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Summary
The dense clay subsoils that occur in Sodosols in the High Rainfall Zone of south eastern
Australia limit crop root growth and so they frequently limit crop yields in dry springs. In
addition, the dense clay subsoil with low porosity leads to slow internal drainage and water
movement within the profile and restricts aeration in subsoil. Deep tillage with subsurface
gypsum application has been used by the farmers in the HRZ of Australia to improve poor soil
structure in these subsoils, but this practice had no lasting benefits. The development of subsoil
manuring technology has resulted in consistently high yields over consecutive crops and yield
increases are attributed to improvements in the physical properties of the clay subsoil. This
technology involves the incorporation of high rates of animal manures in the top layer of B
horizon of the clay subsoil.
The main objective of the thesis was to investigate whether alternative organic materials might be
used in the place of manures, in order to make subsoil manuring more cost-effective and
sustainable. The effectiveness of such materials is the gap in knowledge that this thesis will
address. A series of experiments including field and glasshouse trials were conducted to evaluate
alternative organic materials such as crop stubbles, green-chop crops and composts, or a
combination of these materials, for subsoil manuring.
A column experiment in the glasshouse, that simulated field conditions, investigated the use of
wheat straw as an organic amendment to improve the clay subsoil. Poultry litter, produced greater
crop growth responses at anthesis than wheat straw treatments, while the additions of fertiliserenriched-powder straw, and poultry-litter-enriched- coarse straw were equally effective in terms
of shoot biomass and nutrient concentration in shoots at anthesis. A field experiment was also
conducted at Bundoora to test whether chopped wheat straw ± nutrients might be an effective
subsoil amendment. The materials were placed in trenches at 20-40 cm depth in 2010 and 3
successive crops of wheat were grown. The poultry-litter again resulted in the largest growth and
yield response in 2010 and 2011. No benefits, however, occurred with the third wheat crop from
any treatments in 2012. Research findings from other subsoil-manured trials in the Victorian HRZ
indicate that subsoil manuring generally results in improved physical properties of the subsoil.
However, subsoil manuring in the Bundoora site was unable to improve the properties of the
subsoil (Chapter 5).
A second glasshouse study grew wheat plants in pots for 60 days in amended clay subsoil. The
study tested different forms of nutrient enrichment of the straw (liquid NPKS, finely chopped
lucerne, coarsely chopped lucerne), straw size (finely chopped and coarsely chopped) and rates of
nutrients addition, with or without plants. The coarse straw impregnated with liquid NPKS
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nutrients, at a rate that was equivalent to the nutrients in the typical poultry-litter application,
resulted in the largest shoot and root biomass responses. Improvement in the aggregation of the
subsoil also occurred with this treatment.
A final field experiment was conducted at Ballan, Victoria, in 2012. The objective was to evaluate
the best-bet straw treatments, together with compost materials that could be manufactured on the
farm, for their effect on the growth and final yield of a wheat crop. The composts showed
considerable promise as subsoil amendments, while the poultry litter was less effective. Both the
full rate of wheat chaff and liquid NPKS and half rate of chaff and liquid NPKS were equal in
effectiveness in terms of biomass at anthesis and maturity, and grain yield at maturity. These
chaff treatments, and two of the three compost treatments, more than doubled wheat grain yields
from 5.3 t/ha for the control, to over 11 t/ha.
These findings demonstrate that nutrient-enriched-chaff, and composts could replace poultry-litter
in the subsoil amelioration strategy. Directions for further recommended research are outlined.
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Chapter 1–General Introduction

Crop production in the high rainfall zone (HRZ) in south east Australia, where the mean annual
rainfall exceeds 500 mm, is frequently restricted by subsoil constraints. These constraints are
mainly physical in nature and result from the high clay content and the high bulk density of the
subsoil. The total area of this high rainfall zone stretches across the 7 high rainfall agro-ecological
zones and covers some 21.5 million ha land in Australia. The key issue is that around 90% of this
land has subsoils of dense clay where the bulk densities can exceed 1.6 t/m3 (MacEwan et al.,
2010). These subsoils, due to the dense clay content, hold most of the soil water in the
microrpores which restrict water availability to the plants and hence adversely affect plant growth
(McKenzie et al., 2004). MacEwan et al. (2006) undertook a review of soil constraints in the HRZ
cropping zone of south east Australia, and concluded that the poorly structured subsoils with high
clay content and high bulk density, were the major limiting factors that restrict the crop yield
potential in this region. Crops grown on this land generally have restricted yields because of the
roots limited access to subsoil water, particularly in dry springs.
The widespread occurrence of the dense clay subsoils restrict root growth into the deeper layers
of clay due to high soil density (>1.5 t/m3), high soil strength, and low macroporosity (Adcock et
al., 2007; MacEwan et al., 2010) where macroporosity is defined as the volume of soil consisting
of macropores greater than 30 µm in diameter (Cresswell and Kirkegaard, 1995). In addition, the
low porosity in the dense clay soil results in slow internal drainage and water redistribution within
the profile (Oster and Jayawardane, 1998). Thus impeded aeration in subsoil is generally caused
by poor drainage and waterlogging due to the compacted clay subsoil. Soil oxygen movement to
plant roots is critical to maintain adequate respiration for root metabolism. Anoxia or lack of
oxygen occurs in soil when the rate of supply falls below the biological demand. An oxygen
diffusion rate of 1.2 mg m-2 s-1 is the minimum value, below which plant roots will not grow
(Murphy et al., 2000). It is also accepted that the lower limit of macroporosity is 10% of the soil
volume, below which plant roots cannot grow (Pierce et al., 1983; Glinski and Lipiec, 1990;
Engelaar and Yoneyama, 2000).
Numerous attempts have been made in the past to ameliorate the subsoil constraints that limit
crop production in the HRZ. For example, surface application of gypsum (Rengasamy et al.,
1984; Greene and Ford, 1985; Greene et al., 1988; Ford et al., 1993) and subsurface application
with deep ripping (Blackwell et al., 1991; Coventry, 1991; Jayawardane et al., 1995; Farina et al.,
2000b; Hamza and Aderson 2002, 2003; Nayak et al., 2008), and deep ripping only (Eck and
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Unger, 1985; Rengasamy et al., 1992; Hamza and Aderson , 2003 ) were the common
ameliorative approaches in the past. However, these results have had mixed success. For example,
some studies reported increases in grain yield due to improved physical properties with the
subsurface application of gypsum. This was more likely due to a short term alleviation with
gypsum that improved the sodicity in the topsoil or to an improved ripping response (Blackwell et
al., 1991; Ford et al., 1993; Jayawardane et al., 1995; Valzano et al., 2001a, Valzano et al.,
2001b, Hamza and Aderson 2002, 2003; Nayak et al., 2008). Others did not report increases in
crop yield due to the inability of plants to extract water from the subsoil (Clark and Edis, 2004).
This was further documented by Gill et al. (2008, 2009) who found the use of both deep ripping
and deep gypsum application were generally ineffective at increasing crop yield grown on soils
with dense clay subsoil. Several authors have been of the view in the past that addressing the
constraints caused by dense sodic clay subsoil, would be very expensive and uneconomical. For
example, Jayawardane and Chan (1994) concluded that amelioration of subsoil sodicity was very
expensive and uneconomical, and Shaw (1997) concluded that ameliorating sodic soil would not
occur even when Ca 2+ ions replaced Na+ ions, because the Na+ ions could not be leached from
the soil profile, due the limited permeability in the sodic soil profile.
One approach that did improve crop yields on soils with dense clay subsoil involved the deep
incorporation of 20 t/ha of either poultry manure or dried lucerne pellets in 30-40 cm deep rip
lines. Gill et al. (2008) were able to double the biomass production and increase the grain yield by
74% over the control treatment with these organic amendments. The crop produced 60% more
grains per ear and extracted over 50 mm of extra soil water from below 40 cm than the control. In
addition, the practice also increased macroporosity from 8 to 18 %, and increased the saturated
hydraulic conductivity of the clay soil 50-fold over the control treatments (Gill et al., 2009).
Further work has shown that the use of poultry-litter from poultry broiler sheds, is equal in
effectiveness to lucerne pellets (Sale et al., 2011) and so this litter has become an amendment of
choice. The practice has become known as ‘subsoil manuring’, and has delivered consistent yield
increases over a 4 year period (Sale et al., 2012a).
The use of poultry-litter as the amendment for subsoil manuring is expensive due to the purchase
price of the poultry-litter and the freight cost for transporting the litter to grain farms across the
HRZ of Victoria. Almost 60% of the estimated cost of subsoil manuring is associated with the
purchase and transportation of poultry-litter to the grain farm. For example, the freight cost of 20
t/ha of poultry-litter to a grain farm at Penshurst in south west Victoria, was estimated to be $
435/ha (P.Sale, personal communication). Clearly, there is a need for a cheaper alternative
organic amendment that can be produced on-farm or in the vicinity of the farm. Such amendment
would still need to improve the physical properties of the clay subsoil. Crop residues are obvious
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candidate materials as they are abundant in cropping paddocks. For example, a cereal crop with a
5-6 t/ha grain yield and with a 35-50% harvest index, will produce 10-13 t/ha of crop residue
following the grain harvest. Thus the residues are available in large quantities on grain farms in
HRZ. The issue is whether they can be used as subsoil ameliorants in their own right, or whether
they would need to be processed into subsoil ameliorants on-farm, for use in subsoil manuring
applications.
The overall objective of the research presented in this thesis is to test the potential for an
alternative organic amendment, produced on-farm, for use in ameliorating the poorly structured
subsoils in the Victorian HRZ. The main focus was to determine how effective crop residues are
for this purpose. This is the gap in knowledge that this thesis will address. In this connection, a
preliminary investigation into the use of wheat straw, with different particle sizes and levels of
nutrient enrichment, was undertaken in a glasshouse column experiment, in Chapter 3. At the
same time the use of nutrient-enriched straw as a subsoil amendment was evaluated in a field
experiment on a Sodosol at Bundoora, where three successive wheat crops were grown (Chapter
4). A subsequent study was undertaken (Chapter 5) to examine the potential changes in subsoil
physical properties at the Bundoora field site. Alternative forms and rates of nutrient enrichment
with wheat straw were then evaluated in a glasshouse pot experiment for 60 days in Chapter 6.
The most promising treatments from Chapter 6 were finally evaluated in an on-farm field
experiment in Chapter 7, at Ballan in 2012. A general discussion of key findings was then
undertaken in Chapter 8.
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Chapter 2–Literature review: Subsoil constraints in the HRZ of Victoria
and strategies to manage them

Introduction
This chapter will review the current state of knowledge on the nature of the subsoils that occur across
the HRZ of south-western Victoria and how these subsoils constrain crop growth. Such constraints
are not unique to south-western Victoria as there are many agricultural soils in Australia where
constrained or restricted root growth occurs in the deeper soil layers. Reviews of these subsoil
constraints have been undertaken for the subtropical cropping regions in north-eastern Australia by
Dang et al.( 2006a) and for the semi-arid cropping regions in south east Australia (Adcock et al.,
2007). More recently, MacEwan et al. (2010) reviewed constraints in the subsoils in the high rainfall
regions of south-east Australia.
This review will focus on the nature of the subsoil constraints in terms of subsoil properties and how
these properties limit the growth of crop roots. This will be followed by an examination of how the
poorly structured clay subsoil might be improved by increasing subsoil aggregation. Management
options and past research that attempted to overcome the subsoil constraints will be discussed. I will
then conclude with a review of the new practice of subsoil manuring, and how it can overcome the
subsoil constraints that prevent crops in the HRZ from reaching their potential yields.

