage of water entry in this region, but
done in such a way that the old root channels are not disrupted by the sowing tyne. A
sophisticated system for sensing the position of crop stubbles and associated placement of
seed to take advantage of this in water repellent soils is under development in WA (see
http://www.itill.com/) but not yet available commercially. Similar results might be obtained
with other seeder steering systems without the stubble sensing technology, such as the
ProTrakker (http://www.protrakker.com/), but this would need to be tested.

It is unclear how “on row” sowing would be reconciled with the move toward inter row
sowing in no till systems with stubble loads> 3 t/ha (see e.g. McCallum 2009), especially on
alkaline soils where disease loads may be higher and growers opt to sow away from
potential inoculant. Perhaps both stubble and disease loads on the sands in the area of the
southern region most affected by water repellency are lower than other regions where
inter-row sowing is in favour. Recent evidence from a water repellent sand at Karoonda
(Table 15) would suggest that the disease risk might be higher with on row sowing.
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Table 15 Soil borne disease risk on a water repellent sandy soil at Karoonda, sown on the inter-row or on the
previous crop row, after two different sowing dates in 2015 (from McBeath et al. 2015).

Takeall (Ggt)

Rhizoctonia

Fusarium crown rot

27 April

21 May

27 April

21 May

27 April

21 May

Inter row

low

low

low

medium

low

medium

on row

low

medium

medium

medium

medium

medium

Lupin density (plants/m2)

Sowing

40

no wetter
banded wetter

35

30
25
20

15
10
5

on
between
rows
rows
sowing position

Figure 19 Influence of sowing position and wetting agent on establishment of lupin at Balla, WA (redrawn
from Davies et al. 2012).Sowing was done using a winged knife point as shown in Figure 15.

While burning crop stubbles reduces crop residue loads, soil organic matter and thus water
repellency (Figure 18, and Roper et al. 2015a), it does not appear to increase water
infiltration on sandy soils (Roper et al. 2013). It is not clear why this is the case, although
Roper et al. (2013) stated that it was due to increased erosion and loss of soil structure with
burning. In no till systems roots could remain useful conduits for water entry, even after
burning. Perhaps some of the infiltration benefit in stubble retained systems also arises
from water channelling by shoot stubbles, a proposition that needs testing.
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Key points – Seeding systems for mitigation of water repellency
 Seeding of crops into ‘V’ shaped furrows encourages micro water
harvesting to the seed row and increases germination of crops on
water repellent soils
 Control of the movement of water repellent soil during sowing helps
to improve germination. Popular narrow points may be a
disadvantage
 Sowing to the side of the seeding point or in twin rows also improves
germination
 As water infiltration on repellent soils is primarily by macropore flow,
maintenance of crop root and faunal channels in the soil, as in no till
stubble retained systems, increases soil water infiltration
 Evidence indicates that sowing seed close to previous crop root
channels improves germination
 Burning of stubbles may reduce measures of water repellency but has
not increased soil water infiltration. The mechanism for this is unclear
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4.3

The role of soil wetting agents in mitigation

Soil wetting agents (surfactants) have been used widely in turf grass and domestic settings
to increase the wettability of soils. These surfactants facilitate the infiltration of water to soil
and contain a hydrophilic, water soluble moiety and a long chain oil soluble, lipophilic
moiety (Figure 20). Most of the surfactants used in soils are anionic, having no surface
charge they are thus less likely to be disabled by precipitating out with other ions in the soil
(Karnok et al. 2004). In addition to bonding directly to water, the hydrophilic moiety in a
surfactant also reduces water-water bonding (surface tension), enabling water to flow more
readily in soil. It is for this reason that if wetting agents are applied to non-repellent soils,
water moves more quickly through the soil, potentially increasing both leaching and the
movement of pesticides and herbicides. There have been a number of reviews on the use of
wetting agents in turf culture (Moore et al. 2010; Moore et al. 2008).

Surfactant
hydrophilic – polar
water soluble moiety
hydrophobic
long chain
aliphatic hydrocarbons

Hydrophobic
organic matter

lipophilic – nonpolar
oil soluble moiety

H2O
H2O

H2 O

sand grain
Figure 20 General properties and mode of action of anionic soil wetting agents (surfactant).

The adoption of wetting agents in rainfed, broadacre agriculture has been much less than in
amenity turf systems, perhaps because the latter are typically irrigated, providing additional
incentive to mitigate repellency problems, and because in irrigated systems the soil is more
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likely to remain wet and thus in a non-repellent state much longer. We have not identified
any reviews on the use of wetting agents in rainfed cropping systems. Nevertheless soil
wetting agents are available on the market and their efficacy in rainfed agriculture warrants
assessment. Moore et al. (2008) provide an overview of the evolution and development of
soil wetting agents and there have been some comparative test of surfactants in turf culture
(e.g. Madsen et al. 2012), but these typically do not explicitly consider surfactant or soil
chemistry in their analysis, and therefore the results tend not to be transferable from
product to product or perhaps even from soil to soil. The efficacy of surfactants varies with
formulation, rate and environmental conditions. What is lacking is a clear understanding of
the chemistry of surfactants in relation to the specific chemistry of hydrophobicity in soils. It
is likely that some of this information is retained as commercial in confidence by product
manufacturers.

There are a number of products on the Australian market, some are general surfactants,
developed for a range of industrial purposes, and sold into the rainfed agriculture market,
while other products have been specifically formulated for rainfed agriculture. The GRDC
has entered into a five year agreement with the BASF company and the Co-operative
Research Centre for Polymers, to develop new polymers (surfactants) to improve the
wettability of water repellent soils. One goal of that work is to develop a diagnostic test for
growers which would identify which wetting agents would be most suited to their particular
soil. As this work is “commercial in-confidence” we are unable to provide any insight into
the activities in this area at present and assume that GRDC has the development and testing
of soil wettings agents in hand. Questions about this work should be directed to Dr Ian
Dagley of the Co-operative Research Centre for Polymers (www.crcp.com.au/).

Earlier work in WA (Crabtree and Gilkes 1999) demonstrated that banding wetting agents in
furrow seeded barley increased crop emergence and grain yield compared to when no
wetting agent was applied (Table 16). They also observed improved dry matter production
of crops receiving wetting agents and attributed this to improved nutrient availability in soils
with wetting agent applied. However, responses to wetting agents have generally been very
mixed.
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Table 16 Crop emergence and grain yield of barley, furrow sown with different rates of wetting agent
applied on a water repellent sand at South Stirlings, WA. Significant differences are indicated by letter. From
Crabtree and Gilkes (1999).

Wetting agent rate
(l/ha)
0

Emergence 28 days post sowing
(plants/m2)
weak areas
average
69a
110a

Grain Yield
(kg/ha)
1.96a

5

97b

143b

2.36a

10

108c

145b

2.44bc

25

119d

149bc

2.54bc

50

122de

161c

2.60c

75

132e

170c

More recent field research in WA has examined the efficacy of currently available wetting
agents and application methods. Wetting agents have been more effective when used in
conjunction with furrow sowing (see Section 4.2 and Davies et al. 2012). They have generally
made furrow sowing more reliable and give more consistent wetting up along the seeding
line in the furrow. It has been found that the placement of wetting agent on soil is critical to
the success of the surfactant. To be effective a continuous stream of wetting agent should
hit stationary soil at the base of the seed furrow. To be effective the surfactant must come
into direct contact with rainfall or water harvested into the furrow. During the sowing and
wetting agent application process, the surfactant should thus be protected from dry soil
flowing back on top of it in the furrow, and the wetting agent should not be applied on to
moving dry soil. When applying wetting agents, effort should be made to minimise the flow
of dry soil around seeding points and the sides of press wheels. The seeding system should
be set up so that a tumbling mass of soil is not formed from the edge of the furrow because
of narrow rectangular press wheels. This breaks up the stream of product so it is no longer a
continuous unbroken band in the base of the furrow. ‘V’ shaped press wheels are preferable
because they reduce the likelihood of soil falling from the side walls back into the furrow.
Press wheels are an important adjunct to sowing in water repellent soils and may improve
the efficacy of wetting agents (Figure 21). Using banded wetting agents also considerably
reduces the amount and cost of product used. Farmer guidance on seeder set up and
wetting agent application are given in Appendix A.3. Techniques for band spraying of
wetting agents do not require specialised equipment, the components required are readily
available and are generally the same as those used for other liquid products on-farm.
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Barton and Colmer (2011) compared the effectiveness of ten different wetting agents on
water repellent soil from amenity turf and found that treated soils had water drop
penetration times ranging from 37 – 599 seconds, depending on the wetting agent applied.
While this gives some indication of the range in effectiveness of different products it is
unclear how the information could be applied to address water repellency in rainfed
cropping systems. Work continues in WA comparing the efficacy of some of the different
wetting agents available on the market in cropping systems. The following observations
were made from a recent field visit to research sites in WA. Companies supplying wetting
agents have not explored ‘off-label’ applications and so there may be opportunities to
improve both efficacy and economy of use. While the Western Australian work is still in
progress, and thus not able to be analysed, early impressions are that some products may
be more effective than others. Banding wetters with seed may draw water to seeds/furrow
from preferred pathways to a wetting line. When using banded wetting agents with furrow
and on row sowing, the wetting agent improved establishment for lupin sown in between
rows but not for on-row sown lupin (Figure 19). These data would indicate that on-row
sowing is more effective than wetting agents in improving crop germination on water
repellent sands.

Establishment (% of control)

200
lupin
180

160

wheat

140
120
100

with press wheels
without press wheels

2

4

6

8

10

12

Wetter applied (L/ha)

14

16

Figure 21 Improved establishment of crops on a water repellent sand with press wheels and wetting agent
(redrawn from Crabtree and McGhie 1990)

In years with good opening rains there may be no response to wetting agents, and indeed
the available mitigation options may be of little benefit in this situation. In WA responses to
wetting agents have tended to be greater when crops have been sown with knife than
winged points (Davies and Blackwell 2012; Moore et al. 2010), partly because crop
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germination with winged points has been higher. However, there are examples of
surfactants not improving emergence (which was good) but effecting greener and higher
yielding crops. When applied at 70-100 L/ha the banded wetter appeared to have a
sustained effect throughout the growing season in a soil with moderate repellence resulting
in 150kg/ha extra yield in a 500kg/ha canola crop. The mechanism for this is not
understood. Responses to soil wetters in the Esperance region have been very limited,
whether this relates to soil and wetter chemistry or other factors is not known.

Results from many trials with wetting agents have been mixed, and often no response is
observed (e.g. Bakker and Poulish 2012), but since the expression of water repellency varies
between years this may be expected. Inconsistent effects observed may also be due to
furrow infill with water repellent soil, or soil movement during knife point sowing, which
prevent the establishment of a continuous band of wetting agent and reduce its efficacy
(Davies and Blackwell 2012). Seasonal temperatures may also play a role in varying
responses to wetting agents. As water surface tension increases with decreasing
temperature, and surface tension is a barrier to infiltration, effects of wetting agents may be
greater in cooler than warmer conditions. Saturation of wetting agents by hydrophobic
compounds has been observed in very high organic matter soils, such as in turf systems
(Barton and Colmer 2011; Moore et al. 2010), but this is unlikely to be a significant problem
in low rainfall, rainfed agriculture. Inconsistency of effect between years has also been
noted as a problem/disincentive to adoption by growers in SA (per Rebecca Tonkin, Primary
Industries and Regions SA).

Since wetting agents decrease surface tension they can also increase the rate of water
movement after it enters the soil. This can cause the water to move more quickly down the
soil profile, and potentially cause leaching of herbicides, nutrients, and water beyond the
rooting zone. The significance of this is currently not known, especially in lower rainfall
environments where leaching processes are often dismissed. It should be considered as part
of any examination of the effects of wetting agents. More recently wetting agents have
been designed with the potential for leaching in mind and these problems may now be
reduced (Roper et al. 2015b).
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Key points – Soil wetting agents
 Wetting agents are a useful adjunct to furrow sowing but the
surfactant must be applied in a continuous (banded) stream on to
stationary soil
 Inconsistent results may be due to seasonal factors or movement of
water repellent soil during or after surfactant application
 There has been no investigation of the efficacy of available soil wetting
agents soils in the GRDC southern zone
 There is a need to improve techniques for applying current soil wetting
agents in order to develop reliable guidance in the GRDC southern zone
 The GRDC has entered into a confidential commercial partnership to
develop polymers to reduce soil water repellency
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4.4

Soil amelioration techniques

Water repellency of sandy soils can be “ameliorated” through the addition of clay, which
greatly increases the surface area of the soil and eliminates most repellency. They can also
be ameliorated by more disruptive soil reforming techniques such as delving, which drags
clay up from depth in the soil to the surface, or through soil inversion tillage which turns the
whole topsoil over to a depth of 30cm or more. Such techniques change more than just the
clay content of the topsoil, they also change the organic matter and nutrient distribution
and may disrupt hardpans or compacted layers. As such they typically ameliorate a number
of limitations of sandy soils, not just water repellency. In this way they provide opportunity
for substantial improvements in crop production. The techniques are however relatively
expensive compared to mitigation techniques, and may carry environmental, trafficability
and production risks.