Subsoil constraints in the HRZ of southern Victoria
Nature of constraints
The major constraints in the high rainfall zone of south-eastern Australia are caused by high clay
content and high bulk density of the subsoil (MacEwan et al., 2010). The subsoil constraints in the
north-eastern region of the wheat belt in Australia are more numerous and include sodicity, salinity,
acidity, nutrient deficiencies, presence of toxic elements and low microbial activity (Dang et al.,
2006a). Likewise, in the semi-arid cropping regions in south east Australia with an annual rainfall of
350-500 mm the subsoil constraints include salinity, sodicity, and dense clay soils with high
penetration resistance, nutrient deficiencies, ion toxicities and waterlogging (Adcock et al., 2007;
Rengasamy, 2002). It is noted that subsoil salinity is a common constraint that restricts crop roots in
the drier regions. However, MacEwan et al. (2010) have shown that the electrical conductivity in
subsoils in the HRZ is not high (low salinity) and that the mean subsoil pH( 0.1 M CaCl2 ) was around
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5.8 suggesting that subsoil acidity will not restrict or inhibit the production of most crop species.
Thus the major constraints that restrict and limit crop production in the HRZ are the high clay content
and high bulk density of the subsoil (MacEwan et al., 2010).
Bulk density and compaction
Soil compaction is defined as “the process by which the soil particles are reorganised and rearranged
to reduce void space and bring them into closer contact with one another, therefore elevating or
augmenting bulk density” (Soil Science Society of America, 1996). Thus compacted soil is related to
soil aggregates as it changes the spatial arrangement, size and shape of clods and aggregates and
subsequently the pore spaces both inside and between these units (Defossez and Richard, 2002). Soil
compaction is one of the major problems facing modern agriculture. It can occur naturally in the way
the soil is formed or may be induced by humans as a result of tillage, machinery traffic, trampling by
animals and fire (Kozlowski, 1999). Compaction affects key soil properties such as porosity, bulk
density, mechanical impedance, hydraulic conductivity and plant available water, and has the ability
to markedly affect root morphology and physiology (Bingham, 2001; Passioura, 2002) and to
decrease crop growth and yield.
The impacts of soil compaction on crop and soil properties are complicated (Batey and Aberdeen,
1990). Because the state of compactness is an important soil structural attribute, there is a need to find
a parameter for its characterisation, which gives directly comparable values for all soils (Hakansson
and Lipiec, 2000). Soil bulk density is the mass of dry soil per unit volume and is directly related to
soil compaction. Increased soil compaction, results in higher bulk density compared to reduced soil
compaction. Water and air movement through the dense and compacted clay soil is generally limited
which results in more stored water due to a limited drainage below the root zone. For this reason, the
dry soil bulk density is the most frequently used parameter to determine the state of compactness
(Panayiotopoulos et al., 1994). Nevertheless, in swelling and shrinking soils the bulk density should
be measured at a standardised moisture content, to avoid problems induced by water content
variations (Hakansson and Lipiec, 2000).
Subsoil compaction in sodic subsoils affect roots by decreasing soil porosity, increasing bulk density
and soil mechanical strength. A substantial body of evidence now exists to show that surface and
subsoil compaction by increasing soil strength, can exert a large effect on establishment, root
penetration, growth and yield of crops, and it continues for a long time (Radford et al., 2000; Radford
et al., 2001). Both the water supply to the root and root elongation are reduced and this results in
reduced yields. For example, Barber and Diaz (1992), Arvidsson and Hakansson (1996), Ishaq et al.
(2001), Radford et al. (2001), Tennant and Hall (2001), Dauda and Samari (2002), Hamza and
Anderson (2002, 2003), all attributed grain yield reductions for several crops in a number of soils
ranging from sands to heavy clays, to high soil mechanical strength.
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Tillage and heavy machinery traffic can cause subsoil compaction in different soil types and climatic
conditions. Wheeled traffic with axle loads of more than 9 Mg can increase bulk density and
penetrometer resistance in sodic subsoils at depth >300 mm below the soil surface. These alterations
and modifications in physical properties are long lasting, resulting in long-term yield depression
(Voorhees, 1992).
Restricted root growth by annual crops and pastures can result from mechanical impedance or
restricted aeration, depending on soil moisture content (Letey, 1985; Dracup et al., 1992a; da Silva
and Kay, 1997; Groenevelt et al., 2001). High soil strength may arise from either human causes or
inherently poor soil structure. Human causes such as traffic and tillage-induced hardpans are generally
limited to, or just beneath, the plough layer (Hamza and Anderson, 2005) and are readily remediated
(Malinda et al., 1998). In fact, some soil types such as Vertosols ameliorate naturally through a series
of wet-dry cycles (Sarmah et al., 1998). This does not occur with the poorly structured clay subsoils
(both sodic and non-sodic) or subsoil with a high proportion of coarse and/ or fine sand coupled with
low concentrations of organic matter that dominate large areas of south-eastern Australia. These
subsoil horizons have very low porosities and high bulk densities that limit the roots’ ability to
perform efficiently.
Low porosity
Low porosity results when the subsoils get compacted (high bulk density) either anthropogenically or
inherently. Low porosity restricts rates of water and nutrient uptake as well as gas exchange
(Rengasamy, 2002). Generally, poorly aggregated high clay subsoil has a massive structure with a
lower macroporosity than well-aggregated subsoil. Cresswell and Kirkegaard (1995) have defined
macroporosity as the volume of soil consisting of macropores greater than 30 µm in diameter. Low
macroporosity results in poorly aerated soil at field capacity and results in low hydraulic conductivity.
The resultant poor soil aeration with low hydraulic conductivity will restrict root growth under
waterlogged conditions. As pores are channels which enable gaseous exchange and water movement
to occur through the soil, they are most important factors in soil structure. Both the storage and
movement of water within the soil profile and also gas diffusion are dependent on the pore-size
distribution. Continuous macropores, especially those >30 µm, have high saturated hydraulic
conductivity (Blackwell et al., 1990; Kirchhof et al., 2000).
A broad range of pore size is present in structurally well-aggregated soils both between and within
aggregates (Dalal and Bridge, 1996). Large pores (>30 µm) are composed of biopores, cracks and
interaggregate pores. Both the size and amount of the pore space can affect soil organic carbon and its
turnover while soil organic matter and soil texture can also impact on porosity (Thomsen et al., 1999).
While soil pores play an important role in gaseous diffusion and water movement, they also influence
decomposition processes in soil. Small pores or micropores are better in protecting soil organic matter
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from decomposition by restricting microbial access and by the control of gas diffusivity and water
availability (Dalal and Bridge, 1996; Kay, 1998; Thomsen et al., 1999, 2003). Tillage, crusting,
compaction and clay dispersion can lead to reduced porosity (Dalal and Bridge, 1996). Tillage
induces short-term increases in porosity, but long-term reductions in aggregation.
Low hydraulic conductivity
Hydraulic conductivity (K) of a soil is a measure of the soil’s capacity to transmit water downward
within its volume (Sumner, 1993). The unit of hydraulic conductivity (K) is the same as that for
velocity, that is, length per unit time LT-1. The hydraulic conductivity of subsoil is generally low in
the B horizon of the soil profile, particularly if this layer has a clay texture. It is affected by the size,
grade and stability of peds (Williams, 1983), the nature of clay mineral (Norrish and Pickering, 1977)
and the presence or absence of high quantitities of exchangeable Na and Mg and total soluble salts in
the clay (McCown et al., 1976). Clay dispersion and swelling generally reduce the hydraulic
conductivity of soil as total electrolyte concentration is reduced (Quirk and Schofield, 1955; Rowell et
al., 1969; McNeal and Coleman, 1966; Cass and Sumner, 1974; Frenkel et al., 1978; Pupisky and
Shainberg 1979; Agassi et al., 1981; Shainberg et al., 1981a; Cass and Sumner, 1982b; Radcliffe et
al., 1987; Shainberg et al., 1991). The hydraulic conductivity of a soil may range from extremely slow
to very fast depending on the soil physical properties (Table 2.1).

Table 2.1 Mode of hydraulic conductivity and some commonly used units for hydraulic conductivity.
Mode Description

metres/day

Millimetres/day

Millimetres/hour

(m/d)

(mm/d)

(mm/hr)

Extremely slow

0.000001

0.001

Very slow

0.0001

0.1

Slow

0.01

Moderate

1

1000

10

10000

417

100

100000

4167

Fast
Very fast

10

0

0.00004

0.004
0.41
41.6

Source: modified from Brassington (1988).

The high rainfall in winter and low permeable subsoils often lead to widespread waterlogging in the
higher rainfall regions of the south west of Western Australia (Gregory, 1998; McFarlane et al., 1992;
Zhang et al., 2004) and the south west of Victoria (Gardner et al., 1983), with waterlogging being less
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common in New South Wales. In the HRZ of southern Australia, waterlogging occurs primarily when
rainfall rapidly penetrates through the topsoil and accumulates on top of the compacted and
impermeable clay subsoil of the B horizon with its low hydraulic conductivity (Tennant et al., 1992).

Soil clay content plays an important role in soil structure. The clay can affect the stability of soil
structure and hydraulic properties because of the large surface area of clay particles, their thin platy
shape, and their negative lattice charge, which is balanced by the exchangeable cations. McNeal et al.
(1968) reported that increases in exchangeable sodium, or decreases in total electrolyte concentration,
caused greater degradation in soil structure of soils bearing high clay content. Frenkel et al. (1978)
showed that the susceptibility of soils to sodic conditions increased with an increase in clay content.
Mechanical impedance
Mechanical impedance, resulting from soil strength in the subsoil, resists the penetration of roots. Soil
strength increases with soil compaction and as the soil dries out. A mechanically strong soil generally
reduces root elongation because of the increasing resistance of the soil particles to displacement.
When roots encounter mechanical impedance, root cell division and elongation decline (Eavis, 1967).
Root diameter is increased and this increase in response to mechanical impedance is caused by
cortical cells enlarging radially rather than axially, with a parallel change in the orientation of the
cellulose micro fibrils in the cell walls (Veen, 1982).
Dense clay subsoils have massive structure which constrains the growth of crop roots. This results
from reduced plant available water in the clay and reduced aeration and increased mechanical
impedance. Radford et al. (2000), reported that subsoil constraints, particularly those associated with
dense clay subsoil result in low porosity, restricting the rate of water and nutrient uptake whereas high
soil strength (mechanical impedance) inhibits root elongation and expansion thereby decreasing water
availability for shoot transpiration. There is a real need to modify the structure of clay subsoil by
enabling the massive clay layers to form soil aggregates which in turn will create extra pore space in
the subsoil. The review will now examine the literature on soil structure and soil aggregation and the
agents that bring about increased aggregation.

Improving soil structure in physically-constrained subsoil
Soil structure and soil aggregation
Soil structure is defined as the size, shape and arrangement of solids and voids, and the continuity of
pores and voids. The pore space so created determines the capacity of the soil matrix to hold and
transport fluids and organic and inorganic substances, and their ability to support vigorous root
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growth (Lal, 1991). Soil structure is therefore the bilateral arrangement, orientation, and organization
of the particles and pores in the soil (Hillel, 1971; Oades, 1993). Most importantly the structure is not
static, but rather is a dynamic process that renders resilience to a soil. To improve and increase soil
fertility and productivity, it is necessary to have a good soil structure with high aggregate stability.
Soil structure plays a very important role in plant growth. The size, arrangement and continuity of the
pore space (voids) control aeration and gas exchange, and affect plant growth considerably (Horn and
Baumgartl, 1999). It affects plant growth by influencing root distribution and the ability to take up
water and nutrients (Rampazzo et al., 1998; Pardo et al., 2000). Soil structure aids or facilitates
oxygen and water infiltration and can bring about improvement in water conservation (Franzluebbers,
2002). Moreover, soil structure is a highly significant factor for plant root growth. For example, plant
roots can only exploit the subsoil effectively for water, oxygen and nutrients when the subsoil is well
structured, and is free from subsoil constraints.
Aggregates are secondary soil particles formed when mineral particles combine with organic and
inorganic substances. Aggregation arises from the interaction of several factors in the environment,
such as soil management, root growth and soil properties like texture, mineral composition, amount of
soil organic matter, microbial activity, exchangeable ions, and moisture availability (Kay, 1998) all
impact on aggregation. In nature, aggregates are formed when the soils’ primary particles come
together to form larger units (Angers and Caron, 1998). Aggregates are classified as macroaggregates
(>250 µm) and microaggregates (<250 µm) and these are being further divided by size (Tisdall and
Oades, 1982). Ringrose-Voase (1987) grouped aggregates on the size of soil pores as structural and
non-structural, each with subgroups.
Structural pores are formed between soil aggregates by the interaction of texture, clay mineralogy and
organic matter content of the soil, and from the stresses induced by wetting and drying cycles creating
fissures or residual pores (Rigrose-Vose, 1991). These pores are generally small (<100 µm) and
determine structural units of soil (peds and aggregates) and, to some extent, their management. Nonstructural pores are mainly (>100 µm) created mostly by fauna and flora activity in the soils. Thus
biopores are considered to be macropores. From the functional viewpoint, biopores range in diameter
from 30-5000 µm and are created by the thick roots of dicots. They are generally large enough to
supply channels for new root growth and allow for optimum water and air movement, with no
excessive preferential flow (Richard et al., 2001). Structural pores are generally stable and able to
withstand soil physical disturbance whereas non-structural pores are easily disturbed by tillage, and
blocked by fine particles displaced by roots and by long periods of saturation (Richard et al., 2001).
Luxmoore (1981) categorised pores into micropores (<10 µm), mesopores (10-100 µm) and
macropores (>1000 µm). To others any pore >30 µm, that is, pores greater than those that hold water
at field capacity (- 10 kPa) can be considered to be macropores (Cresswell and Kirkegaard, 1995). All
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biopores are generally too large to hold water by capillarity, but they do increase water and air
movement, and provide channels for root growth (Bouma, 1981; Passioura, 2000).
Several mechanisms are responsible for the formation of aggregates. The formation takes place in
stages, with various bonding mechanisms dominating at each stage (Tisdall and Oades, 1982). Based
on the hierarchical theory, macroaggregates are formed when the microaggregates join together and
the bonds within microaggregates are stronger than the ones between microaggregates (Edwards and
Bremner, 1967). Organic molecules attached to clay and polyvalent cations together form
microaggregates <250 µm. These molecules and cations then result in particles made up of clay,
polyvalent cations and organic matter. These in turn bond with other particles and produce large
aggregates or macroaggregates (Edwards and Bremner, 1967; Tisdall, 1996). Macroaggregates
alternatively can be formed around the particulate organic matter, by the decomposition of the
particulate organic matter and the release of microbial exudates. As these macroaggregates become
more stable, the C/N ratio declines and microaggregates form internally. The internally-formed
microaggregates contain more recalcitrant organic carbon (Plante and McGill, 2002a; Beare et al.,
1994). As the labile organic carbon levels in the soil decline, there is a reduction in microbial activity
and exudate supply, and macroaggregates become less stable. They ultimately disrupt and disintegrate
into more stable smaller aggregates (Jastrow et al., 1998; Six et al., 1999).
Aggregants or agents of aggregation
Soil carbon
Soil carbon whether it comes from soil organic carbon or soil inorganic carbon greatly affects the
process of aggregation through its interaction with cations and soil particles (Bronick et al., 2005b).
Maintaining and preserving soil carbon requires a frequent application of organic matter (Haynes and
Naidu, 1998), and the presence of clay soil (Hassink, 1997). Likewise, the soil inorganic carbon is
present in soil as primary and secondary minerals as lithogenic carbonates which originate from
parent rock materials. Primary carbonates form the secondary carbonates when they are dissolved and
translocated by water with organic acids and/or CO2 from soil and atmosphere (Fig. 2.1). The effect of
secondary carbonates in soil structure is moderated by soil organic matter. Increases in soil organic
carbon result in increased dissolution and precipitation of carbonates in soil (Bronick et al., 2005b).
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Figure 2.1 Relationship between carbonates and CO2 in the soil via weathering and fixation (redrawn
after Bronick and Lal, 2005b).

Soil organic carbon boosts microbial respiration and CO2 release and is a source of Ca2+ and Mg2+
ions. At low soil organic carbon concentrations, macroaggregate stability is increased by carbonates
(Boix-Fayos et al., 2001). Activity of organisms such as earthworms (depending on earthworm
species) influence carbonate-driven aggregation.
Soil organic matter
Increased soil organic matter results in increased aggregation. The chemical properties of organic
matter affect its decomposition rates, which influence aggregation directly (Schulten and Leinweber,
2000). Increases in microbial biomass are related to increases in aggregate stability (Haynes and
Beare, 1997). The particulate organic matter is composed of large particles of organic matter (2502000 µm) which are either free and are called the light fraction. They can be attached to soil particles
which give physical protection from disintegration and decomposition (Plante and McGill, 2002a).
The light fraction together with clay and polyvalent cations usually form aggregates (Jastrow, 1996).
Thus the particulate organic matter can play a significantly important role in converting
microaggregates into macroaggregates through its binding effect. Decomposition of particulate
organic matter by microorganisms results in the production of extracellular polysaccharides, which act
as a bonding agent binding soil particles into macroaggregates (Jastrow, 1996).
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Soil compounds and ions
The role of carbohydrates in improving soil structure relies on the source and nature of carbohydrates.
For example, structural polysaccharides carbohydrates from plants have a coarser size and are found
in the sand fraction, whereas polysaccharide carbohydrates produced by microbial activities are finer
and occur in clay and silt fractions (Schulten and Leinweber, 2000). The microbially extracted
polysaccharide carbohydrates generally resist decomposition. Reduced tillage operations, addition of
manures and cover crops are related to increased concentration of these carbohydrates and improved
structure in soil (Shepherd et al., 2001; Debosz et al., 2002b).
Like carbohydrates, phenols and polyphenols have a paramount important role in aggregation.
Phenols and polyphenols are precursors of humic substances and enhance aggregation. Lower
aggregation in soils growing soybeans is ascribed to low phenolic contents in the residues, while high
aggregation is commonly related with plants high in phenols (Martens, 2000). The recalcitrance of
humic substances is an outcome of their chemical resistance and their association with the soil matrix,
which provides physical protection. The humic substances can be adsorbed to clay particles by
polyvalent cations, making them particularly effective in controlling clay dispersion. Humic
substances together with wetting and drying cycles can improve aggregate stability and decrease
dispersion (Piccolo et al., 1997).
The clay fraction of a soil often contains abundant lipids (Schulten and Leinweber, 2000). Because of
their hydrophobic properties, lipids can improve aggregate stability against slaking and dispersion
(Dinel et al., 1997; Pare et al., 1999). Improving aggregate stability with lipids may be related to clay
mineralogy as lipids play an important role in the binding of illite and mixed clay soils, more than in
kaolinite- or smectite-dominated soils (Dinel et al., 1997).
Clay minerals affect soil properties such as surface area, charge density, and dispersivity that
influence aggregation and soil organic carbon decomposition rates (Dimoyiannis et al., 1998;
Schulten and Leinweber, 2000). The interaction of clay, soil organic matter and aggregates is
influenced by soil pH, CEC, and cations (Na+, Ca2+, Mg2+), all of which are associated with the
amount and type of clay present in the soil (Amezketa, 1999). Bivalent cations like calcium (Ca2+) and
magnesium (Mg2+) form cationic bridges with clay particles and soil organic carbon, leading to soil
structure improvement. Generally Ca2+ is more effective than Mg2+ in the improvement of soil
structure (Zhang and Norton, 2002). Among the bivalent cations, Ca2+ can limit clay dispersion by
substituting for Na+ and Mg2+ in clay and in aggregates, thus contributing to aggregate stability
(Armstrong and Tanton, 1992). In comparison to Ca2+ , Mg2+ ions may increase soil dispersion and
may have a detrimental effect on aggregate stability (Zhang and Norton, 2002). The negative effect of
Mg2+ depends on the type of clay and electrolyte concentration in soil (Zhang and Norton, 2002). In
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addition, Mg2+ may result in high swelling by expanding clays, causing disruption of aggregates. The
use of amendments containing Ca2+, such as gypsum and lime, can affect aggregation profoundly.
Increased aggregate stability in limed soils indicates the formation of strong bonding including Ca2+
bridges (Chan and Heenan, 1999a). In addition to cationic bridging, polyvalent cations (Fe3+ and Al3+)
also improve soil structure through formation of organo-metallic compounds and gels (Amezketa,
1999). The solubility and mobility of these polyvalent cations depend on soil pH, with lower
solubility at high pH. Aggregates having Fe3+ and Al3+ and high cation exchange capacity clays tend
to have more incorporated organic matter.
Sodium is a highly dispersive agent resulting directly in breaking up aggregates, and therefore
indirectly reduces crop productivity. In Australia, soils which have an exchangeable sodium
percentage (ESP %) greater than 6% are called sodic soils (Northcote and Skene, 1972; Isbell, 1996).
Increased dispersivity from Na+ ions can disintegrate aggregates, making soil organic matter more
available for decomposition. Sodic soils occur mostly in arid and semi-arid regions. Management
practices such as gypsum applications that replace Na+ from cation exchange sites with Ca2+ ions, help
to ameliorate high Na+ and its negative effects.
Plant Effects
The role of plants in the formation of soil aggregates is important. Different plant species and plant
roots are actively involved in the aggregate formation process. The quality and amount of plant
residues returned to soils and chemicals released from the plant residues influence the rate and
stability of aggregation, and the rate of aggregate turnover. For example, corn (Zea mays) residues in
comparison with other crops, are high in phenols and boost aggregation, although continuous corn
reduces microaggregates compared to corn grown in rotation (Raimbault and Vyn, 1991; Martens,
2000). Under the continuous growing of alfalfa (Medicago sativa) soil aggregate stability is often
high while soybeans result in low aggregation which is attributed to low phenol levels (Martens,
2000) and low residue return to the soil.
Roots and their rhizosphere have many effects on soil aggregation. Roots enmesh and bind soil
particles and release exudates, which influence aggregation. Aggregation tends to increase with
increasing root length density, microbial biomass, glomalin and the percentage of soil occupied by
them, and these in turn significantly affect soil aggregate stabilisation (Rillig et al., 2002). Aggregates
in rhizosphere-rich soil are more stable than the aggregates in non-rhizosphere soil (Caravaca et al.,
2002) because of rhizo-deposition, root mass, root density, size distribution, root turnover, root length
and hyphal growth (Haynes and Beare,1997). The rhizosphere has a large population of micro-and
macro-organisms which increase soil organic carbon and soil aggregation. Roots increase aggregation
by releasing a number of compounds which act as cementing agents, thereby binding soil particles
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into aggregates. Root mucilage, such as polygalacturonic acid may stabilise aggregates by enhancing
bond strength and reducing wetting rate (Czarnes et al., 2000). Generally, fibrous roots produce high
levels of macroaggregation (Harris et al., 1966; Chan and Heenan, 1996). Also, leguminous crop roots
because of the higher associated microbial biomass result in higher rates of aggregation than nonlegumes (Chan and Heenan, 1996; Haynes and Beare, 1997). Aggregate stability with non-legume
plants is dependent on root mass (Haynes and Beare, 1997).
Role of soil organisms
Roots, fungi and bacteria improve aggregation by binding soil particles and supplying extracellular
polysaccharides that bind soil particles together. It is often hard to isolate multiple effects of
organisms on aggregation. In some cases, microbial activity may rely on aggregate size (Mendes et
al., 1999) and in others it may not (Schutter and Dick, 2002). The bacteria/fungi ratio reveals that
bacterial activity dominates microaggregation while fungal activity dominates macroaggregation
(Schutter and Dick, 2002; Tisdall and Oades, 1982). Increase in macroaggregates is related to increase
in fungal activities and fresh residues (Denef et al., 2001).
Fungal hyphae stabilise aggregates (Ternan et al., 1996) by the rearrangement of soil (clay) particles,
binding particles with extracellular polysaccharides, and enmeshing particles. Hyphae also enmesh
microaggregates to form macroaggregates, indicating an increase in aggregation with hyphal density
(Haynes and Beare, 1997). Arbuscular mycorrhizal fungi are considered to be the most important
biotic factor affecting soil aggregation (Jastrow et al., 1998). These fungi release glomalin, a
glycoprotein, which is available in soils in high concentrations and plays an important role in
stabilising aggregates, perhaps because of its recalcitrant nature and its high concentration in some
soils (Wright and Upadhyaya, 1998; Rillig et al., 2002).
Many insects, earthworms, nematodes and larger macro-organisms dwell in the soil and have an
important influence on soil structure. Macro-organisms generally improve aeration, porosity,
infiltration, aggregate stability, litter mixing, improved N and C stabilisation, C turnover, carbonate
reduction and N mineralisation, nutrient availability, and metal mobility (Amezketa et al., 1999;
Winsome and McColl, 1998; Brown et al., 2000). Activity of soil fauna is important in the formation
of organo-mineral complexes and aggregation. For example, earthworms enhance soil aggregation
through biological and physicochemical change (Brown et al., 2000). Earthworms exert direct and
indirect influences on soil structure and soil organic carbon (Brown et al., 2000; Jeguo et al., 2001).
The effect of earthworms on soil aggregates varies with earthworm species, litter quality and soil
parent material (Winsome and McColl, 1998; Schrader and Zhang, 1997). The quality and quantity of
plant material affects species and population of earthworms (Flegel and Schrader, 2000). Some
species of earthworms digest soil, thus breaking bonds and destabilising aggregates while biochemical