Amelioration of water repellency by clay spreading
As indicated earlier (Sect 3.5) adding clay to sands can eliminate water repellency. Research
in WA followed on from the initial encouraging results in SA. As with research in SA,
kaolinitic clays have been found to be the most suitable for addressing water repellency and
these are widely available in WA. However, the efficacy of clay treatments applied by
farmers in WA varies due to variance in clay contents of extracted soils and the efficiency of
application (McKissock et al. 2000). A comparison of crop yields following claying, adding a
wetting agent or liming of a water repellent sand was conducted at Woogenellup WA
(Carter et al. 1998). Clayed treatments appeared to have generally higher crop yields than
unamended soils (Table 17) while effects of wetting agents were more variable and lime
appeared to have no impact on crop yields at the site. No statistical analysis was presented.

In a long term trial in the Esperance region of WA 200 t/ha of clay were required to
significantly increase the topsoil (0-10 cm) clay content, and addition of 300 t/ha clay
increased the topsoil clay content from 0.8 to 6.6% (Table 18), and also resulted in a
substantive decrease in measured repellency. Although increases in crop emergence were
observed in only two of the four years studied (Table 19), grain yields were significantly
increased in all years where 200 or 300 t/ha clay had been applied (Table 19). These higher
rates of clay addition require incorporation into the surface horizon rather than surface
spreading, otherwise trafficability and surface crusting problems will arise.
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Table 17 Grain yield (t/ha) of barley and lupin on a water repellent sand at Woogenellup, WA, following a
single application of clay in 1991, or receiving a blanket (50 L/ha) or banded (8 L/ha) soil wetting agent, pure
lime (2.5 t/ha), or unamended soil. Wetting agent application rates were equivalent between the two
treatments. No statistical analysis was provided in the data source (Carter et al. 1998).

Clay

Blanket

Banded

Lime

(100 t/ha)

wetta

wetta

(2.5 t/ha)

1.51

1.86

1.48

1.32

1.48

Barley

1.81

3.47

2.41

2.05

1.62

1993

Barley

2.02

2.58

1.48

1.62

1.93

1995

Barley

1.49

2.72

Lupin

1.55

2.56

Barley

0.96

3.59

Lupin

1.08

1.78

Year

Crop

Nil

1991

Barley

1992

1996

Table 18 Topsoil (0 – 10 cm) clay content and water repellency (molarity of ethanol droplet, MED) following
clay additions to a water repellent sand eight years earlier at Dalyup, WA (from Hall et al. 2010).

Clay rate

Clay %

MED

0 t/ha

0.8a

2.9a

50 t/ha

0.9a

1.5b

100 t/ha

1.0a

1.7b

200 t/ha

3.1b

0.9bc

300 t/ha

6.6c

0.1c
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Table 19 Crop emergence, dry matter and grain yield on a water repellent sand at Dalyup, WA following
application of clay in 1999 at rates of 0 to 300 t/ha. Statistically significant differences between clay rates
within a year are indicated by letters (from Hall et al. 2010).

Year

Crop

0 t/ha

50 t/ha

100 t/ha 200 t/ha

300 t/ha

Emergence (plants/m2)
2004

Canola

58a

63ab

64b

62ab

82c

2005

Barley

107a

127ab

132bc

138bc

141c

2006

Lupin

68

84

75

75

72

2007

Canola

56

52

44

55

58

Dry matter at harvest (t/ha)
2004

Canola

3.59a

3.60a

3.89b

4.75c

5.37c

2005

Barley

5.68ab

5.14a

6.04ab

6.58b

6.81b

2006

Lupin

5.20

4.98

5.78

6.22

6.13

2007

Canola

2.45a

2.38a

2.62ab

2.91bc

3.09c

Grain yield (t/ha)
2004

Canola

0.49a

0.43a

0.46a

0.80b

0.91c

2005

Barley

2.19a

2.40b

2.60bc

2.79c

2.83c

2006

Lupin

1.22a

1.26ab

1.39ab

1.53b

1.57b

2007

Canola

0.33a

0.38a

0.41a

0.57b

0.67c

Moore and Blackwell (1998) state that a topsoil clay content of 3% is generally sufficient to
overcome water repellence (see Figure 22), except when the soil organic carbon content is
>1.5%, when clay contents of 5-7% are required. While there was no general relationship
observed between soil organic carbon and water repellency (Harper and Gilkes 1994),
within water repellent and low clay content soils, organic carbon explained much of the
variance (50%) in repellency (Harper and Gilkes 1994). Thus water repellent sands with
higher organic matter contents might require higher clay additions for amelioration,
although the importance of this suggestion is unclear because sandy, low clay content soils
generally have limited capacity to retain soil carbon (Krull et al. 2003) and it is the
hydrophobic carbon rather than total soil carbon which contributes to repellency (Cann et
al. 2004). Statistical relationships between soil water repellency and a range of other soil
properties, developed in WA, are unlikely to hold in southern zone soils. Generally such
relationships are not portable to soil types and regions in which they have no experience
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(e.g. Unkovich et al. 2010). The relationship between water repellence and other soil
properties could be explored in South Australia using the State Land & Soil Information
Framework site and spatial datasets.

Figure 22 Scatterplot of water repellence (MED) and soil clay content for soils in the Lake Cairlocup area of
WA (from Harper and Gilkes 1991) .

So long as the quality and quantity of clays used for amelioration of water repellency in field
soils cannot be explicitly controlled, the practice will remain inexact but nevertheless
effective. In drier environments addition of clays to sandy soils can significantly alter the soil
water balance, retaining more water near the surface where it can be evaporated more
readily, resulting in water being lost more rapidly from the soil. This is especially the case
where the clay is not effectively incorporated into the soil and can lead to reduced rather
than increased yields in clayed soils (Knights 2011a). There is a need to develop rational
guidance around where not to apply clay to alleviate water repellency. In many areas clays
will not be readily available, and for these, soil inversion techniques, which may transfer
water repellent soil deeper in the soil below seeding depth, may be worth exploring.

Deep tillage and soil inversion
Inversion techniques mix the surface soil layer with soil from deeper in the profile, which
may or may not bring clay to the surface, depending on the soil profile. Soil inversion
techniques were established at Coonalpyn in SA in 1977 (King 1978), instigated specifically
to try and reduce water repellency, however in WA they were introduced much later, and
for a completely different purpose, to bury herbicide resistant weeds (Newman et al. 2008).
Weeds had become a major problem in intensive cropping systems in the 1990’s in WA, and
water repellency considerations were very much secondary. Nevertheless the water
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repellency may have played a significant role in the emergent problems with weed control
because the staggered germination of weeds that occurs on water repellent soils makes
weed control more difficult. Soil inversion techniques in WA have tended to focus on
mouldboard ploughing (Figure 23B), deep disc ploughing (Figure 23C), and spading (Figure
23D), in contrast to SA where there has been a much stronger focus on delving and spading
due to the presence of more subsoil clay in SA.

Table 20 Opportunities and risks of soil inversion techniques.

Change

Opportunities

Risks

Bring clay to surface

eliminate water repellency

surface sealing (short term)

increase water holding capacity

poor trafficability (short term)

increase fertility (long term)

increase soil water evaporation

increase cation exchange capacity

reduced crop available water under
low rainfall conditions

reduced erosivity (long term)
increase organic matter (long term)
Deep tillage

Burial of topsoil

disrupt compacted layers/hardpans poor trafficability
increase access to water

high cost if effects short lived

increase access to nutrients

soil erosion risk

eliminate water repellency

increased subsoil repellency

increase subsoil fertility

difficult seed depth control

deep burial of weed seeds

decrease topsoil fertility

incorporation of soil amendments

increased herbicide potency in soil

In 2011 in WA >10,000 ha of sandplain soils were mouldboard ploughed (Davies et al. 2012).
However, mouldboard ploughing is not without risks. Surface sealing of clays brought to the
surface (Figure 24) can occur, reducing crop germination. In some cases soil inversion has
decreased crop yields relative to untreated soils (Scanlan et al. 2012), perhaps because the
level of water repellency was not severe, and problems with sowing into soft, recently
inverted soil with diluted topsoil fertility were encountered. Plant density six to eight weeks
after sowing was considered a useful measure for determining whether a site would
respond positively to soil inversion (Scanlan et al. 2012).
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Figure 23 (A) Surface soil profile of a water repellent sand at Badgingara, WA, following (B) mouldboard
ploughing, (C) deep disc inversion, or (D) spading, three months earlier.

One issue which has arisen following soil inversion on deep sands in WA is increased
potency of soil active herbicides (S. Davies pers. comm.). Since soil organic matter binds to
herbicides, making them less effective, the dilution of surface soil organic matter following
soil inversion means that herbicides are much more potent, and hence damage to sensitive
crops has commonly been observed. Such observations might also reflect lower microbial
activity in inverted soils and thus reduced breakdown of the chemicals. A positive side effect
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of this increased herbicide efficacy could be that the herbicides might be able to be applied
at much lower rates, reducing input costs, however, at this stage the low rates of herbicides
required are not within the range included on label recommendations.

Figure 24 Surface sealing of a sandy soil following soil inversion with a mouldboard plough at Badgingarra
WA. Photograph by Murray Unkovich.

Since soil inversion results in all crop stubbles being buried deep in the soil, the soil surface
is necessarily left bare following inversion, greatly increasing the risk of wind and water
erosion. This tends to be the initial focus of management following inversion on sandy soils,
especially in lower rainfall environments. Farmers in WA are tending to trial small areas of
inversion on their more problematic sands, using modified or inexpensive equipment
options, and then to observe the effects and improve on their techniques and equipment
over time. Mouldboard ploughing is very useful for acid sands to improve pH, since it
provides a significant opportunity for lime application, or if the surface pH is lowered during
inversion lime can be readily added to the surface.

Spading does not create a soil inversion but rather a mixing of surface with subsurface soil.
When the rooting pattern of barley was examined on a water repellent soil at Badgingarra,
WA, roots in plots treated with a soil wetter only, or with spading only displayed much
reduced rooting depth compared to untreated or mouldboard ploughed soils (Scanlan et al.
2012). Spading may not be deep enough to remove compacted layers which restrict root
growth (Davies 2010).
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Table 21 Changes in surface soil clay content, water repellency and compaction following addition of clay
(150 t/ha) and deep tillage at Badgingarra, WA (from Davies 2010).

Tillage

Nil

Offset Discs

Rotary Hoe

Deep ripped

Rotary spader

Clay

Resistance (MPa)

Clay %

WDPT

(0-10 cm)

(seconds)

@20cm

@30cm

Nil

3.7

320

2.8

4.0

Clay

4.2

1

-

-

Nil

3.4

190

2.3

3.7

Clay

4.2

1

-

-

Nil

3.9

75

2.3

3.7

Clay

3.9

4

-

-

Nil

3.4

155

0.5

1.4

Clay

4.9

1

-

-

Nil

2.9

11

1.3

3.1

Clay

3.4

4

-

-

2.7

1

0.6

0.9

2.4

1

-

-

Moudboard (wet) Nil
Clay

Detailed knowledge of the long term changes in soil properties and the implications for crop
production and soil health are poorly understood at this stage but crop production benefits
from deep tillage in WA have generally been very positive Davies 2010. Figure 23 shows
that there are significant differences in soil structure which results from different deep
tillage techniques, but the significance of these differences has not yet been examined,
especially over the timeframe which the amelioration techniques are expected to have an
influence. There may be substantial medium – long term consequences of these different
techniques which are not yet apparent. Soil inversion techniques may address many of the
problems of sandy soils. It is not our purpose to thoroughly review soil inversion techniques
and their consequences, since there will be many significant soil changes and important
considerations in addition to water repellency. However, we highlight that there is a need to
better understand the medium and longer term consequences of soil inversion and how the
risks can be managed. For example, changes to surface soil biology through inversion may
alter the risk of soil borne (root) diseases.

With respect to water repellency, the focus of the present review, when the clay content of
the surface soil horizon is increased by soil inversion, then water repellency is likely to be
eliminated (see Section 3.5 and the previous section), however, there are other substantial
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additional crop yield and soil benefits to soil inversion and deep tillage (Davies 2010) which
must also be considered when these techniques are used on sandy soils.

The costs of available amelioration (an mitigation) techniques need to be weighed against
the benefits achievable. The achievable benefits will to a large extent be determined by the
water-limited crop yield potential, although it is recognised that soil reforming may also
increase the water limited crop yield potential. What is thus required is an assessment of
the current gap between actual crop yields and water limited crop yield potential for the
regions. The gap between these two would then describe the magnitude of the financial
incentive for amelioration or mitigation options. The gap could be larger if the amelioration
options were to increase the water limited yield potentials. Such an analysis would be
invaluable in assisting growers to decide on amelioration and mitigation options.

Key points – Soil amelioration with clay or deep tillage
 Addition of clays to sandy soils can eliminate repellency for
extended periods of time, probably decades
 Grower guidance for clay spreading has been published recently and
clays are available under many sands in the target region, but
further guidance as to when to avoid clay spreading is warranted
 Inversion techniques bring a raft of changes to the soil, but in WA
have generally resulted in substantial crop yield increases
 Potential risks of soil reforming must be carefully managed
 Further work is required to understand the long term consequences
of different deep tillage and inversion techniques for soil and crop
health
 An assessment of current actual, potential and achievable yields on
ameliorated soils could form the basis for well informed decision
making by growers considering mitigation and amelioration
strategies
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5

Soil biology and water repellency

Soil microbes are able to degrade hydrophobic compounds in the soil (Roper 2004; Roper
2005), but not while the soil is dry. Thus their role in mitigation of water repellency during
the critical germination phase for rainfed crops may be limited by low soil water or
insufficient time for microbial populations to build sufficiently to break down the repellency.
While Roper (2005) reported stimulation of microbes with increased soil moisture was
correlated with a decrease in repellency in the laboratory, and similar observations have
been made in the field, the observed decreases do not necessarily coincide with the critical
crop establishment periods (Figure 25). Since soil microbial activity is strongly correlated
with soil organic matter, temperature and moisture, and the region of present interest has
low rainfall and soils very low organic matter (Unkovich 2014) the microbial activity may
generally be relatively low (Gupta and Roget 2004) and an impediment to microbes in
breaking down the hydrophobic compounds.

annual crop growing season

Molarity of ethanol
(MED)

4.0

3.5
3.0
2.5
2.0
1.5
1996

1997

1998

1999

Figure 25 Temporal changes in water repellency, as measured by the molarity of ethanol droplet test, in an
annual pasture at Woogenellup in WA (from Roper 2005).

Laboratory studies in WA (Roper 2005) found that when lime was added to an acidic water
repellent soil, the activity of wax degrading microorganisms was enhanced, and water
repellency declined (Figure 26). An initial rapid decline in water repellency with lime
addition was attributed to an increase in the surface area of the soil with fine lime addition,
and the subsequent slow decline attributed to the increasing activity of wax degrading
microorganisms (Figure 26). Following an initial rapid drop in MED in the first 16 days after
either lime or clay was added there was a second slower phase of decline in repellency with
lime causing a decline to a MED of 1.8 (moderate severity) and lime causing a decline to a
MED of 0.7 (low severity) after 160 days and these values were found to be stable 12
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months later. It was assumed that the addition of lime resulted in a bigger effect on the
reduction of the MED value due to the presence of significantly more wax degrading
microorganisms compared with claying. However, the rate of decline in the second phase was
not unequivocally different to that observed with the same soil moisture content without
lime addition in the laboratory experiment (Figure 26) nor perhaps in the field observations.
Additional experimental evidence would clarify this. Attempts to introduce wax degrading
bacteria into soil through inoculation have not proved successful (Roper 2006). Stimulation
of biological activity through improved soil conditions offer greater opportunities for within
season and longer term mitigation of water repellency. Bacteria which break down crop
residues to CO2, rather than to intermediate compounds which contribute to water
repellency, occur in these soils and may be able to be stimulated with judicious
management (Gupta et al. 2010). The work of Franco et al. (2000b) discussed earlier (Sect.
0) was also encouraging but many questions remain as to the specific roles of
microorganisms in soil water repellency and how they can be profitably exploited in situ.

4

Water repellency
(molarity of ethanol)

dry 30oC

3
moisture (12%) 30oC

2
1

lime + moisture (12%) 30oC
0

0

50

100

150

Time (days))
Figure 26 Change in water repellency, as measured by the molarity of ethanol droplet test, in laboratory
incubations of water repellent acid soil, held warm and dry, warm and moist, or warm and moist with lime
addition. (replotted from Roper 2005).

Water repellency has been observed in some soils with a high (>27%) clay content, whether
this was due to particular contributions from fungi, a build up or stratification of organic
matter under no till and stubble retention, or reduced mineralisation of organic residues
was not ascertained (Chan 1992), but visual evidence presented indicated a possible direct
role for fungal mycelia. The role of fungi in contributing to water repellency needs further
examination. Early research (Bond 1964a) indicated a very strong correlation between
fungal growth and hydrophobicity in the field. Later research by Franco et al. (2000a)
compared the hydrophobic compounds extracted from ground up fungal mycelia, from
plant shoots, and from soils, and found that the hydrophobic compounds extracted from
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soils were more similar to hydrophobic compounds extracted from plants than from the
ground up fungi. It was therefore suggested that fungi may be of minor importance in
contributing to soil water repellency. More recent research (Rillig et al. 2010) has
demonstrated a clear direct link between growth of mycorrhizal hyphae and water
repellency, much as was observed earlier in the photograph of Chan (1992) from soil under
continuous cropping in NSW. The studies of Rillig et al. (2010) showed that mycorrhizal fungi
increased water stable aggregates in soils and that water stable aggregates with mycorrhiza
displayed higher repellency than aggregates in uninoculated soils (Table 22). Thus earlier
experiments employing analysis of sieved and ground soils may not have captured an
important mechanism underlying water repellency. In the laboratory studies of McGhie and
Posner (1981) where sands mixed with plant residues were inoculated with fungi, there was
a tendency for those treatments with higher fungal growth to have higher water repellency,
however, no statistical analysis was presented.

Table 22 Soil properties in sterile soils uninoculated, or inoculated with mycorrhizal fungi (from Rillig et al.
2010). Significant differences between inoculation treatments are indicated (*).

Bulk soil

Stable macroaggregates

Uninoculated

Inoculated

AM fungal length (m g soil)

4.12

12.2

*

% aggregates with hyphae

10.0

47.9

*

Water stable macroaggregates (%)

61.8

72.9

*

Water drop penetration time (secs)

9.6

11.9

Water drop penetration time (secs)

12.2

26.3

-1

*

It has been suggested (Griffin 1963; Ward et al. 1990) that fungal growth may be favoured in
drier environments (Roper and Gupta 1995), and in laboratory experiments with a sandy soil
from the SA Mallee (Gupta et al. 2010) fungi but not bacteria responded to incorporation of
crop stubbles, while both bacterial and fungal activity was increased in a finer textured soil.
Thus fungal growth may be favoured under water repellent conditions. It is possible that
there is more than one mechanism which contributes to water repellency, and that the
relative importance of plant waxes and fungi in contributing to repellency may vary with
soil, site, season and management. It should however be stated that the combination of low
and variable rainfall and coarse textured soils, as occurs in much of the GRDC southern
zone, is not conducive to substantive fungal growth and hence the role of fungal mycelia in
expression of water repellency probably remains low.
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Key points – Role of microorganisms in soil water repellency management
 Given favourable soil moisture, temperature and nutrition, microorganisms
are able to degrade hydrophobic compounds in the soil
 It is unlikely that in-field inoculation with specific hydrophobic degrading
organisms will prove fruitful, but encouraging the growth of useful in-situ
soil micro-organisms needs further exploration
 The role of fungi in contributing to water repellency needs to be
reconsidered
 There may be more than one mechanism contributing to water repellency
(viz. hydrophobic plant compounds and fungal mycelia)
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6

Quantifying soil water repellency

The following section outlines the methods used to assess water repellency, in-field tools to
characterise patterns of preferential water flow, and techniques to identify the types of
organic matter that are thought to contribute to non-wetting behaviour. The potential to
develop rapid spectroscopy tools to help understand the role of organic matter and
mineralogy and to improve the analytical capacity to map, monitor and measure water
repellency is also discussed.

6.1

Methods to quantify water repellency

The wettability of soil and other porous media is determined mainly by the surface energy
of the solid-liquid-gas interfaces and the geometry of the pore space of the contact surfaces
(Bachmann et al 2003). Soils are wetted when the surface energy of the liquid is smaller
than the critical surface energy of the soil (Zismann 1964). The surface energy of inorganic
soil particles is high, while non-polar hydrophobic coatings lower the surface energy toward
that of liquid water. The extent of hydrophobicity of the solid-liquid-gas interfaces can be
measured by the contact angle () between the fluid wetting front and the solid surface
(Figure 27) where 90o indicates the transition between wettability (<90o) and repellence
(>90o;Letey et al. 1962). The contact angle of soil varies between 0o (completely wettable)
and 140o (extremely water repellent;Bachmann et al. 2003a). The surface tension between
soil and water is a fundamental physico-chemical property and can be directly related to the
solid-air surface tension and the water-soil contact angle () through calculation.

Figure 27 A schematic describing the contact angle() between the fluid wetting front and the solid surface
(modified fromBachmann et al. 2000).
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The contact angle of soil and water is difficult to measure and interpret due to the
uneven/rough surface geometry of soil particles. Consequently, the contact angle is
generally inferred through a number of indirect methods. The main methods applied to soil
are provided in Table 1. All the methods (discussed below) can be influenced by air/soil
temperatures and relative humidity/moistures, and sampling and preparation of samples.
The comparability of laboratory and field based assessment of repellency has been
questioned due to the disturbance of the surface crust and the difficulties in capturing infield, spatial variability of non-wetting properties, particularly with respect to depth, when
sampling for laboratory analysis. However with careful handling, comparable assessment of
repellence on undisturbed field soils and on disturbed soils (air dried, sieved) has been
demonstrated (Doerr 1998). Most assessments of repellency have focused on the top 10cm
of soil, however vertical variation in water repellency introduces the possibility of mixing
hydrophobic soil with underlying hydrophilic soil and diluting non-wetting behaviour.
Consequently the need for finer scale sampling (to 3-5 cm and then 5-10 cm depth,
Sheppard et al. n.d.) to more accurately assess non-wetting behaviour is recognised.
However, our fine-scale knowledge of the nature of the stratification of repellent properties
to depth remains limited.

The water droplet penetration time (WDPT) is a simple and direct measure of the
persistence (stability) of repellence. It involves measuring the time that a water droplet
persists on the soil surface before penetrating the soil. WDPT can vary from instantaneous
penetration (hydrophilic soils) to many hours of persistence. Where the water droplet does
not immediately penetrate the soil, it implies that the soil-water contact angle is greater
than 90o. The longer the time taken for the soil-water contact angle to approach 90o, the
more stable the repellence. The time of persistence, typically between 10 s and 1 h, is
arbitrarily classified as slightly, strongly, severely, or extremely hydrophobic. Over longer
periods of time evaporation of water may confound measurement. The WDPT can be used
as an indicator of repellence only over a relatively limited effective range (85 o to 115 o;
Bachmann et al. 2003b), and therefore does not provide a very sensitive tool in
understanding the development and decline in repellent behaviour.

Using similar principles, the sessile drop method (SDM; Bachmann et al. 2000) measures the
contact angle (goniometer fitted microscope) of water droplets sitting on top of a thin layer
of soil particles prepared on an adhesive tape. The method has some advantage in reducing
the variation in surface geometry that may occur across a natural soil surface, and in not
being dependent on time of penetration. It is considered useful across a wider contact angle
range of 0 to 180o (Bachmann et al. 2000), but limited to soils with relatively fine grain size
and may suffer wicking effects (Bachmann et al. 2003b). Wicking effects occur if the sample
layer is too thin preventing penetration or if there are gaps between the soil particles. An
even particle distribution can be difficult to achieve with natural soil samples and makes
comparison between soils of different texture difficult. The use of advancing and receding
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contact angles and microtomography (3D imaging) could be insightful for understanding the
interactions between water and water repellent soil. In some cases, a particle bed might be
used to eliminate the effects of soil layer thickness. The preparation of the soil bed is critical
in delivering meaningful results; however, the results may reveal unexpected phenomena
that are directly relevant to in-field applications. One example is the “liquid marbles”
phenomenon, in which particles rise to cover a droplet (Whitby et al. 2012). In this case,
dynamic effects are important and high speed video microscopy may be desirable.