14

processes can stabilise aggregates (Schrader and Zhang, 1997). Earthworm activity generally
increases water-stable macroaggregates by forming water-stable macroaggregate worm casts
(Winsome and McColl, 1998).

Amelioration of physically-constrained subsoils
Deep ripping
Mechanical loosening or disturbing of the soil profile is broadly acknowledged as a means to
overcome physical constraints to plant growth in arable soils. Mechanical loosening of subsoils
involves deep tillage, also called deep ripping (Reeves and Touchton, 1991; O’Sullivan, 1992; Dunker
et al., 1995; Allen and Musick, 2001; Wesley et al., 2001) and subsoiling (Sojka et al., 1990; Jasa and
Dickey, 1991; Reeves and Mullins, 1995; Raper , 2005). Mechanical means to rehabilitate compacted
layers have met with mixed success (Lal, 1995).
Deep tillage of clay soils has been shown to enhance total porosity, and macroporosity, but these
increases disappeared within two years (Blackwell et al., 1991). Tillage enhances water infiltration
into the soil profile but destroys natural soil aggregation, macropores and exposes the surface to
erosion (Thomas et al., 1997). In many situations, benefits are transient and variable (Eck and Unger,
1985). Attempting to amend a physical constraint without considering and correcting the underlying
chemical cause is a common mistake. The effectiveness of deep ripping (generally agreed now)
depends on addressing both physical and chemical constraints (Rengasamy et al., 2003). For example,
deep ripping seems unlikely to have significant long-term beneficial impacts on sodic soils unless the
structure of the soils is stabilised through amelioration with either gypsum or organic matter. Sodic
soils generally swell and disperse on wetting, reduce the porosity and permeability of soils, and
hydraulic conductivity, and increase soil strength even at high water content (Rengasamy et al.,
2003).
The amelioration of subsoil sodicity with deep tillage and additions of chemical amendments has been
reviewed (Ellington, 1986; Ellington, 1987; Jayewardene et al., 1995; Jayewardene and Chan, 1995).
Eighty-five percent of cropping land in Victoria is sodic (Ford et al., 1993), indicating that deep
tillage should generally be combined with chemical amelioration. Experiments with wheat grown in
regions of Western Australia have shown yield improvements of 52-159 % from treatments including
different combinations of deep ripping(40 cm), gypsum (2.5 t/ha ) and complete nutrients. The
combination consisting of all 3 treatments resulted in greatest improvement in soil physical properties
(Hamza and Anderson, 2002). Similar results have been documented for sites on upper Eyre
Peninsula (Doudle et al., 2000) and Yorke Peninsula (Adcock et al., 2006) in South Australia.
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Gill et al. (2008, 2009) in their field trials, did not find marked increase in wheat yield with deep
ripping together with gypsum. Rengasamy et al. (2003), have attributed the differences in results to
lateral and vertical variations in landscape which are generally site specific. Another likely
explanation for the differences in results with deep ripping and gypsum application can be attributed
to improvements in the physical properties of subsoils which were reported by Hamza and Anderson
(2002). They attributed increased yields to a 20% decrease in subsoil bulk density, and improved
infiltration rate whereas Gill et al. (2009) reported no improvements in the physical properties of
subsoil with deep ripping and gypsum treatments. Thus this subsoil intervention has mixed results that
are likely to depend on site-specific factors.
Gypsum and lime application
Gypsum, as a source of Ca2+ to supplant Na+ from the soil exchange complex (Oster and Frenkel,
1980), has been used on a large scale and with varying success, to ameliorate structural problems on
sodic soils. Gypsum prevents excessive swelling and dispersion of clay particles, enhances porosity,
structural stability and permeability, and decreases mechanical impedance (soil strength). The
quantity of gypsum required is dependent on the rate of gypsum dissolution (Shainberg and Letey,
1984). The gypsum’s efficiency also depends on the rate of gypsum dissolution (Chorom, 1996) and
is a function of exchangeable sodium percentage (ESP %) in soils (Abrol and Bhumbla, 1979; Gupta
and Abrol, 1990).
High application rates, sufficient rainfall and time are required for the gypsum to be completely
effective in improving subsoil sodicity. However, without deep ripping, the influence of surface
applied gypsum on subsoil sodicity appears to be slow (Bridge and Kleinig, 1968). Sharma (1971)
reported that the impact of gypsum extended to only 30 cm soil depth after 4 years of application on a
red-brown Chromosol in the Riverina of NSW. In the surface soil, gypsum has been shown to have
little residual influence, even with high rates of application on highly sodic soils, indicating that
gypsum may not be a long-term solution to ameliorate surface sodicity. Assuming that the subsoil will
have lower rates of water moving through it compared to surface soil, gypsum may have a more
protracted residual effect in subsoils although it remains untested. The electrochemical stability index
(ESI=EC [1:5 soil: water] ) can give a guide to the gypsum response; an ESI value less than 0.05
shows that a soil is likely to flocculate with the addition of electrolyte such as gypsum (McKenzie et
al., 1993). In addition, the presence of cations or anions in the soil can also affect the solubility of
gypsum. For example, NaCl increases the solubility of gypsum as compared with CaCl2 or MgSO4,
because of the common ion effect where the amount of the less soluble salt in solution decreases
(Arslan and Dutt, 1993).
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Fertilisers
There are reports showing substantial increase in crop yield when nutrients are added to subsurface
soil layers. For instance, deep placement of N and P in soil for wheat crops, and a combination of
nutrients in soil for barley crops, has been reported to significantly boost yields compared with
nutrients banded beneath the seed (Doudle and Wilhelm, 2003). Similarly, the addition of zinc to the
subsoil has been demonstrated to increase the yield of a Zn-deficient cultivar of wheat by 20% (Nable
and Webb, 1991). These increases in yield due to the deep incorporation of nutrients could be due to
root proliferation in the fertilised zones, encouraging greater use of subsoil moisture and greater
nutrient uptake (Graham et al., 1992). However, the application of nutrients without correcting
physical or chemical constraints, caused by compaction or sodicity, is unlikely to improve plant
productivity (Blaikie et al., 1989).
The application of NPK usually induces an increase in organic matter content (Haynes and Naidu,
1998) which in turn decreases soil bulk density and a concomitant increase in total porosity with a
tendency for an increase in the volume of pores of all sizes. For example, the addition of NPK
increased organic carbon concentration, and pore size <0.2 µm and total porosity and reduced bulk
density compared to the control treatment (Table 2.2). In addition, fertiliser applications improve and
maintain yields by increasing root and shoot growth. Thus large quantities of organic material are
supplied to soils from root segments and hairs and dead microbial biomass (Haynes and Naidu, 1998).
Other examples of the long-term fertiliser applications have been reported to improve soil physical
properties. For example, Chawla and Chabra (1991) found that annual applications of N and P in an
11-year experiment led to increases in infiltration rate, hydraulic conductivity and percent water stable
aggregates and decrease in bulk density and water-dispersible silt and clay. Furthermore, in a 25-year
study with continuous spring wheat on Canadian Prairies, Nuttall et al. (1986), observed that annual
applications of N and P improved soil aggregation. Likewise, Stone et al. (1991) reported significant
increases in soil aggregation in the 6-14 cm soil layer following 20 years of annual N fertilisers to
cropping land, though bulk density and compactability remained unaffected.

A number of researchers have conducted studies on the use of phosphoric acid (H3PO4) as an
aggregate-stability-promoting agent in soils (Thein, 1976; Yeoh and Oades, 1981b). Phosphoric acid
when added to soil can increase aggregate stability by lowering soil pH and solubilising Al associated
with clay minerals which then consequently deposit as Al phosphate (Yeoh and Oades, 1981a, b). The
Al phosphate then forms interstitial cement that binds aggregates together. Thein (1976), for example,
found that the addition of phosphoric acid (50-220 kg P/ha) markedly increased the aggregate stability
(the ability of soil aggregates to withstand the degrading action of water) of a soil through 5 drying
and rewetting cycles.
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Table 2.2 Effect of annual NPK fertilisers and farmyard manure (FYM) on organic C, bulk density
and pore size distribution in the 0-20 cm soil layer after 90 year of cultivation and cropping in a
rotation of winter cereals, root crops, spring cereals and grass/legume mixtures, in Denmark.
Porosity (m3/m3)

Organic C

Bulk density

(g/kg)

(Mg/m3)

< 0.2

0.2-30 µm

> 30 µm

Total

Control

10.7

1.64

0.07

0.17

0.13

0.38

NPK

11.9

1.58

0.08

0.18

0.13

0.40

FYM

13.9

1.57

0.08

0.19

0.12

0.40

LSD (P=0.05)

0.8

0.04

0.002

0.01

ns

0.01

Treatment

Source: modified from Schjonnig et al. (1994). ‘ns’ stands for not significant.

Additions of phosphoric acid to soils affect soil physical properties in a number of ways. Yeoh and
Oades (1981b) showed that the resultant water stable aggregate by the addition of phosphoric acid led
to higher soil porosities and water holding capacities and lower bulk densities than untreated soils.
The additions of phosphoric acid can also decrease the hardness of soils as measured by modulus of
rupture (Lutz and Pinto, 1965) and enhance soil friability as measured by a reduction in aggregate
tensile strength (Utomo and Dexter, 1981). Robbins et al. (1972) also reported reduced surface
crusting in a calcareous soil. Furthermore, phosphoric acid also has been used for improving soil
properties for engineering purposes (Ingles and Metcalf, 1972), but has not led to general use by the
industry, since it is expensive and corrosive. Although spraying phosphoric acid onto the soil surface
can sometimes improve soil physical condition and increase crop yields it does not often result in
reliable economic returns (Yeoh and Oades, 1981b).
Plant growth
Unlike mechanical intervention, the use of plants to address subsoil constraints has been suggested by
a number of authors (Qadir et al., 2001; Rengasamy et al., 2003; Yunusa and Newton, 2003; Qadir et
al., 2007). This technique uses plant roots to penetrate, and ‘biologically rip’ the dense sodic subsoil.
After the harvest of the plants, the roots die and decay and create large macropores (biopores). The
roots of subsequent crops will grow through these pores and utilise the subsoil water and nutrients for
the plant growth. In addition, these biopores will facilitate the infiltration of water into the dense clay
subsoil. However, very few studies have reported on the success of this approach. One of the
disadvantages with biological drilling is that the profile may be severely depleted of water and water
may not be available for the subsequent crop. For example, lucerne has a documented ability to dry
and dewater the clay subsoils beyond 3 m depth (Dunin et al., 2001; Hirth et al., 2001 and Ridley et
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al., 2001). Besides, the large biopores may cause deep drainage of soil water beyond the root zone,
which then cannot be accessed by plant roots (Yunusa et al., 2002).
Nevertheless, the use of water by the previous crop may be beneficial. Gardner et al. (1991)
demonstrated that the growth and yield of a winter wheat crop benefitted from the use of a previously
grown sunflower crop. The sunflower/wheat rotation increased macroporosity from 8% to 15%.
Surprisingly, the application of 5 t/ha of gypsum at the surface did not increase macroporosity or the
grain yield of wheat, though it reduced the clay dispersion (Gardner et al., 1991). However, Cresswell
and Kirkegaard (1995), and Yunusa and Newton (2003) attributed the increase in the yield of wheat
following canola, compared with continuous wheat, to a process other than biological drilling.
Modification of subsoils may depend on root growth patterns and crop species. Biopores created by
roots are more effective than deep ripping in opening up the subsoil. The tap-roots of crops such as
lucerne and canola, can drill down through the subsoil through a process known as biological drilling
and create channels after their roots die and decay, for the roots of the subsequent crop (Elkins, 1985).
It is stressed that the interactions between plant root growth, water uptake and soil structure are
complex (Hamblin, 1984; Cresswell and Kirkegaard, 1995). Studies have examined the use of primerplant roots as a mechanism for soil structure modification by creating bio-channels that permit roots to
grow in hostile subsoils (Yunusa and Newton, 2003).The most interesting work is by Aylmore (1995),
who found that the effects of amelioration of physical constraints on the hard-setting soils of Western
Australia persisted longer with plant roots, rather than by the application of gypsum and straw.
However studies by Cresswell and Kirkegaard (1995) found no difference in soil macroporosity under
canola in a wheat cropping system and concluded that canola had a limited capability to bring
modification in soil structure. Furthermore, they hypothesised that dicotyledonous perennials would
be more effective than monocotyledonous annuals in opening up clay soils. Peoples (2002) reported
that lucerne roots penetrate deeper into the soil and made wider macropores than phalaris or canola,
thereby, enhancing permeability of the subsoil. Yunusa et al., (2002) demonstrated that a six-year
phase of native Acacia created adequate biopores to significantly improve the structure of a yellow
Chromosol compared with an annual crop rotation. Other studies have reported that legumes seem to
be more effective at aggregation than cereals, in spite of shorter root length (Chan and Heenan,
1991b; Haynes and Beare, 1997). Haynes and Beare (1997) found that fungal hyphal length was much
higher in the soil with legumes than with wheat. Thus the growing of deep-rooted crops particularly
legumes, can help increase microbial activities in the subsoil, with beneficial outcomes on subsoil
aggregation.
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Organic amendments
Organic manures were a primary source of soil nutrients for crop production before the widespread
production of inorganic fertilisers in the 1920s (Miller and Miller, 2000). Farmyard manures still play
a pivotal role in intensive, highly productive agricultural systems, such as those used in Europe, or in
subsistence farming systems. Thus organic manure is often the best source for the supply of organic
matter in soils, and such addition of organic matter can stimulate soil microbial and faunal activity
with improvements in soil aggregation and increased soil porosity. A slow boost in soil organic matter
content with long-term fertiliser additions can also lead to improved soil physical properties. Boosting
soil organic matter content characteristically can reduce soil bulk density, surface crusting, and an
increase in water holding capacity, macroporosity, infiltration capacity, hydraulic conductivity and
aggregation. In addition, the application of organic manure is known to have beneficial influences on
soil physical properties (Lemmermann and Behrens, 1935; Low, 1954). The addition of organic
manures and wastes to soils can result in large increases in organic matter amount (Khaleel et al.,
1981; Lal and Kang, 1982; Sanchez et al., 1989).
The addition of organic manures to soil also provides a source of available carbon for microbial
activity. Many researchers have shown that continual addition of farmyard manure usually boosts the
size of microbial biomass (Martyniuk and Wagner, 1978; McGill et al., 1986; Schnurer et al., 1985)
and enhanced enzyme activities (Dick et al., 1988; Khan, 1970; Verstraete and Voets, 1977). Owing
to the supply of an additional food source, manure additions to soils have also been shown to boost
earthworm populations (Andersen, 1983; Edwards and Lofty, 1982; Standen, 1984). The increased
microbial activity tends to positively affect both soil aggregation and macroporosity.
Since soil organic matter plays an important role in the formation of stable aggregates there is
generally a close relationship between soil organic matter content and water stable aggregation in the
soil (Chaney and Swift, 1984; Haynes et al., 1991). Thus, addition of organic materials to soil
normally brings about an increase in the size and amount of water stable aggregates (Ekwue. 1992;
Hafez, 1974; Tiarks et al., 1974; Weil and Kroonjte, 1979; Williams and Cook, 1961). In addition,
the application of organic materials has also been shown to improve other soil physical properties.
These include: decreased surface crusting (Epstein et al., 1976; Mazurak et al., 1975), a decrease in
the amount of soil particles detached through raindrop impact (Mazurak et al., 1975), increased
infiltration and hydraulic conductivity (Cross and Fischbach, 1973; Ekwue. 1992; Tiarks et al., 1974;
Weil and Kroontje, 1979) and a reduced water runoff (Hensler et al., 1970; Young and Mutchler,
1976). However, the application of high rates (>100 t/ha) of manures, because of the high content of
mono-valent cations such as sodium and potassium in animal manures, sometimes can have
detrimental effects by increasing surface crusting and decreasing hydraulic conductivity ( Mazurak et
al., 1975; Olsen et al., 1970; Tiarks et al., 1974; Weil and Kroontje, 1979).
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Findings by a research team at La Trobe University, Melbourne, Australia, suggested that the
incorporation of the organic amendments in the clay subsoil would boost microbial activity in the
amended soil as the soil microorganisms are supplied with the organic substrate (Clark et al., 2007).
The microbes produce extracellular polysaccharides that bind clay particles into macroaggregates
(Clark et al., 2009). The aggregates provide pore space that contains air and water and these resources
enable the roots to proliferate in the subsoil, utilising the plant nutrients that are released from the
organic amendment. The roots play an important role in improving physical properties in the subsoil
(Gill et al., 2009; Clark et al., 2009). In addition, the proliferating roots secrete exudates (sugars and
amino acids) that supply nutrients to the soil microbes. The release of polysaccharides by the
microbes result in increased aggregation, improved aeration and softened soil away from the amended
layer. They concluded that as long as there is active and continuing root growth in the subsoil, then
the effect of the organic amendments will be long-lasting. The finding that crop root growth can be
stimulated by organic amendments was reported by Quilt and Cattle (2011). They found that organic
amendments released nutrients as organic materials are broken down by soil microbes, stimulating
crop growth and development through the actions of plant growth-promoting hormones such as
cytokinins, auxins and gibberellins.
Many manure wastes are composted either alone or with a mixture of other organic waste materials
such as rice hulls, straw and saw dust. Feedlot manure is composted to stabilise the product, reduce
the smell and potential pathogens and improve the physical properties of the product that facilitate its
spreadability. For example, Slattery et al. (2002) reported a 1% increase in soil organic carbon,
increased levels of Mg, Ca, N and K in the surface 10 cm soil layer that resulted in increased levels of
P in the subsoil with composted bovine manure. Liang et al. (2003) also reported that composted
biosolids return useful resources to environment, and have a number of beneficial effects such as
enhancing plant growth, improving moisture retention in the soil, boosting organic matter in the soil,
and improving erosion control.
Documented research works show that applications of composts have positive effects on dry matter
production, grain yields and gravimetric moisture content in soil. For example, a single application of
composted pig bedding litter, regardless of type, resulted in marked increases in dry biomass and
grain yields (Armstrong et al., 2007). They reported grain yield increases up to 138% for canola and
211% for wheat. They also found in this 3 year field study that composted pig bedding litter was
superior to the gypsum-plus-urea and the urea-alone treatments. Most importantly, the composted pig
bedding litter had a strong residual benefit that lasted for at least three years. Baldock et al. (1994)
attributed the positive impacts of compost addition on soil structure to changes in organic materials
that occur during the process of composting since other studies with similar quantities of noncomposted cereal straw failed to achieve the same beneficial effects on soil structure. In another
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study, Johnston (1975) showed that the increase in soil organic carbon, per tonne of organic matter
added, was greater for composted than fresh materials. For example, after 8 and 25 years of biennial
applications of organic materials, the percentage of added organic material in the soil raised to 44 and
25% respectively for farmyard manure, and 62 and 31% respectively for composted vegetable waste.
These differences are related to the amount of decomposition that has occurred before the manure
addition to the soil. The easily decomposable organic material breakdowns faster and consequently
CO2 is lost. Relatively a composted material resists further decomposition more than the fresh
material.
The application of compost in many areas of the world results in improved soil physical properties.
For example, composted municipal solid waste, composted sewage-sludge or a combination of these
materials decreased soil bulk density and enhanced total porosity in soils over a wide range of textural
classes at rates as low as 50-60 t/ha (Mays et al., 1973; Pagliai et al., 1981; Tester, 1990). The
increase in total porosity has been ascribed to increased pore numbers in the range of 30-50 and 50500 µm and a decrease in pore numbers greater than 500 µm (Pagliai et al., 1981). Compost is an
enormous source of microorganisms. It adds organic matter, nutrients and macro- and microorganisms (Beffa et al., 1996), as well as acts as a nutrient source (substrate) for indigenous
microorganisms. Perucci (1990) reported a significant increase in microbial biomass carbon, N, S and
P over a year period in a soil amended with 2.5% (w/w) composted municipal solid waste. In another
study, Cox et al. (2001) reported an increase in total soil N, available P and K, some micronutrients
and cation exchange capacity. In addition, the application of the compost also reduced bulk density
and soil mechanical impedance and increased water-stable aggregates and improved infiltration.
Furthermore, 3 years after the application of compost, winter wheat yield was significantly higher
with the compost amendment than all other treatments.
Numerous studies have reported that the addition of high rates of organic materials will improve the
physical properties of the soil. Research conducted by Courtney and Mullen (2008) showed that the
application of 100 t/ha of waste mushroom compost to a silty loam significantly lowered bulk density
from 1.33 g/cm3 to 1.16 g/cm3. Similarly, the application of yard waste compost by Curtis and Classen
(2009) to a sandy loam soil also significantly reduced bulk density. Likewise, Arthur et al. (2011)
reported that the annual application of 30 t/ha of three composts (yard waste compost, waste
mushroom compost and garden waste compost) for 10 years increased the macroporosity and reduced
bulk density in the three compost treatments.