While contact angle measurements are very useful, the morphology of the penetrating
liquid (and the void-space) cannot be determined optically. Therefore, 3-D imaging of dry
and wetted soil samples provides complementary information, regarding the pathways of
liquid filaments and completeness of filling (Pires et al. 2011). Model system 3-D imaging is
critical for heterogeneous soil beds, where surface chemistry or particle size changes with
depth or laterally (Bauters et al. 2000).

The 90o surface tension method (Watson and Letey 1970) provides an indirect measure of
the degree of repellence. It is based on the principals of surface tension, where decreasing
the ethanol concentration of a solution represents increasing surface tension. Working from
highest to lowest ethanol concentration, the point of transition between instantaneous or
resistance of penetration is said to represent the solution surface tension which wets the
soil at 90 o (Letey et al. 2003). The concentration increments used vary between studies and
are typically fine-tuned based on the soils used in any one comparison. The threshold time
used to define ‘resistance to penetration’ also varies but is typically between 3 and 10 s. In a
similar manner to WDPT the results can be classified into simple descriptive scales ranging
from very hydrophilic to extremely hydrophobic (Doerr 1998).
The original 90o surface tension method (Watson and Letey 1970) has had various
modifications over time, and is also referred to as the molarity of ethanol droplet (MED)
method, or the volumetric alcohol percentage test (Dekker and Ritsema 1994). The
simplicity, rapidity and field applicability of the MED procedure can be an advantage when
assessing the water repellence soil attribute (Tate 2013), which is variable temporally as
well as spatially over short distancesThe difference between the original 90o surface
tension, the molarity of ethanol droplet (MED), and the alcohol % methods is the reporting
unit. The MED and alcohol % units can be converted to a surface tension value through
simple calculation as described by a non-linear relationship (Letey et al 2003, Figure 23). It
is important to note that statistical analyses are less open to misinterpretation if based
directly on the surface tension expression rather than the molarity or volume of ethanol
which are essentially index based expressions (Letey et al 2003). The alternative expressions
are however useful as indexes. The GRDC soil quality initiative (soilquality.org.au) provides
some categories for water repellence based on MED values of >2.5 as high risk, 1.2 to 2.3 as
moderate risk, and <1.2 as low risk. Figure 28, demonstrates how the MED index and the
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soilquality.org.au risk ratings relate to surface tension. With a larger dataset for WA
(soilquality.org.au), there is currently limited MED data for the Southern region through this
initiative.

Figure 28 The relationship between liquid-air surface tension and the alcohol percentage (volume) and the
ethanol molarity of water solutions (source: Letey et al 2003). The traffic light bar indicates high (red),
moderate (orange) and low (green) risk as defined by the MED values from Soilquality.org.au. (horizontal)
and how they relate to the surface tension (vertical).

Measurement of the surface tension is said to reflect the degree of repellence, while the
WDPT reflects the stability of water repellence. In comparing the two methods, Doerr
(1998) report broadly comparable results (R=0.73), but the two methods demonstrated a
weaker correlation in moderately hydrophobic soils. The WDPT is considered to have a
narrow range of contact angle sensitivity (85o to 115o ; Bachmann et al. 2003a), limiting the
application of the method to identifying water repellent soils rather than gaining
information on their development, behaviour, and management. It is unknown how the
relationship between the degree and stability of repellence varies with soil factors such as
the amount and composition of organic matter, the presence of soil minerals (kaolinite,
carbonate etc.), or the soil moisture content.

The capillary rise method (CRM; Figure 29) to measure water repellence is based on
different physical principals. It relies on wetting a column of soil from the bottom with a
known volume of water and measuring the height to which it wets (Figure 25). The
maximum wetting height of soil (air dried, sieved) is considered to be a function of the
liquid-air surface energy, the density of the fluid, acceleration due to gravity, the mean
radius of pores, and the contact angle. In combination with a variety of physical theories,
and calculations to account for irregular porosity and geometry associated with soils, the
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measurement of the wetting height allows the calculation of the apparent contact angle
(Washburn 1921). The CRM method has limited use on soils that have little wettability
because the water does not rise into the column where the contact angle is >90 o
(Bachmann et al. 2003b). A modified CRM, described by Bachmann et al (2003), describes
the use of methanol-water mixtures of varying composition instead of pure water. This
modified method is described as reproducible for determining contact angle over a wide
range of wettability’s. However, the method is technically and mathematically challenging
and is considered semi-empirical, especially for the heterogeneous soil matrix (Bachmann et
al. 2003b).

Figure 29 A schematic demonstrating the equipment used to determine contact angle via the capillary rise
method (source: Goebel et al. 2008).

Soil water repellency as a dynamic function: Although the above methods have proven
useful in studying factors influencing non-wetting of soils, and can be used to make
comparisons between soil samples, each have their limitations, and it is still not possible to
predict water repellent behaviour across a wide range of soil types. The methods described
above aim to provide a single measure of water repellence under static/controlled
environmental conditions. The reality is that water repellence is a dynamic behaviour that
changes over time depending on the environment (moisture content, temperature etc.).
Jordan et al. (2013) suggest that water repellence represents a soil state (behaviour) rather
than a static property.

Relationships between water repellence and the soil properties or environmental conditions
are often non-linear, complex, and contradictory between studies or soils. In part this points
to complex interactions between soil parameters (organic matter, mineralogy, moisture
etc.) and water repellent behaviour, but perhaps also highlights that static measurement
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methodologies are inadequate in assessing non-wetting behaviour. Therefore, aiming to
express water repellence as a single measure may be fundamentally flawed and perhaps
more can be gained from understanding and modelling the dynamic functional relationship
between water repellence and key environmental variables.

The value of expressing the functional relationship between water repellence and changing
soil water content is discussed by Karunarathna et al. (2010). The authors model the
dependence (beta function) between water repellence and apparent contact angle (Figure
30a). They demonstrate good correlation between the curve shape (behaviour) parameters
and soil organic carbon content across a range of soils. This study reports the relationship
over a wide range of soil organic carbon contents (~1% to >10%), but it is important to note
that the relationship between SOC and the maximum soil-water content at which repellence
is no longer expressed is stronger at SOC contents less than 3% (Figure 30b), a range typical
of sandy soils in the GRDC southern low-medium rainfall region. Combined with knowledge
of soil specific rates of drying, and regional weather forecasting, this relationship between
apparent contact angle and soil water content may provide the basis for prediction of the
likely timing of significant changes in the repellency risk of a given soil, as a function of their
SOC content. An improved understanding of the role of organic matter, clay mineralogy, and
wetting agents in defining or changing different aspects of this dependence (shape curve)
may further add to the understanding and management of repellent soils.

Figure 30 The relationship between a) soil-water content and apparent contact angle, where the solid line
represents the modelled dependency curve, with key curve shape parameters identified; b) the soil organic
carbon (SOC) content and the highest soil-water content at which repellency ceases (-max). Both figures are
sourced from Karunarathna et al. 2010.
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Table 23 A summary of the methods commonly used to assess soil water repellency.

METHOD/VARIATION

CONSIDERATIONS/LIMITATIONS

REFERENCE

indicates the stability of repellence rather than contact angle; lengthy monitoring times (>1 hour)
o
o
where repellence is severe; limited effective range (85 to 115 ).

Letey 1969

limited to fine textured soil; any wettable material will introduce wicking effects; requires
o
o
specialised microscope; relevant over a wider range of contact angles (0 to 180 ) compared to
WDPT.

Bachmann et al 2000;

easy to apply; poor reproducibility and difficult to fully standardise;

Watson and Letey 1970

Water droplet style methods:
1

Water drop penetration
time (WDPT)

2

Sessile drop

Ethanol droplet style methods
o

3

90 surface tension

4

Molarity of ethanol drop
(MED) test or alcohol
percentage test

o

essentially the same as the 90 surface tension method (above) but expressed on the basis of the
molarity/concentration of ethanol; useful as a comparative indicator, but data should be converted
to the surface tension unit before statistical analysis. Correlates well with contact angles under
moderate repellency

King 1981;De Jonge et al.
1999

Requires specialised measurement apparatus; difficult to standardise column packing; water does
o
not rise into the sample where the contact angle is >90 excluding its use on hydrophobic soils.

Washburn 1921

Capillary rise style methods
5

Capillary rise method

6

Modified capillary rise
method (MCRM)

Suitable for contact angles >90

o
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Bachmann et al. 2003b;
Emerson and Bond 1963

6.2 Tools to investigate preferential flow and stubble or tillage
effects
Wet patches on the soil surface or through the soil profile indicate areas which are not
water repellent and as such are useful for quantifying the effect of water repellency or the
response to mitigation and amelioration practices, but they do not measure water
repellency per se, only where it is not present. Bond (1968a) gives a practical overview of
some basic tools for examining preferential soil water wetting in sandy soils.

One technique for revealing the extent of soil wetting is the covering a soil face (profile)
with 1 % Rhodamine B dye in finely ground kaolinite, by means of a dust-gun, until the face
is covered with the white powder. The wet areas of soil then develop an intense red colour
while dry areas remain white. The intensity of the colour gives a visual indication of the
water content which can be readily photographed (Bond (1964b).

Figure 31 Identifying wet (red) patches in a water repellent soil using Rhodamine B dye (from Ward et al.
1990).

Similar results can be obtained with Brilliant Blue dye ( see e.g. Betti et al. 2015; Roper et al.
2013) which may provide better visibility in many soils. Flury and Wai (2003) provide a
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thorough review of the use of dye tracers in soil water studies. Generally such expose’s are
merely visual, but recently quantitative analysis of such images has been achieved (Betti et
al. 2015) and provides for a more quantitative analysis of wetting patterns.

Figure 32 Identifying wet (blue) soil in a water repellent sand using Brilliant Blue dye.

Figure 33 Example of the use of brilliant blue dye to visualise wetting up of soil in (top) an unamended water
repellent soil, and (bottom) the same soil inverted through deep tillage (from S. Davies DAFWA)).
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It has not been clearly demonstrated how water repellent soils wet up, and indeed if they
do. While it is often stated that the soils “eventually wet up”, datasets clearly demonstrating
this in rainfed and lower rainfall environments are not apparent, and it possible that water
repellent sections of soil do not wet up within a cropping year. Betti et al. (2015) reported
substantial patches of soil still dry after 23mm of rain. Time domain reflectometry probes
can be used to measure soil water content over relatively fine spatial scale and very fine
temporal scale. However, as they integrate soil water content over the probe length, shorter
rather than longer probes would be preferable for water repellency studies. Some sensitive
techniques, such as electrical resistance tomography, are only suitable for laboratory and
not field investigations.

6.3

Characterisation of associated organic compounds

In the last 10 years there has been significant effort in quantifying and characterising the
nature of organic matter associated with water-repellent soils. Although a positive
correlation between water repellency and soil organic matter is often reported, there is
good evidence that the actual composition of that SOM is very important. Similarly, while
hydrophobic compounds are strongly implicated, their presence alone does not explain
water-repellent behaviour (Doerr et al. 2005). In assessing a large number of arable soils,
Capriel et al. (1995b), indicated that sandy soils contain more alkyl-C and less carbohydrates
and proteins and were therefore more hydrophobic in nature compared to clay soils. A
fuller knowledge of the interplay between hydrophobic and hydrophilic organic matter, and
soil mineralogy, is likely to be valuable in understanding the behaviour of water-repellent
soils.