Subsoil manuring
The first documented evidence in the modern era for the use of organic amendments to improve
subsoil properties were reported by Graham et al. (1992). They conducted a trial on a shallow duplex
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soil in the Mallee region of South Australia where they removed topsoil from a paddock, placed grass
clippings and fertiliser in the trench and then returned the topsoil. They reported a 3-fold increase in
plant growth that was subsequently observed to persist for many years. They pointed out the need to
identify the nutrient constraints to root growth in the subsoil. Based on their research’s findings, these
researchers developed a number of strategies for enhancing subsoil fertility. These included a
mechanical means for incorporating nutrients deep in the soil profile, the use of nutrient sources of
lower or higher mobility including P and Zn, and the use of selected plant species and genotypes for
enhanced nutrient uptake from the subsoil.
More than 10 years later, researchers in the high rainfall cropping zone of south west Victoria were
trialling the deep-placement of organic amendments to improve the properties of the hostile subsoils
in Sodosols that are widespread in the region. Peries et al. (2005) conducted experiments-at Inverleigh
and Mount Pollock in south- west Victoria. They used gypsum and organic peat as subsoil
ameliorants and reported increased soil water in both of the treatments in different depths compared to
the control. However, the yields were not significantly increased because of the sub-optimal rainfall
conditions. The following year Mayo and Peries (2006) undertook subsoil amelioration work in
Balliang and Mount Pollock districts. They reported that no significant increases in soil moisture
occurred in the subsoil at either site. However, they reported a lower harvest index (HI) in the poultry
manure-amended treatments.
The initial published experiment on subsoil manuring, however, was carried out on a Sodosol at
Ballan, in the HRZ of Victoria in 2005 (Gill et al., 2008, 2009). The Sodosols have sodic subsoils that
are low in plant available water capacity because of a low proportion of mesopores, and are low in
hydraulic conductivity (Sale et al., 2012b). The dense subsoil at the Ballan site, which had been
cropped for 8 years had high clay content (61-64%), exchangeable sodium percentage (17.1-20.3%)
and bulk density (1.46-1.70 g/cm3) (Gill et al., 2012). In addition, the soil has a macroporosity of
around 8% which is below the critical 10% required for root growth (Glinski and Lipiec, 1990;
Engelaar and Yoneyama, 2000), because of these soil properties. The dense clay subsoils are
considered to be hostile to plant root growth. The roots are generally unable to grow readily into the
subsurface layers because the dense clay is too hard when dry, or too anaerobic (lacking oxygen)
when wet. Plant roots are therefore confined for the most part to the topsoil layer and can not grow
deep into the subsoil to extract subsoil water (Sale et al., 2011)
The field trial on two adjacent field sites with or without a 4-year history of grazing lucerne, involved
the deep incorporation of organic amendments such as lucerne pellets or dynamic lifter at rates of 1020 t/ha on fresh weight basis (Gill et al., 2009, 2012). The amendments were incorporated manually at
30-40 cm deep with the help of a 15-cm diameter pipe attached to a deep ripper (Gill et al., 2008).
The results with the high rates (20 t/ha) of organic materials, on raised beds were particularly effective
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in terms of improved physical properties of the subsoil and crop yields (Gill et al.,2008, 2009), and
Sale et al. (2011, 2012a, 2012b). In 2007, an additional experiment found that poultry-litter from
broiler sheds was equal in effectiveness to the lucerne pellets, which was fortunate as the poultry-litter
was more available and considerably cheaper (Sale et al., 2011). They also found that the higher the
application rates the larger were the yields. Since then the research team has consistently been using
20 t/ha of poultry-litter per ha as a standard subsoil manure application rate.
The subsoil manuring practice resulted in marked increase in grain yields in 2005 (Gill et al., 2008).
The subsoil-manured plots produced 12.9 t/ha grain yield, a 70% increase over the control treatment
which yielded 7.6 t/ha of grain yield. Furthermore, the organic-amended subsoil plots more than
doubled the macroporosity from 8% to 18% together with reductions in bulk density (ρ) and the
volumetric water content (θv) at -1500 kPa and a 50-fold increase in saturated hydraulic conductivity
in the subsurface layer (Gill et al., 2009). The crop extracted more than 50 mm extra water from
beyond40 cm deep soil in organic amendment-treated plots, than the control. The marked increase in
grain yields were attributed to the use of deep subsoil water, and utilisation of plant nutrients that
were being released from the incorporated organic amendment (Gill et al., 2008; Clark et al., 2009;
Sale et al., 2012b). The N supplied to the plants seemed to contribute to the extended greenness
period of the flag leaf during the grain-fill stage of the wheat crop (Gill et al., 2008). Gill et al. (2009)
and Clark et al. (2009) also ascribed the increase in grain yields to improved physical properties
which in turn stimulated more root proliferation and microbial activity in the subsoil.
The improvement in subsoil properties with organic amendments was also documented by research
carried out in Canada by Leskiw et al. (2012). They attributed the reduction in subsoil bulk density to
1.14 g/cm3 to the higher root density resulting from the increase in available nutrients in the subsoil
amended with organic matter pellets. They also found that canola, grasses and legumes grown in the
organic matter –amended subsoil plots were greener than those grown in the control, and they
attributed this extended duration of greenness in these crops to a higher N uptake or subsoil water
utilisation. Razzaghi et al. (2012) and Chen et al. (2011) also documented in their research studies
that the delay in senescence and the extended duration of greenness of the flag leaf was related to
increased plant N released from the added amendments.
The subsoil manuring interventions in south west Victoria have led to consistent increases in crop
yields overtime. Despite the drought year of 2006, when the site received only 178 mm of growing
season rainfall, the subsoil-manured plots produced an extra 2 t/ha of grain yield of wheat which was
a 55% yield increase over the control. The year, 2007 was a poor year for canola because of the late
and cold establishment of the crop, and then a dry spring until it rained in late October. Nevertheless,
the subsoil-manured plots yielded an extra 56% increase of canola seed yield, compared to the control
plots (Sale et al., 2011). Subsoil manuring, also resulted in consistently increased grain yields across
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other trial sites. In 2009, subsoil-manured plots increased grain yields of barley by 75%, of wheat by
96%, and of wheat by 58% over the controls in Winchelsea, Derrinallum and Penshurst) respectively
(Sale et al., 2011). Sale et al. (2012a, 2012b) and Gill et al. (2008, 2009, 2012) attributed the increase
in grain productivity with subsoil manuring to the improved water supply to the cereal and oil-seed
crops, and extra supply of nutrients from the organic amendment due to improved subsoil
macroporosity and saturated hydraulic conductivity which in turn enhanced root growth in deep layers
of the subsurface. Sadras et al. (2002) and Sale et al. (2011) also attributed the increase in yields to
increased plant available water and its use by the crop.
Subsoil manuring has led to a major breakthrough in the productivity of HRZ cropping in southeastern Australia. The practice has consistently delivered yield increases in excess of 50% over the
control treatments. The use of poultry-litter, in particular, since 2007, has become the amendment of
choice. However, the purchase price of the poultry-litter and its freight cost for transporting the litter
to the grain farm across the HRZ of Victoria, have made the subsoil manuring practice expensive.
Almost 60% of the estimated cost of subsoil manuring is associated with the purchase and
transportation of poultry-litter to the grain farm. In Penshurst, for example, the freight cost of 20 t/ha
of poultry-litter to the farm was expected to be close to $ 435/ha (P.Sale personal communication).
Clearly, there is a need for a cheaper alternative organic amendment to replace the poultry-litter.
Ideally such material should be produced on-farm or in the vicinity of the farm. However, it still needs
to improve the physical properties of the clay subsoil.
Crop residues are obvious candidate materials as they are abundant and can be produced in the
paddock on-farm. Cereal crops with a 5-6 t/ha yielding potential and with 35-50% harvest index
(grain yield/total above ground mass) will produce 10-13 t/ha crop residues following the grain
harvest. Managing crop residues can also be an issue unless they are used in appropriate ways. For
example, burning of stubbles on paddocks is an environmental problem (Cannell and Hawes, 1994;
Armstrong et al., 2007) while leaving or retaining them on surface can create problems for crop
establishment (Cookson et al., 1998) and tillage operations (Dickey et al., 1994; Cookson et al.,
1998). While the stubbles are available in large quantities on grain farms in HRZ, the issue is whether
they can be used as subsoil ameliorants in their own right, or whether they can be used to develop
processed subsoil ameliorants on-farms, for use in subsoil manuring application.