Organic compounds with hydrophobic properties originate directly from plant root exudates
and from the surface of plant leaves, and indirectly from soil organic matter decomposition
and associated microbial organisms (bacteria, fungi). They include branched and
unbranched long chain (C16 to C36) fatty acids, their esters, alkanes, phytanols, phytanes,
and sterols (Franco et al. 2003) and long chain polymethylene waxes (Ma’Shum et al. 1988).
These compounds have been found coating mineral surfaces and aggregates (Doerr et al.
2000), and also exist as particulate components of the soil organic matter (Franco 1995).
Hydrophobic compounds in non-wetting soils have been extracted (e.g. with
isopropanol/ammonia solvents), quantified, and identified by GC-MS analysis (Franco et al.
2003). Using similar extraction procedures, Mao et al. (2014) suggest that root derived
suberins (aliphatic biopolyesters) induce stronger repellence than leaf waxes, and that the
contribution of root matter to non-wetting behaviour is more important than previously
recognised. The contributions of roots to repellency has not been investigated in Australia.
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Alternative methods of identification of hydrophobic compounds include nuclear magnetic
resonance (NMR) and visible-near and mid- infrared spectroscopy (VisNIR, MIR
respectively). Franco et al. (2003) used NMR to gain better insight into the non-volatile
organic components associated with water repellent sandy soils from southeast SA and to
complement extraction based characterisation of organic molecules. The authors
demonstrated that the finer soil particles were enriched in hydrophobic (alkyl) carbon,
characteristic of more degraded plant material (Baldock et al. 1992). Franco et al. (2003)
also indicated that extracts from lupins were high in lignins and tannins which correlated
with the hydrophilic behaviour of the extracts. Solid state NMR analysis provides valuable
and detailed information on soil organic matter composition. However NMR is typically time
consuming, especially in low carbon soils, and therefore its use in fundamental research
may be useful, but needs to be combined with other methodologies, especially for wider
analysis and quantification to support monitoring and mapping activities or management
decisions.

Infra-red spectroscopy has been widely used to characterise soil organic matter (Baldock et
al. 2013; Capriel et al. 1995a; Kalbitz et al. 2003), including hydrophobic compounds (Doerr
et al. 2005; Ellerbrock et al. 2005; Voelkner et al. 2015). Most authors have taken a selective
approach in using the spectra, identifying the organic regions of interest and calculating the
peak height (or area) as an indicator. The two regions consistently referred to are:
(i)

the C-H stretching vibrations (2920 and 2860 cm-1) of methyl and methylene
groups (Capriel et al. 1995a) to indicate hydrophobic functional groups (Figure
34)

(ii)

the C=O stretching vibrations (1701 to 1698 cm-1) of carboxylic groups to indicate
the hydrophilic functional groups (Figure 34)
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Figure 34 An example mid-infrared spectra of a soil sample indicating regions commonly used to represent:
-1
i) hydrophobic functional groups (C-H stretching vibrations, at 2920 and 2860 cm ); ii) hydrophilic functional
-1
groups (C=O stretching vibrations, at 1701 to 1698 cm ).

Doer et al. (2006) reported that MIR was useful in understanding differences in water
repellency due to the presence of hydrophobic organic matter in a diverse range of
international soils (including Australian examples). The work did not however find a
significant correlation between non-wetting behaviour and hydrophobic organic matter
alone. Based on various sequential extraction processes, it has been demonstrated that the
presence of hydrophobic compounds alone does not explain non-wetting behaviour (Franco
et al. 2003; Mainwaring et al. 2013). Concurrently, spectroscopic methods have been used
to demonstrate an interaction between non-wetting behaviour and kaolin and aliphatic C
(Cann et al. 2004), and with the presence of carbonates (Dlapa et al. 2013). Therefore an IR
approach based solely on the quantifying the hydrophobic regions is likely to have limited
power in quantifying water repellent behaviour. However, because IR spectra provide
information on the wider soil organic matter composition and soil mineralogy, it provides a
a more powerful tool to understand non-wetting behaviour.

In recognising that repellency is an expression of both the hydrophobic and hydrophilic
nature of soils, Ellerbrock et al. (2005), and later Voelkner et al. (2015), used IR to describe
the hydrophobic: hydrophilic ratio of the soil, based on the C-H and C=O stretching regions.
Ellerbrock et al. (2005) demonstrated that the wettability of a temperate beech forest soil
(measured as contact angle) followed a positive relationship with a defined ratio in most
soils, with Podosols being the exception. They suggest that the wettability of Podosols
differed due to the mineral composition (Al, Fe) of sorption sites. The work concludes that
the relationship between the hydrophobic to hydrophilic ratio and wettability can be
improved by taking into account the total soil organic carbon content, the clay mineral
content, and the likely orientation of functional organic groups (Ellerbrock et al 2005).
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Similarly, Voelkner et al. 2015) conclude that the same ratio is useful in determining the
potential wettability of organic amendments (anaerobic digests) but that it did not transfer
directly to the wettability of soils. Combined with evidence of contrasting relationships
between organic matter composition and wettability, and the recognition that the mineral
composition (particularly of the clay content) plays a role, it is likely that different
mechanisms contribute to differing amounts to repellent behaviour in different soil types.
Therefore it is likely to be more valuable to quantify the role of organic matter composition
to wettability within specific soil types, rather than aiming to define a complex, non-linear
relationship across vastly differing soil types.

To improve our understanding and management of non-wetting behaviour in sandy soils of
the Southern region it would be valuable to determine whether the hydrophobic:
hydrophilic organic matter ratio is useful in understanding the severity and stability of
repellency within the dominant soil types. It is likely to be more valuable to combine an
understanding of OM composition with measurements of non-wetting behaviour (e.g.
Karunarathna et al. 2010), rather than an individual wettability parameter. Evidence of a
relationship, and quantification of a threshold ratio for repellent behaviour, would provide a
basis for the assessment of the risk of repellence and its longer-term management. For
example: where hydrophobic organic matter dominates and there is little hydrophilic
organic matter, the risk of non-wetting behaviour developing and persisting is likely to be
very high; where hydrophobic and hydrophilic matter are more evenly balanced the risk of
non-wetting is likely to be more dependent on climate, rotation, or soil factors (e.g. clay);
where hydrophilic organic matter dominates and is of a stable nature, the risk of nonwetting behaviour developing and persisting is likely to be far lower.

Combining knowledge of the soils current status with an improved understanding of the
hydrophobic:hydrophilic ratio of different crop species/cultivars and/or organic
amendments, would support responsive management approaches. Different management
practices are likely to be more effective across any risk scale, with high risk soils likely to
require approaches that not only reduce the concentration of hydrophobic compounds, but
work towards increasing the hydrophilic compounds over the longer term. Therefore, while
current guidance suggests that some crops (e.g. lupins) should be avoided on hydrophobic
soils, there is little guidance to suggest which crops/amendments are likely to be rich
hydrophilic organic matter. The possibility of extending guidance from avoidance tactics to
pro-active enhancement of hydrophilic organic matter through rotation may be a valuable
opportunity. Whether this would be effective against the preferences of soil microorganisms
would need to be tested.

92 | Management of water repellent sands in the Southern cropping region

6.4 Diagnostic spectral tools to improve understanding and
management
Spectroscopic techniques are being increasingly used to characterise soils and as cheaper
alternatives to wet-chemistry methods to predict parameters of interest. The recent rise in
interest in their application is supported by improved computing capacity to handle larger
datasets, the wider use of complex statistical methods, and demonstrated ability to
effectively predict a wide range of soil parameters of interest. There have been several
recent reviews (Nocita et al. 2015; Soriano-Disla et al. 2014) that describe successful IR
based prediction of soil texture, soil carbon and its fractions, cation exchange capacity, total
nitrogen, soil pH, and soil moisture. Where successful calibrations can be developed IR
spectroscopy offers a high throughput cost effective tool that improves our understanding
and management support for repellent soils. Combined with growing interest in field-based
(e.g. hand-held, vehicle mounted) and remote-sensing (e.g. satellite, unmanned aerial
vehicle) technologies, the spectroscopic analysis has the potential to represent a significant
advancement in the way we identify, monitor, map, and manage the risk of non-wetting
soils.

The potential of IR spectroscopy in predicting water repellency has been previously
proposed (McKissock et al. 2003), and the value of IR for improving our understanding of
the organic components involved in repellent behaviour has been demonstrated (see
section 7.3). However, to date, the use of spectroscopic methods in studying non-wetting
soils has been limited. Repellency studies using IR spectroscopy have typically selected
narrow regions of the spectra that are thought to be indicative of hydrophobic and
hydrophilic organic matter (Figure 34). This approach has limited the analytical power of the
technology by discarding what could be valuable information on the composition of organic
matter and soil mineral characteristics. While the hydrophobic:hydrophilic ratio (derived
from limited regions of the spectra) has proven useful, the approach has not provided a
satisfactory explanation of water repellency over a diverse range of soil types, such as
included in the Southern region (Figure 6). Additional areas of spectral interest, which are
likely to contribute to the overall repellent behaviour include: quartz (1100-100 cm-1),
kaolinite (3690-3620 cm-1); smectite and illite (3620-3630, 3400-330 cm-1); various organic
matter signals (2930-2850 cm-1, alkyl; 1670 cm-1, 1530 cm-1 amide; 1720 cm-1 carboxylic
acid; 1600 and 1400 cm-1, carboxylate; 1600-1570 aromatic). Compared to selective
approaches, formal statistical approaches across the full spectra have greater power. For
example, partial least squares (PLS) regression, is widely recognised as being more powerful
in identifying complex non-linear relationships that are likely to be involved in the behaviour
of soils (see Baldock et al. 2013; Soriano-Disla et al. 2014). These approaches have
advantages of not only developing tools to predict properties of interest, but in providing
information about which regions of the spectra (or organic/mineral signals) contribute to
those behaviours.

Management of water repellent sands in the Southern cropping region| 93

To our knowledge, no studies report the application of a formalised partial least squares
approach to non-wetting soils. Perhaps one of the reasons for this are the limitations
around laboratory based measures of repellence (WDPT, MED, etc.). Predictive approaches
are only as powerful as the underlying measurement data, and therefore questions over the
field applicability of laboratory based measurements remain. However, if water repellence is
considered a dynamic rather than a static soil property (Jordan et al. 2013), alternative
methodologies (for example to soil moisture content, Karunarathna et al. 2010) might
provide a more relevant measurement on which to develop predictive approaches.
Additionally, the Southern region is likely to include a number of contrasting soil types,
where organic matter composition and mineralogy will contribute to repellence in different
ways. Consequently, a more robust approach to developing an understanding of nonwetting behaviour in the region is to consider the dominant soil types as separate
populations. This is particularly relevant where calcareous soils are encountered, as
carbonate content will be reflected in several regions of the spectra (2520, 1800-1780,
1425, 875 cm-1) which overlap with those of organic matter. Development and testing of
these approaches would require careful consideration as outlined in Table 24.
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Table 24 A summary of the research requirements, outputs, and outcomes that could result from the development of IR spectroscopy targeted at understanding nonwetting soils.

Work Component

Output

Outcome

A. Sampling of soils representative of the target region.

A spatially referenced archive of soils that
represent soils prone to repellent behaviour in the
Southern region, provided that storage and
disturbance of soils did not alter their water
repellent characteristics.

Value-add research opportunities, for example
analysis of parameters associated with
constraints that co-occur with non-wetting
behaviour.

Spatially relevant baseline data describing the
variability in water repellent behaviour and how it
relates to soil type, environment, or landscape
position;

Improved management decisions based on the
risk of repellent behaviour given particular
climatic conditions (moisture, temperature)
and/or management approaches (claying,
wetting agents).

Informed by the soil type distribution across the low rainfall
Southern region (Figure 6), it is envisaged that the sample
population would include soils that exhibit a range of water
repellent behaviour.
NB: it is likely that calcareous soils, non-calcareous soils, and
soils high in clay would form three separate populations for
analytical purposes.
B. Quantification of the extent, stability, and response
behaviour of repellence across the target regions
Laboratory analysis of the extent, stability, and response
behaviour of repellent soils (eg. response behaviour to
moisture content, temperature, clay content, wetting agents,
organic matter).

Modelling of how repellent soils respond to key
parameters including moisture, temperature, clay
content, and wetting agents;
Development of a framework identifying subregions, soil types and environmental conditions
more likely to lead to high/low risk of repellent
behaviour.
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C. Quantification of the role of organic matter composition in
the expression of repellence.
Quantification and characterisation of the organic matter
composition of soils, relevant plant species/cultivars (shoots
and roots), and organic amendments used within the region,
including: through extraction (GC) and spectroscopic (NMR,
MIR) methods and assessment of the value of a simple
hydrophobic:hydrophilic ratio.

D. Development of a rapid cost effective IR tool.
The sample population would be divided into calibration,
validation, and test datasets based on formal statistical
approaches (likely calcareous, non-calcareous, high clay soils).
PLS approaches would be used to determine if key aspects of
water repellent behaviour (extent, stability, response
behaviour) could be successfully predicted from IR spectra.
Prediction algorithms would be validated on independent test
datasets.

Identification and quantification of organic
components contributing to, and/or counteracting,
repellent behaviour;
Identification of plant species and organic
amendments that are likely to increase
risk/decrease risk of repellent behaviour;
Development of quantitative relationships
between repellent behaviour and organic matter
composition.
An assessment of the success or otherwise of IR as
a rapid tool to predict key aspects of non-wetting
behaviour;

Improved management decisions based on the
risk associated with threshold amounts and
composition of soil organic matter and the input
of organic matter from various management
options.

If successful, a rapid cost effective tool to support
monitoring and management depending on the
severity and cause of non-wetting soils.

A prediction algorithm to estimate non-wetting
behaviour in the major soil types of the southern
region;

STOP-GO EVALUATION: to warrant proceeding to the development of field scale approaches the IR based methodology would have to provide evidence of robust
2
2
prediction capability. In accordance with accepted methodology, a successful prediction would be expected to generate an R >0.90, while moderate success (0.90 ≤ R <
2
0.80) and useful (0.80 ≤ R < 0.70) predictions are indicated by lower values. The performance (accuracy and precision) of the prediction algorithm should be fully assessed
using the correlation coefficient (r), the root mean square error (RMSE), and the ratio of standard deviation of the reference soil property to the RMSE (known as the RPD)
based on the validation or test set (Soriano-Disla et al 2014).
E. Development on in-field or remote spectral techniques.
Evaluation of appropriate in-field (hand-held, vehicle mounted,
drone) or remote sensing (satellite) technologies.

Mapping and monitoring of the spatial and
temporal nature of non-wetting soils.
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Spatially targeted management of non-wetting
behaviour through PA or VR technologies.

Key points – Quantifying soil water repellency
 It is clear that different analytical methods are suited to different soil types
or degrees of repellence, but it is unclear which methods are best suited to
the water repellent soils of southern Australia
 • Recent developments describing/modelling water repellency as a soil
state, rather than as a single analytical value (e.g. contact angle as defined
by MED) could improve our understanding and approach to management of
water repellent behavior.
 Understanding the role and origin of organic matter and its composition
(e.g. hydrophobic:hydrophilic ratio) in non-wetting behavior might provide
greater opportunities to develop pro-active rotation strategies that not only
minimize the input of hydrophobic organic compounds, but enhance the
input of hydrophilic organic compounds.
 Combined with modern statistical approaches, mid-infrared spectroscopy
would be invaluable in improving our understanding of the role of organic
matter and mineralogy in repellent behavior of soils and in developing rapid
cost effective tools to support response management decisions based on
current soil status.
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7

Farmer experience with management of
water repellency in the southern region

During August-September 2015 interviews were conducted with 205 grain growers from 6 grain
growing regions in the low-medium rainfall zone of South Australia, Victoria and New South Wales
(Table 25). These regions were targeted due to the extent of sandy soils and the likelihood of
water repellent sands being present. Interviews were completed by phone and based on a
structured questionnaire. We used a phone survey rather than a mail-out to facilitate a relatively
high response rate to ensure a sound representation of grain growers. A specialist survey data
collection company with the most extensive grower database available to the project (KG2) was
used to conduct the interviews. Calls were made randomly to grain growers within each region
until the target number of complete responses for each region was met. All grain growers
interviewed were the primary person responsible for management decisions in their farming
operation and must have had an area of cropping greater than 400ha of land with at least 1% of
sandy soil on their arable land. Of the growers spoken to, 12% refused to take part. As part of the
introduction, interviewees were made aware that the survey was aimed at issues associated with
sandy soils but to reduce selection bias, water-repellency or non-wetting sands were not
mentioned until later in the interview.

Table 25 Regions represented in this study and districts within regions.

Region

Council districts

Western Eyre Peninsula

Streaky Bay, Le Hunte, Kimba, Elliston

Eastern Eyre Peninsula

Franklin Harbour, Cleve, Kimba, Tumby Bay, Lower
Eyre Peninsula

SA Mallee

Loxton-Waikerie, Southern Mallee, Karoonda East
Murray

SA Tatiara- Coorong

Coorong and District, Tatiara

Vic Mallee South

Yarriambiack-North, Buloke South, Buloke North,
Swan Hill

Vic Mallee North/ NSW

Mildura, Balranald, Wentworth, Wakool

7.1

Results

The number of growers surveyed was spread fairly evenly across the regions, but the small
number within each region (28-43, Table 26) meant that where there were multiple responses to
questions it was difficult to identify significant differences in responses between regions. Median
farm size was smallest in the Tatiara-Coorong region (1800 ha) and largest on the western Eyre
Peninsula (4500 ha) and Victorian mallee (4400 ha). The arable area was greater than 75% of the
farm in all regions but pastures nevertheless made up 18 (Vic. mallee south) to 39% (western Eyre
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Peninsula) of the farm area (Table 26). The respondents could thus be described as managing
mixed farming enterprises.

Table 26
Number of survey respondents, median arable area and grain crop area (ha), and percentage of
crop area prepared using no-till, the percentage of the farm as pasture and percentage as sandy soil.

Western

Eastern

SA

SA
TatiaraCoorong

Vic Mallee

Vic Mallee

EP

EP

Mallee

Respondents

33

35

Arable area

3238

Grain crop area

Total

Sth

North/ NSW

43

28

34

32

205

2288

2631

1350

3500

2100

2429

1720

1348

1000

809

1900

1609.5

1417

% no-till

51

82

58

89

69

61

68

% pasture

39

22

38

35

18

28

30

% arable sandy

31

32

45

40

41

34

38

Sandy soils were identified as making up at least 30% of the arable farm areas, with up to 45% of
the SA mallee identified as sandy (Table 26). In addition to the low water holding capacity of sandy
soils, crop nutrition and water repellency was most commonly reported as the most important
constraint to production on their sandy soils (Table 27). Water repellency was most commonly
reported as important in South Australia. Water repellency was not identified by growers as a
significant problem on sandy soils in the Vic. mallee south region with crop nutrition being the
dominant constraint reported that region. Weed control was mentioned by 11% of growers as a
problem for crop production on sandy soils, with crop establishment and root diseases the next
most commonly reported problem on sandy soils.
Table 27
nominating.

What is the most important constraint on your sandy soils? Values are the percentage of farmers

Western

Eastern

SA

SA
Vic Mallee Vic Mallee
TatiaraSth
North/ NSW
Coorong

EP

EP

Mallee

Lack of soil water

30

23

19

11

76

34

32

Nutrition

27

20

21

22

59

38

31

Water repellency

33

46

40

44

0

19

30

Other

12

11

9

15

29

22

16

Weed control

12

11

9

0

15

16

11

Crop establishment

3

3

0

7

6

3

3

Root disease

6

0

0

7

9

0

3
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Total

In terms of managing the problems faced on sandy soils (Table 28) growers most often (62%)
mentioned rotation as the key. This included growing legumes, pastures, other cereal crops such
as cereal rye, and selecting disease resistant cereal varieties. Almost half (46%) of respondents
listed no till systems as important management tools on sandy soils. Stubble retention (20%) and
minimum tillage (15%) were also mentioned and could be considered to boost the no till category.
Clay spreading (35%), fertility management (44%) and weed control (35%) were also highlighted as
important priorities in sandy soil management.

Table 28 The top three most important practices to manage problems of sandy soils as nominated by growers.
Rotation includes use of legumes, pastures and disease resistant cereal varieties.
Organic matter management includes addition of organic fertilisers and plant biomass.
Erosion control includes grazing management, cover crops and tillage direction.
Seeding systems includes, furrow sowing, twin row sowing, on-row sowing etc.
Weed control includes herbicide rotation, grazing, cover crops, rotation.

Practise

1st mention

2nd Mention

3rd mention

Total

Rotation

23

17

22

62

No till

28

12

6

46

Fertility management

10

22

12

44

Clay spreading

21

13

1

35

Weed control

14

15

6

35

Delving

16

8

1

25

Erosion control

6

4

13

23

Stubble retention

8

4

8

20

Till when wet

6

8

5

19

Seeding systems

8

7

2

17

Minimum tillage

8

6

1

15

Organic matter management

5

5

1

11

Deep tillage/ripping

3

6

Spading

1

1

5

7

4

1

5

1

1

4

3

1

5

Ploughing
Disc plough
Wetting agents

2

9

*The percentages from the categories cannot be added down the table because growers
nominated three items each.
When asked specifically to rank sandy soils management problems, water repellency was
mentioned first by 42-52% of respondents in SA but only by 9% of respondents in the northern Vic
mallee/NSW region and not mentioned at all by growers in the southern Vic mallee region (Table
29). This highlights a significant difference between regions in either the occurrence, the
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management, or the perception of water repellency problems on sandy soils. Nevertheless, water
repellency is highlighted as a very significant problem on South Australian sandy soils.

Table 29 Ranking of the importance of water repellency as a problem of sandy soils. Values are the percentage of
growers nominating.

Western

Eastern

SA

SA
TatiaraCoorong

Vic Mallee

Vic Mallee

EP

EP

Mallee

Mentioned 1st

52

51

Mentioned 2nd

0

Mentioned 3rd

Total

Sth

North/ NSW

42

43

0

9

33

14

21

4

0

3

8

0

3

2

7

0

6

3

Mentioned 4th

0

0

0

4

0

0

0

Not in top 6

48

31

35

43

100

81

56

On average 37% of sandy soils in the Tatiara-Coorong region were thought to be water repellent
(Table 30), with the severity of repellency there and on the western Eyre Peninsula being severe
on ca 50% of water repellent sands. In contrast, less than 10% of sands in the Victorian/NSW zones
were thought to be water repellent, and <25% of that rated as severe.

Table 30 Percentage of sandy soils on farm which are water repellent (including areas already treated for
repellency), and the percentage of water repellent sands exhibiting severe water repellency.

Western

Eastern

SA

EP

EP

Mallee

SA
TatiaraCoorong

Vic
Mallee

Vic Mallee

Total

North/ NSW

Sth

% water repellent

21

12

27

37

9

7

21

% water repellent
severe

58

37

45

52

21

24

43

Poor crop establishment was most often nominated as the greatest problem on water repellent
soils (Table 31), followed by erosion, soil water management, soil fertility and weed control.
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Table 31 The top three problems caused by water repellency as nominated by growers who had >50ha of water
repellent soils.

Problem

n

% of growers

Poor crop establishment

71

55

Erosion

34

26

Moisture retention

32

25

Soil fertility

28

22

Weed control

27

21

Poor pasture establishment

12

9

Poor productivity

9

7

Economic / financial loss

8

6

Can't sow early

6

5

Drift issues

5

4

Can't sow certain crops

3

2

Herbicide efficacy

2

2

Herbicide residues

2

2

Clay content

1

1

Some growers indicated that they had already ameliorated their water repellent sands by clay
spreading or delving, especially in the Tatiara-Coorong region where on average, 54% of water
repellent sands had been treated with delving or spreading (Table 32). It should noted that this
region also had the smallest arable farm areas (Table 26), although there has also been significant
amelioration with clay and delving on the Eyre Peninsula (Table 32). While these are quite high
fractions of sands ameliorated only about 25% of respondents had used clay spreading or delving.
Table 32 For those farmers using sand amelioration strategies, percentage of sandy soils clay spread or clay delved.

Western

Eastern

SA

EP

EP

Mallee

SA
TatiaraCoorong

Vic
Mallee

Vic Mallee

Total

North/ NSW

Sth

% sands clay spread

21

28

24

42

5

9

29

no. respondents

7

17

10

17

1

5

57

% sands delved

26

12

4.

54

0

1

24

no. respondents

7

9

3

6

0

1

26
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7.1.1

The economic imperative

Growers were asked how much they would be willing to pay on an annual basis to mitigate against
the effects of water repellency (e.g. by using a treatment applied annually to crop land). Forty
percent of respondents with greater than 50ha of water-repellent sands, said they were not
willing to pay more than $10/ha/year for a mitigation strategy (Figure 35), another 25 percent not
more than $20/ha/year and only 25% of growers more than $30/ha/year (Figure 39). Only 25% of
growers with >50ha of non-wetting sand were willing to pay more than $150/ha for permanent
amelioration of their water-repellency (Figure 36).
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Figure 35 The maximum investment ($/ha/yr) growers were willing to pay for annual in-crop mitigation of water
repellency. For growers who have >50ha of water repellent soils.
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Figure 36 The maximum investment ($/ha) growers were willing to pay for a one-off long term amelioration of
water repellency. For growers who have >50ha of water repellent soils.