Conclusions
From the literature review, it is clear that no studies in the past except by Gill et al. (2008, 2009) have
successfully led to a practical solution to overcome the dense clay subsoil constraints for crop
production in the HRZ of south west Victoria. These subsoil constraints limit crop growth, especially
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root growth due to poorly structured soil with high clay content, a high bulk density and to the high
level of sodium ions adsorbed to its surface. It is the use of organic matter which plays a key role in
the soil structure development and maintenance. Thus, by adding organic matter to the soil,
especially, the hostile subsoils, the soil’s poor and degraded structure can be converted into wellstructured friable soil by improving the clay subsoil physical properties such as a reduction in bulk
density and increased hydraulic conductivity. The role of roots growth can help increase the formation
of aggregates, and then the roots can grow easily in a well aggregated and well structured clay subsoil.
The main focus of this thesis is to investigate the use of organic materials such as crop residues, which
are available on-farm, for their effectiveness as subsoil amendments. There is no doubt, that poultry
litter has been and is still a very effective ameliorant for dense clay subsoil, but its availability,
purchase price and its transport costs, are the big obstacles which make the subsoil manuring practice
very expensive. Crop residues may provide a more practical solution for amelioration of the dense
clay subsoils in the HRZ of Victoria, if they can be modified or processed to stimulate the
proliferation of crop roots in the clay subsoils.
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Chapter 3–Incorporation of modified wheat straw in clay subsoil

Introduction
Crop production in the high rainfall zone (HRZ) of south eastern Australia, which receives between
500 and 900 mm of annual rainfall, is limited by subsoil constraints (MacEwan et al., 2010). These
constraints are mainly physical in nature and result from the high clay content and the high bulk
density of the subsoils that are widespread across the region. Crops grown on this land generally have
restricted yields because of the roots limited access to subsoil water, particularly in dry springs.
Results from early attempts to ameliorate or improve the physical properties of subsoil with deep
ripping and gypsum have been disappointing and did not meet with success (Ellington, 1986;
Gardener and McDonald, 1988; Gill et al. 2008).
A new practice, known as subsoil manuring has been shown to improve the physical properties of the
clay subsoil (Gill et al., 2009) and increase crop yields (Gill et al., 2008). The practice involves the
incorporation of large quantities of N-rich organic amendments in the upper layers of the clay subsoil.
This results in increased crop growth and root proliferation in the dense clay subsoil, which enables
the clay soil to form aggregates. Poultry-litter, which comes from the broiler sheds, is the current
amendment of choice because of its effectiveness and availability. However, the incorporation of high
rates of poultry-litter (viz. 10-20 t/ha) in the subsoil make the practice expensive. In addition, the costs
of transportation of the low-density poultry-litter to the grain farms can be very expensive. If it were
possible to use on-farm plant materials as organic amendments for subsoil manuring, then the
purchase and transport costs to the farms could be avoided and the costs reduced. Potential candidate
products that are available on grain farms would be the crop residues.
The first experimental chapter in this thesis will document a preliminary investigation into the
effectiveness of wheat straw as a subsoil amendment. Mature wheat straw, after the crop has been
harvested, has a very high C:N ratio ( Beare et al., 2002; Vinten et al., 1998) and would be likely to
immobilise nutrients like soil N (Pinck et al., 1950; Christensen ,1985; Mary et al., 1996; Cookson et
al., 1998 ;Vinten et al., 1998) if incorporated directly into the subsoil. Nitrogen release from the
decomposing straw occurs when the C:N ratio declines to 28-35 and so this is the critical C:N ratio for
the release of N from the degrading straw (Christensen, 1985). Pinck et al. (1950) also suggested 1.21.7% N concentration in the straw for optimum straw decomposition whereas mature straw normally
has less than 1% N (Henriksen and Breland, 1999). It is therefore likely that plant-available nutrients
such as N and P will need to be added to the straw that is incorporated in the subsoil so that the
problem of nutrient immobilisation will not arise.
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A second issue is that of the particle size of the straw. Vestergaard et al. (2001) reported that the
decomposition rate of straw is enhanced and hastened by increasing the surface area of the straw and
by the N content. They further stated that small particles with high surface-to-volume ratios are likely
to result in higher soil microbial activity and decomposition rates. Likewise, Clark et al. (2009) in
earlier incubation studies have shown how finely-ground crop residues can increase the aggregation of
clay subsoils overtime. In an additional rhizo-tube experiment, Clark (2010) demonstrated how
ground wheat shoots, harvested during the grain-fill period, were able to improve the aggregation of
clay subsoil when they were incorporated in subsoil prior to sowing a wheat crop. Thus it is likely that
the particle size of wheat straw will impact on its effectiveness as a subsoil ameliorant.
The key issues to be investigated in the glasshouse experiment in this chapter will include the effect of
nutrient-enrichment and the role of particle size of the straw, on shoot and root growth of wheat
plants. The plants will be grown to anthesis in layered soil columns that simulate a Sodosol , with the
straw amendments being mixed into the upper layer of the clay subsoil. The chapter will test the
hypotheses that finely-ground nutrient-enriched wheat straw (i) will be able to perform as an effective
subsoil amendment and increase crop shoot and root growth equivalent to the use of incorporated
poultry-litter, and (ii) will stimulate root growth into deeper clay subsoil layers.

Materials and methods
Treatments and experimental design
The column experiment, consisting of 9 treatments, was conducted in a glasshouse at La Trobe
University, Melbourne, Victoria (Australia) (37° 42´S, 145° 02 ´E) between August and December
2010. The soil treatments involved 3 different compaction modifications to the 23-33 cm deep
experimental clay layer in each soil column. Details of these modifications have been provided under
the construction of experimental unit section below. The nine treatments with their description are
presented in Table 3.1. The nutrient composition (oven-dried basis) of the poultry litter was 2.87% N,
1.96% P, and 2.37% K, and straw was 0.67%N, 0.05% P and 0.55% K.
Soil used
The soil was a Hallam loam (Holmes et al., 1940) which is a Sodosol (Isbell, 2002), and was procured
in June 2010 from the paddock at the Agricultural Reserve at La Trobe University where a field trial
was conducted (Chapter 4). The soil was collected at a depth of 0-10 cm for topsoil and 30-60 cm for
subsoil. The soil profile consisted of sandy-loam A horizon extending down to 0-20 cm and overlying
a dense clay B horizon (20-40 cm). Both topsoil and subsoil were sieved through a 4- mm sieve and
used in the column experiment. The basic chemical properties of the soil are given in Table 3.2.
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Table 3.1 Addition of amendments (g/column) and total nutrients (mg/column) that were mixed into the experimental layer and the C: N ratio.
Treatments

Nutrient addition to experimental layer

Amendments added to experimental layer
Poultry-litter

Coarse straw

Straw powder

N

(g DM/column)
Reference treatment
Control
Deep ripping
Poultry-litter (PL)

P

K

C:N ratio

(mg total nutrients/column)

12.8

-

-

367

251

300

12.5

Coarse straw treatments
Coarse straw
½ straw/½ PL
Coarse straw/¼NPK

6.4
-

12.8
6.4
12.8

-

74
220
165

6
128
68

60
187
135

65
15
61

Straw powder treatments
Straw powder
½ straw powder/½PL
Straw powder/¼NPK

6.4
-

-

12.8
6.4
12.8

74
220
165

6
128
68

60
187
135

65
15
61
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Table 3.2 Chemical properties of soil at Bundoora.
Soil

Chemical properties

Organic carbon (%)
ESP (%)
CEC (cmol kg-1 )
pH CaCl2
NO3 –N mg kg-1
Colwell P mg kg-1

Topsoil

Clay subsoil

1.4
6.8
5.1
4.6
69.0
26.0

0.8
17.4
11.3
5.6
10.0
7.0

Methods for these measurements are given in Chapter 5.

Construction of experimental column
The experimental unit used in this glasshouse experiment was a 60 cm tall PVC column with a 10 cm
diameter. Each column was cleaved longitudinally into two equal halves that were taped together with
plumbing tape. A PVC cap was placed at the base to seal the column, except for four 0.35cm diameter
holes drilled through the sides of the cap, which permitted water entry to the column. An eight cm layer
of 4-mm wide gravel pieces was placed at the bottom of the column to facilitate the initial watering of
the deep clay via capillary rise. Three different layers of soil were then added. The bottom layer,
consisting of 2.2 kg of the air-dried clay soil, was compacted to a bulk density of 1.5 g cm- 3 and then
placed above the gravel pieces. The layer occupied the bottom 52-60 cm of the column to simulate the
clay B horizon in the field (Fig. 3.1)