104 | Management of water repellent sands in the Southern cropping region

When asked what treatment for water repellency they see as the most cost-effective, there is a
broad range of responses from growers (Table 33). Clay spreading and delving are most commonly
cited, but only by less than 20% of growers.

Table 33 Currently available treatments most commonly cited by farmers as the most cost-effective for treating
non-wetting (n=205).Full list of minor responses not shown.

Cost Effective Treatments

% of farmers

Clay spreading

17%

Delving

15%

Adding wetter/Small amount of wetter/Wetting agent

7%

Working on soil when it very wet/waiting for soil to be wet/cultivating soil when
wet

5%

Deep ripping/Deep ploughing

4%

Zero tillage/No till/Direct drill

4%

Use of organic matter/Manure

4%

Don't know/None

20%

We have not had opportunity to conduct a rigorous economic analysis of the options available to
growers. Mitigation options (<5 - $20/ha/year Blackwell and Hagan 2015), which work for each
crop to which they are applied, are much less expensive than amelioration options which have
longer term benefits. The actual costs of amelioration practices are not readily apparent but there
have been several estimates made. Davies and Roper (2015) give the operating costs (excluding
capital) of mouldboard ploughing as $100-$120/ha, rotary spading (partial remediation) at
$150/ha, clay delving $300-$600/ha and clay spreading $500-$900/ha. Even when using one’s own
labour and machinery the cost of clay spreading may be $550/ha (Knights 2011b). We found no
correlation between the total area of water repellent sands and the amount growers are prepared
to pay for amelioration. Given that 75% of growers surveyed (Figure 36) indicated they would not
be willing to spend >$150/ha on amelioration, the attraction of mouldboard ploughing and
spading over clay spreading and delving becomes apparent, although the effects of mouldboard
ploughing may not last for as long as claying.

A recent analysis (Blackwell and Hagan 2015) suggested that if 20% or less of a farm suffered from
water repellency, then a complete amelioration strategy might be warranted, whereas with 80%
arable land water repellent sands then the strategy should primarily be focussed on mitigation
with seeding systems and wetting agents. It was thought that furrow sowing systems costing
$5/ha/year would increase yields by 10% and more expensive amelioration options increase yields
by 30% (600kg/ha/yr on an average 2t/ha yield crop). Since 75% of growers surveyed indicated
that they would not want to pay more than $10/ha for mitigation of water repellency, at ca.
$5/ha, mitigation with seeding systems alone might be an attractive option, especially since poor
crop establishment was the most commonly nominated problem on water repellent sands (Table
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31). Roper et al. (2015b) indicate that the combination of furrow sowing and wetting agent costs
about $10-12/ha/year. A figure which 75% of growers seem prepared to pay (see Figure 35).

Interestingly, while the amelioration options are more expensive, and above what most growers
indicated they were willing to pay (Figure 36), along with fertiliser application, clay delving, clay
spreading and delving were the options that farmers most intended to use to modify their sandy
soils in the next five years (Table 34). The data of Table 32 indicated that about 25% of growers
had clay spread or delved, a similar fraction to that who indicated they were willing to pay
>$150/ha for amelioration (Figure 36). From this one could speculate that the 25% of growers
willing to pay for amelioration of repellency through claying and delving have already done so, and
that uptake by other growers might thus be limited, the present data set is not sufficiently robust
enough for this to be stated with confidence. Around 30% of growers with water repellent sands
indicated that they intended to use clay spreading or delving in the next five years (Table 34). It is
somewhat surprising that while 44% of growers consider claying a viable option, and 34% delving
as a viable option, the much cheaper spading and wetting agent applications are only considered
viable by 21% of growers. Forty eight percent of growers who had water repellent sands indicated
that they did not have suitable clay available for amelioration of repellency (Table 35).Water
repellency mitigation options such as on-row seeding or wetting agents, or cheaper amelioration
options such as mouldboard ploughing did not appear to be a focus of repellency management by
growers. There would thus appear to be a need for testing of the mitigation options and cheaper
amelioration options available to growers and to increase the exposure of growers to the potential
benefits of these options. Amelioration of all water repellent sands through delving and/or clay
application seems unlikely.
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Table 34 Treatments already used on sandy soils by growers with water repellent soils, or intended to be used by
growers in the next five years.

Already used

Intended to be used

Treatment

n

% of growers

n

% of growers

Clay delving

20

16

44

34

None

50

39

43

33

Clay spreading

47

36

39

30

Applying fertiliser

13

10

38

29

Delving

22

17

35

27

Other

9

7

29

22

Disc ploughing

4

3

24

19

On row seeding

3

2

22

17

Deep Ripping/ Deep Ploughing

3

2

8

6

Spading

9

7

7

5

Wetting / wetter

4

3

3

2

Mouldboard ploughing

2

2

1

1

Table 35 Response to farmers being asked “I don't have an appropriate source of clay for clay spreading to be an
option on my farm” for farmers with >50ha of water repellent sands.

Number respondents

% respondents

Strongly Disagree

22

17

Disagree

22

17

Neither agree or disagree

23

18

Agree

24

19

Strongly Agree

38

29
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Key points – Farmer survey
 Growers identified water repellency and fertility management as the two
key management issues on sandy soils, with water repellency being
highlighted more in the South Australian regions and crop nutrition more so
in Victoria
 Poor crop establishment, erosion, lack of soil water, crop nutrition and weed
control were seen as the biggest management challenges on water
repellent sands
 Despite the high cost, growers seem more likely to ameliorate soils with clay
rather than mitigate against water repellency by using treatments such as
wetters or furrow sowing
 Mitigation options might be more readily adopted by growers with a
significant fraction of their arable area on water repellent sands
 Seeding systems offer the cheapest mitigation strategy
 Soil inversion techniques such as used in Western Australia do not seem to
be favoured by growers in the southern region who seem to prefer claying
and delving over mouldboard and deep disc ploughing
 Growers in the southern region may not have been exposed to the full range
of mitigation and amelioration options available
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8

Is the problem of water repellency increasing?

It is not clear if the extent and severity of water repellency is increasing, or whether changing
farming systems and climates exacerbate an existing soil property. Many soils are water repellent
in their native state (Bond 1964b; McGhie and Posner 1980) and the role of farming systems in
exacerbating or mitigating against this are worthy of consideration. Both Weatherby (1984) and
Tate et al. (1989) suggested that water repellency problems only occurred one year in three, but
both farming systems and climate may have changed since those assessments. A vast stretch of
land from Lake Alexandrina in SA to the Victorian border is dominated by water repellent sands
that have historically been sown to pastures, to a large extent because of their infertility, wind
erosion risk and water repellent properties (Bond 1968b), however, in recent years the increase in
arable cropping at the expense of pastures has pushed crop production on to more of these water
repellent soils, thus increasing the area of cropping on water repellent soils and bringing the
problem to the fore.
In a survey of some grower groups in WA, water repellency was ranked as the most significant soil
problem (Davies et al. 2013), and for some groups most farmers thought that both the area and
severity of repellence were increasing (Figure 37). We do not have similar data on potential
changes over time in water repellency for the GRDC Southern Zone, although we have surveyed
farmer’s experience with water repellency (Sect. 7).
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West Midlands group

Area of repellence
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Darkan group

Severity of repellence

Staying
the same

Decreasing Increasing

Staying
the same

Figure 37 Perception of some Western Australian growers of the extent of soil water repellency (from Davies et al.
2013).

In Table 36 we list some elements which could possibly serve to increase the likelihood of water
repellency being expressed in current farming systems. These relate to a combination of seeding
and tillage systems, cropping intensity and possibly climate change, although we have not
explicitly assessed this. Some of these elements (stubble retention, increased productivity,
increased crop intensity) may increase the load of hydrophobic matter in soils, while others (no
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till) may be concentrating the hydrophobic matter at the soil surface. Seeding system trends
toward earlier and dry sowing, along with potential changes in the timing and strength of seasonal
breaks, may result in crops being sown into generally drier soil before seasonal conditions favour
the breakdown of repellency. Furthermore, drier sowing and the use of narrower points may
result in more dry water repellent soil moving and being channelled into the seed row. All of these
may be operating to exacerbate the production effects of water repellency. One possible small
system change which may be beneficial, would be for growers to sow water repellent soils at the
end of their sowing program if possible, thereby increasing the likelihood of sowing into wetter
soil.

There are thus a number of elements of current farming systems which may give rise to an
apparent increase in the expression of water repellency in present day cropping systems in the
GRDC Southern Zone. We have not examined the timing and strength of seasonal breaks, but an
analysis in WA has highlighted that weaker seasonal breaks are exacerbating water repellency
there (P. Ward CSIRO, pers comm.). Climate change projections for the region of interest indicate
decreasing winter and spring rainfall, average temperatures to increase in all seasons and for
there to be more extreme heat events (CSIRO and Bureau of Meterology 2015). Lower early
season rainfall is likely to exacerbate water repellency problems, probably more so than
temperature effects on water droplet surface tension which would run counter (King 1981).
Heating of soils to 105oC in the laboratory was shown to increase subsequent water repellency
(Franco et al. 1995), a mechanism which may operate in the field. Thus increasing annual
temperatures or more very hot days might increase repellency, or indeed have already done so. A
tool which allows ranking of the relative importance of the elements listed in Table 36 might prove
useful for growers to help decide which mitigation and amelioration options might best be
implemented in solution of water repellency. If current farming system trends remain, water
repellency is likely to become an increasing problem.
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Table 36 Farming system and other elements increasing the risk of expression of water repellency in emerging farming systems.*Note that we have not examined the timing
and strength of seasonal breaks in the GRDC Southern Zone.

System change

Element

Consequence

Effect on repellency

Seeding system

earlier sowing

sowing into generally drier soils

seasonal repellency not yet broken down

dry sowing

increased movement of water repellent seasonal repellency not yet broken down
soil
water repellent soil mixed with seed

use of knife points

water repellent soil flows around point
and covers seed

water repellent soil mixed with seed

stubble retention

increased soil carbon

increase in hydrophobic load

no tillage

increased hydrophobic organic matter
content near surface

concentration of hydrophobic load

increase crop area

crops pushed on to water repellent soils more sandy soils being cropped
formerly occupied by pasture

decreased use of fallows

increased organic matter input

increase in hydrophobic load

reduced pasture area

reduced organic matter input?

probably negated by crop system changes

Increased productivity greater crop biomass

increased organic matter input

increase in hydrophobic load

Seasonal conditions*

breaks later?

sowing into generally drier soils

seasonal repellency not yet broken down

breaks weaker?

sowing into generally drier soils

seasonal repellency not yet broken down

Crop rotations
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Key points – Is the problem of water repellency increasing?
 The farming systems which have emerged over the last decade have
increased the likelihood of seeds being sown into dry, water repellent soil
 Stubble retention and no till systems have probably increased the load of
hydrophobic material in the soil surface and increased soil water repellency,
but in-tact stubble provides pathways for water infiltration
 Increased cropping intensity at the expense of pastures has probably
pushed more cropping on to sandy, water repellent soils
 Increased system productivity has probably increased the load of stubble
and therefore hydrophobic material in the soil
 Delayed and weaker seasonal breaks would increase the likelihood of seeds
being sown into dry, water repellent soil
 Growers need to be able assess the relative importance and occurrence of
each of these elements in their system in order to make informed decisions
about suitable mitigation and amelioration strategies
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Research Priorities

The research priorities identified in this scoping process can be grouped into three broad
categories of mitigation, amelioration and diagnostics. We have structured the research priorities
as a set of research questions and potential activities within each of these categories.

Mitigation Options
Mitigation treatments can be defined as practices that take effect for only a short timeframe (1-2
years) at relatively low cost (‘approximate willingness to pay’ for managing sandy soil constraints
from the farmer survey was estimated in the order of $10-30/ha/annum) and delivered largely in
the topsoil. Mitigation is possible through a range of interventions. Survey results indicate that
GRDC Southern Zone growers may not be familiar with mitigation opportunities for managing nonwetting soils. This suggests that any of the potential activities listed below require careful
extension of existing and local data, which could be supported with local demonstration activities.

Research Question 1
Can seeding systems be adapted or developed to improve crop establishment and productivity on
the water repellent sands of the Southern cropping region?
Potential Activities
The importance of on-row seeding relative to other mitigation options needs in-field investigation
on soils with varying degrees of repellency. The accompanying sampling strategy for this in-field
testing requires careful thought to ensure that the spatial and temporal variability is captured.
Double shoot approaches for twin row sowing (proven useful in Western Australia) and systems
that control the throw-and-flow of water repellent sands require testing in the Southern region.
This could be done through laboratory simulation of engineering solutions and field testing of
controlled movement of repellent soil on crop emergence and productivity.
Improved seeder guidance systems are becoming available and these have been deployed on
water repellent sand in Western Australia to good effect. However to date the testing of such
systems has been very limited and their role in water repellence mitigation through seed
placement could be evaluated against other possible mitigation options.

Research Question 2
Are banded wetting agents a useful adjunct to seeding systems for improving crop establishment
on the water repellent sands of the Southern cropping region?
Potential Activities
Laboratory studies aimed at quantifying the effect of various non-wetting agents on the repellent
behaviour of soils is recommended as a screening tool to identify products for in-field testing. In
screening products for the Southern region, it is important to note the pH difference compared to
acidic WA soils, which may influence the effectiveness and suitability of products in different
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regions. Given the influence of organic matter and mineralogy on repellent behaviour, laboratory
screening should include a range of different soil types that represent problem soils of the region.
Field testing of wetting agents as adjuncts to seeding systems developed for cropping water
repellent sands is recommended.
Research Question 3
How does soil microflora and fauna associated with different crop species and rotations influence
the expression of water repellence?
Potential Activities
Understanding the role of the residue and the conditions that favour biological activity that
reduces water repellence may prove important to improving crop production on affected soils.
The possible effects of different soil microflora and fauna associated with different species and
rotations on the development or mitigation of repellence will require incubation under field
conditions with a suite of laboratory analyses to support the experiment for the measurement of
change in microflora and fauna and repellence.
Research Question 4
Do different crop or pasture species contribute to water repellence to different extents and are the
differences related to the repellent properties of root and shoot residues?
Potential Activities
Testing the contributions of different crop and pasture species to the development of water
repellency should include an assessment of the importance of root as well a shoot residues. This
activity would require a combination of fundamental residue characterisation (e.g.
hydrophobic/hydrophilic organic matter contents) and controlled and field based decomposition
studies. Controlled experimentation could test a wide range of residue types with view to rank
their relative risk (high/medium/low) of leading to non-wetting characteristics. Field based
experimentation would be required to validate the risk ranking under a range of seasonal
conditions.
Research Question 5
Are there specific nutritional packages that will help a crop to be more productive in a water
repellent soil?
Potential Activities
It is difficult to know whether there are nutritional constraints that are specific to water repellent
sands but it is likely that heterogeneous wetting of water repellent sands does influence crop
access to nutrition. Some careful in-field testing of the wetting up of and the availability of
nutrients to crop roots on soils with varying degrees of repellence may prove a useful step
towards better managing the nutrition of crops on repellent sands.
Amelioration Options
The next level of management is amelioration, a more involved intervention with a goal of raising
the yield potential above the inherent sand potential. This generally comes at a much greater
expense than mitigation strategies (usually > $150/ha), but with longer term benefits. Techniques
to be considered include soil inversion and the use of organic material and/or clay at different
positions in the profile (surface applied or delved in-situ followed by incorporation). Based on the
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grower survey, the cost of deep tillage options is considered prohibitive to 75% of growers, while
more than 48% of growers indicated that they do not have access to suitable clays for
amelioration using delving or clay spreading.
Research Question 6
Can soil inversion techniques be adapted or developed to economically improve crop establishment
and increase crop production on the water repellent soils of the Southern cropping region?
Potential Activities
While clay spreading and deep tillage techniques such as ripping, delving and spading appear to
have been researched and extended in the Southern region, exploration of more affordable
techniques like deep discing and mouldboard ploughing require assessment. Deep disc,
mouldboard plough and other inversion tillage systems have been widely trialled by researchers
and growers in Western Australia. Such systems could be trialled in the Southern region with
guidance from the expertise and experience available in Western Australia. These need to be
considered in association with clay spreading and delving systems which have been widely trialled
in the Southern region. The merits of different amelioration options relative to crop yield
potential, longevity of effects and associated projections of economic outcomes could be usefully
explored to provide informed guidance for growers for choosing between mitigation and
amelioration options.
This field based activity could be usefully supported with laboratory analysis of the effect of
treatments on the expression of water repellence alongside the effects on other soil properties.
Such analysis could provide insight as to the relative importance of repellence compared with
other production constraints on these sandy soils and infer the mechanism for the treatment
induced change in repellence.

Diagnostics and Measurement
It is not known the extent to which a range of soil factors are involved in the development of
water repellent soils. It is likely that these factors (organic matter composition, mineralogy,
climate etc) can contribute to different degrees. In order to effectively manage water repellent
soils and identify the most appropriate mitigation/amelioration strategies in different situations,
there is a need for improved understanding of the relative importance of these factors and the
situations that favour the development of repellence.
To some extent our understanding of water repellent behaviour has been hampered by analytical
methodologies and the ability to capture in-field spatial and temporal variability. Recent
spectroscopic advances offer some potential to overcome these limitations and to identify
underlying causes. In addition, the fate of water and nutrients in repellent systems is pivotal to the
resultant crop production and an ability to measure this fate in a representative way needs
addressing. Repellence should not be considered in isolation from other sandy soil problems,
particularly crop nutrition issues which may be inextricably linked to repellence.

Research Question 7

Management of water repellent sands in the Southern cropping region| 115

Can infra-red spectroscopy improve our understanding and management of water repellent
behaviour?
Potential Activities
The power of IR in improving our understanding of non-wetting behaviour has not been fully
explored despite clear evidence that contributing soil factors (organic and mineral signatures)
provide characteristic spectral features (see section 6.3). The development of quantitative
prediction algorithms (6.4) to define a soils risk of non-wetting behaviour would require the
collation of a database of soil spectra, organic matter characterisation, and laboratory
experimentation on non-wetting behaviour.
The development of an IR based tool would have several benefits including: a) improved
understanding of soil specific factors contributing to non-wetting behaviour and therefore an
ability to more effectively identify appropriate site specific management strategies; b) cost
effective sample throughput to support research/monitoring studies assessing the impact of
management strategies and risk factors; and c) the potential to validate in-field IR monitoring and
PA approaches into the future.
Defining the inherent risk of water repellence combined with improved knowledge of which crop
residues have higher proportions of repellent (hydrophobic) organic matter (under Research
Question 4), could be used to form the basis of a decision support tool.

Research Question 8
Can we develop spatially and temporally representative sampling and analysis regimes to better
measure the effect of repellence on the distribution and availability of water and nutrients to crops
grown on repellent soils?
Potential Activities
While not widely published, and therefore difficult to review we are aware of a range of
approaches to sampling and analysing the fate of water and nutrients in soils and crops grown on
water repellent soils. We propose that some careful small-scale and in-field experimentation is
required to test the most representative and informative approach to measuring the fate of soil
water (eg. soil moisture probes, bulk density, rooting depth, penetration resistance, manual soil
water content, macroporosity, dye tracers) and nutrients (plant uptake, manual soil sampling,
isotopic techniques) in water repellent soils.
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A.1
Management
tool
Improved
furrow sowing

Mitigation options for water repellent soils, from Roper at al 2015
Soil type

Operating cost
(excluding capital)

All
Cost of winged points
repellent
or boots versus
soils
standard knife points

Timing

Longevity of
benefits

Sowing

1-5 months

1

Furrow sowing
All
with bandedrepellent
applied wetting
soils
agents

$10-12/ha/year

Sowing

2-3 months

Loamy
Blanket-applied Chromosol
wetting agents
s and
Sodosols

$25-50/ha/year
depending on rate
required

Pre-sowing

2 years

All —
Zero till and full
except Predominantly capital
stubble
rocky and
cost
retention
stony soils

Liming

Sowing

Ongoing

Problems/issues with the management tool










furrow infill
repellent soil around seed
herbicide damage
variable efficacy
cost (ongoing)
lack of industry expertise
incompatible machinery
unstable furrows
variable efficacy





wetting agent could be used as a carrier
for cheap and efficient delivery of other
beneficial inputs such as micro-nutrients
or fungicides





cost (ongoing)
lack of industry expertise
efficacy soil type specific



some weed control benefits if blanket
wetting agent improves synchronous
germination of weeds



suitability for a wide range of soil types and
landscapes
root disease
poor herbicide incorporation
residue management
concentration of nutrients at surface
“Thatching” effect reduces soil water from low
rainfall events






reduced risk of wind erosion
increased microbial activity
water retention via mulching
increased soil carbon

may require high lime rates
severity of soil repellency reduced but not
eliminated
some nutrients become less available




improved availability of some nutrients
prevention and/or amelioration of
aluminium toxicity
improved weed control

stubble handling
increased risk of stubble and root borne pests
and disease associated with previous crop row
lack of 2 cm accuracy with autosteer









All acidic
Ongoing — 
~$75/ha for 2t/ha,
and
Usually
provided

but varies depending
repellent
pre-sowing optimum pH is
on transport distance
sandy soils
maintained 

All
On-row vs interPredominantly capital
repellent
row
cost
soils

Sowing

1-2 months

Other major benefits
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water harvesting maximises capture and
use by crops of small rainfall events
repellent soil in inter-row may act as a
mulch reducing evaporation

zones of enhanced fertility created as
nutrients and organic matter and
associated biology concentrated in same
row each year

A.2
Management
tool

Amelioration options for water repellent soils, from Roper et al. (2015a)
Soil type

Operating cost
(excluding
capital)

Timing

Longevity of
benefits

Problems/issues with the management tool


Soil inversion
(mouldboard
ploughing)

Rotary spading
(deep
cultivation)


Tenosols

Tenosols

$100-120/ha

$150/ha

D

 One-off deep
cultivation
 Pre-sowing
 Late autumnmid winter

D

(Partial
C
amelioration)

Clay delving

Chromosols and
Sodosols (suitable
clay within delving
depth)




One-off
inversion
Pre-sowing
Late autumnmid winter

~$300D
600/ha

Pre-sowing


5-10+ years






Unknown but 
likely to be 3-7

years


15+ years









Clay spreading

Tenosols
Chromosols
and Sodosols
(suitable clay
source in
paddock)

$500-900/ha

D

Pre-sowing

15+ years









Other major benefits

wind erosion risk on sands until cover crop is
established
seeding depth difficult to control in loosened
soil
loss of soil moisture during cultivation
poor inversion can reduce efficacy
unknown impact of buried water repellent
layer on soil water
high cost
wind erosion risk on sands until cover crop is
established
seeding depth control in loosened soil
loss of soil moisture during cultivation






high cost
soil type suitability
subsoil incorporation
higher biomass can enhance haying-off risk
lack of industry providers
clay-rich subsoil may contain toxic levels of
salt or boron or extreme pH
difficult to control rate of clay at the surface



high cost
subsoil incorporation
higher biomass can enhance haying-off risk
clay availability
soil compaction
clay-rich subsoil may contain toxic levels of
salt or boron
difficult to control rate of clay at the surface

















weed control
reduced subsoil compaction
reduced stubble borne disease
enhanced water and possibly nutrient
holding in the subsurface soil in the
root zone (particularly in pale sands)
nutrient, lime and organic matter
incorporation into the profile
some control of certain weeds
reduced subsoil compaction
nutrient, lime and organic matter
incorporation into the profile

moderate (indirect) benefit in
controlling weeds
increased soil pH if alkaline subsoil is
applied
reduced subsoil compaction
nutrient addition — often K, S and B
from some clay-rich subsoil
increase in nutrient and water holding
capacity of the topsoil
moderate (indirect) benefit in
controlling weeds
increased soil pH if alkaline subsoil is
applied
nutrient addition — often K, S and B
from some clay-rich subsoil
increase in nutrient and water holding
capacity
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A.3

Farmer guidance for water repellent soils

The following links to farmer guidance for cropping on water repellent sands in WA and serve to
illustrate information currently available to growers from The Leibe Group via
Improved seeding systems for water repellent sandplain soils
Mouldboard ploughing in WA
Rotary spading in WA

Guidance on claying, delving and spading in South Australia is also available in
Spread, delve, spade, invert
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