Figure 3.1 Construction of experimental column.
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The columns were immersed in water to a depth of 20 cm to enable water to pass through the holes at
the base of the column and rise to the top of the clay by capillary rise, to saturate the clay soil. The
columns were then drained for 24 h and the holes sealed with the silicon sealant. The second layer was
the experimental clay layer that occupied the 22-33 cm layer in the soil column. This layer contained 1
kg of air-dried clay ± poultry-litter or straw amendments (Table 3.1) that were mixed through the clay,
followed by compacting to the bulk density of 1.2 g cm-3 . This simulated the deep ripped, organicamended layer in the field. The non-ripped control treatment had its experimental layer packed to a
bulk density of 1.5 g cm- 3. A thin layer (0.25 cm) of white high density polyethylene (HDPE) beads
was added at the base and top of the experimental layer to distinguish the layer at the end of the
experiment. Finally, the topsoil layer of 2.2 kg of air-dried topsoil, enriched with basal nutrients, was
added and compacted to a bulk density of 1.3 g cm-1 to simulate the topsoil under field conditions. The
columns were watered from above to enable the topsoil to reach 100% of its field capacity, and the
experimental layer to reach to 80 % of field capacity of the clay. It was assumed that this water level
would result when air-dried poultry-litter is incorporated into the moist clay layer during the subsoil
manuring process in the field.
The poultry-litter was added to clay soil in each experimental layer, at the rate that was equivalent to
the concentration of poultry litter in the rip-lines, when the equivalent of 16.4 t/ha of oven-dried
poultry-litter was incorporated in the subsoil during the subsoil manuring process in the field (Sale et
al., 2011, 2012a, 2012b ). Basal nutrients were added in solution to the topsoil which was then
thoroughly mixed. These solutions provided, 200 mg kg-1 of Ca(NO3)2.4H2O, 110 mg kg-1 of
NH2CONH2, 215 mg kg-1 of KH2PO4, 25 mg kg-1 of K2SO4, 160 mg kg-1 of MgSO4.7H2O, 5 mg kg-1
of MnSO4.H2O, 3.5 mg kg-1 of ZnSO4.7H2O, 2.3 mg kg-1 of H3BO3, 1.55 mg kg-1 of CuSO4.5H2O,
0.025 mg kg-1 of Na2MoO4.2H2O. In addition, nutrients contained in ¼ of the full poultry-litter rate,
were added to the straw amendments in liquid form at the following rates of mg of compound/11.1 g
DM of straw: NH2CONH2, 197 mg; KH2PO4, 280 mg; MgSO4.7H2O, 274 mg; H3BO3, 1.07 mg,
MnSO4.H2O, 6.15 mg, ZnSO4.7H2O, 8.4 mg, CuSO4.5H2O, 2.53 mg.
Crop growing conditions
The temperature in the glasshouse varied daily between a minimum of 10 0C and a maximum of 30 0C.
No artificial light was used. Twelve seeds of wheat (Triticum aestivum L.var. Beaufort) pre-treated
with fungicides were hand–sown in each soil column. Plants were thinned to 6, after a week and further
thinned to 3 plants per column after a further 5 days. One hundred g of high density polyethylene
(HDPE) beads were spread on the soil surface to prevent evaporation. The columns were watered to
their original starting weight and re-randomised within blocks twice a week. The plants were grown to
anthesis (Plate 3.1). The water additions were recorded. Water was withheld twice for periods of 14
days from the beginning of the first week of September and 17 days from the 27th September and the
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22nd October respectively prior to the harvest of the shoots on the 9th November. The objective behind
the withholding of water was to impose a severe water deficit to the growing plants, to encourage the
roots to grow deep in the clay subsoil and extract water and nutrients from the subsoil.

Plate 3.1 Wheat plants in experimental columns.

Measurements
The wheat shoots and roots were harvested in the second week of November 2010. The harvested
plants were transferred to the laboratory where fertile, infertile, and total tillers were determined. The
flag and penultimate leaves were removed from the fertile tillers. The leaves and tillers were ovendried separately at 70 0C for 72 hours and their dry mass was recorded.
The dried plant materials were finely ground, and then analysed for the concentrations of P, K, Ca and
Mg by ICP (Inductively Coupled Plasma Spectrometer) following nitric acid digestion. The dry plant
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materials were also ground in a ball mill and then analysed for N, using PerkinElmer Series II CHNS/O
Analyser 2400.
Each column was then split into two halves, and the soil divided into the topsoil layer, experimental
clay layer and subsoil clay layer. Soil samples were collected from each layer for measuring
gravimetric moisture content. Afterwards, the subsoil clay layer was further divided into the top clay
layer, middle clay layer and bottom clay layer. Each soil layer of the five layers-topsoil (20 cm),
experimental (10 cm) and the 3 subsoil clay layers (19.5 cm)) in Fig. 3.1 was then placed separately in
a plastic bag in a small plastic bucket and water added to immerse the soil for 3 days .The roots were
separated from the soil with gentle washing over a 2-mm sieve. The roots were then scanned on an
EPSON Eu-35 scanner (Seiko Epson Corp. Japan) and root length and root diameter were obtained
with Win-RHIZO Pro V. 2003 software. The root mass of each layer was then dried at 70 o C for 3
days and weighed to determine the root mass per layer.
Transpiration efficiency, the root/shoot ratio, and the total water used per column were also measured.
Transpiration efficiency was calculated by dividing the shoot biomass (g DM) by the total water used
during the growing period. The root/shoot ratio was also calculated.
Statistical analyses
The plant root and shoot data were all analysed by analysis of variance using SPSS 19.0 for Windows.
Data were checked for normality and homogeneity of variance. The LSD values were calculated at (P=
0.05).

Results
Significant differences for many of the crop measurements at anthesis occurred in this glasshouse
column experiment (Table 3.3). Treatment differences were significant for the tillers and for the shoot
and root biomass. Measurements that were related to shoot biomass such as the shoot nutrient uptake
and shoot water use also resulted in significant differences between treatments.
Plant growth at anthesis
Treatments significantly affected the growth of wheat shoots at anthesis (Table 3.4). Poultry-litter
produced the largest shoots with a significantly greater (P<0.05) tiller number, including infertile
tillers, than all other treatments, and significantly greater shoot biomass than all treatments except for
the ½coarse straw/½poultry-litter and the powder straw/¼NPK treatments. Interestingly, the poultrylitter treatment produced the least number of fertile tillers that were significantly fewer than most of the
other treatments.
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Table 3.3 The significance of treatment effects when crop measurement data at anthesis were subjected
to an analysis of variance.
Crop measurement

Treatment effect

Shoot growth
Fertile tillers(tillers/column)
Infertile tillers(tillers/column)
Total tillers(tillers/column)
Shoot biomass (g DM/column)
Root/shoot ratio

*
**
**
**
***

Flag leaves
Flag leaf mass (mg DM/leaf)
Flag-1 leaf mass (mg DM/leaf)

ns
**

Root mass (mg DM/column)
Top soil
Exp layer
Clay (upper layer)
Clay (middle layer)
Clay (bottom layer)

*
*
*
*
*

Root length(m/column)
Top soil
Experimental layer
Total clay layer

ns
*
ns

Root diameter (mm/column)
Top soil
Experimental layer
Total clay layer

ns
*
ns

Water use
Total water use (L/column)
Transpiration efficiency (g/L)

***
***

Nutrient uptake by shoot
N uptake (mg N/column)
P uptake (mg P/column)
K uptake (mg K/column)
Ca uptake (mg Ca/column)
Mg uptake (mg Mg/column)

**
***
***
***
***

Nutrient concentration in shoot
N uptake (mg N/g DM)
P uptake (mg P/g DM)
K uptake (mg K/g DM)
Ca uptake (mg Ca/g DM)
Mg uptake (mg Mg/g DM)

ns
**
**
**
**

‘ns’ stands for not significant (P>0.05) whereas *,**, and *** indicate that means differed with probabilities of
<0.05, <0.01 and <0.001 respectively.
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The straight straw treatments resulted in the smallest shoot growth. This shoot biomass at anthesis was
significantly less than all treatments apart for the control and deep-rip control and the coarse
straw/¼NPK treatments (Table 3.4). The coefficients of variation for these measurements were largeindicating considerable variation across this column experiment. The largest variation occurred with
the number of infertile tillers.

Table 3.4 The effect of treatments on the number of tillers and shoot biomass of wheat plants per
column, at anthesis.
Treatment

Number of tillers/column

Shoot biomass
(g DM/col.)

Fertile tillers

Infertile tillers

Total tillers

4.65
5.00
2.35

10.0
6.3
17.0

14.7
11.3
19.3

12.1
11.7
15.3

3.65
4.65

8.6
6.6

12.3
11.3

10.0
10.6

Nutrient-enriched straws
½-Straw(c)/½poultry-litter
½-Straw(p)/½poultry -litter
Straw(c)/¼NPK
Straw(p)/¼NPK

6.00
4.00
4.35
5.35

7.6
14.3
6.3
6.0

13.7
18.3
10.7
11.3

13.6
13.1
10.2
13.7

LSD (P=0.05)
Probability
Significance
CV(%)

1.90
0.04
*
30

3.8
0.001
**
45

3.8
0.04
*
26

2.2
0.001
**
16

Reference treatments
Control
Deep-rip
Poultry-litter
Straws
Straw – coarse (c)
Straw – powder (p)

The LSD is the least significance difference that is used to give an indication of significant differences between
treatment means. The Probability is the likelihood that is used for the determination of F Values from the analysis
of variance table. The CV is the Coefficient of Variation that is determined by dividing the pooled standard
deviation by pooled mean values for the data set. * and ** indicate that means differed with probabilities of
<0.05 and <0.01 respectively.

Poultry-litter resulted in a very large leaf below the flag leaf (the penultimate leaf). The mass of this
penultimate leaf with poultry-litter was significantly higher (P<0.05) than all other treatments.
However, no treatment differences occurred with flag leaf mass in this column experiment (Table 3.5).
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Table 3.5 The effect of treatments on the mass of flag leaf and the leaf below the flag leaf
(penultimate leaf).
Treatment

Leaf mass (mg DM/leaf)
Flag leaf

Reference treatments
Control
Deep-rip
Poultry-litter
Straws
Straw – coarse (c)
Straw – powder (p)
Nutrient-enriched straws
½-Straw(c)/½poultry-litter
½-Straw(p)/½poultry-litter
Straw(c)/¼NPK
Straw(p)/¼NPK
LSD (P=0.05)
Probability
Significance
CV(%)

Penultimate leaf

59.0
70.3
74.0

66.3
83.0
102.0

67.3
86.1

66.0
69.1

54.0
48.6
58.4
60.1
38.4
0.60
ns
34

75.1
68.1
70.8
81.0
16.7
0.006
**
19

‘ns’ stands for not significant (P>0.05) whereas ** indicates that means that means differed with a probability of
<0.05.

Nutrient concentrations in shoots and nutrients uptake by plants at anthesis
Treatments affected the nutrients taken up by plants at anthesis (Table 3.6) with most analyses showing
treatment differences to be very highly significant (P<0.001). The uptake of N, P, K and Mg by plants
shoots with the poultry-litter amendment was significantly greater than all other treatments whereas Ca
uptake was significantly different from all treatments except ½straw(c)/½poultry-litter and
straw/¼NPK amendments. There were no differences in N uptake between other treatments. However
the two nutrient-enriched straws, ½coarse straw/½poultry-litter and powder straw/¼NPK, resulted in
higher shoot uptake of P, K, Ca and Mg than other treatments, apart from poultry litter.
Shoot nutrient concentrations differed between treatments, but differences were less marked than those
for nutrient uptake. The most striking difference was for the wheat shoots with poultry-litter which had
a significantly higher N concentration than all other treatments (Table 3.6). The poultry-litter treatment
also resulted in higher nutrient concentrations in the shoots for P, K, Ca and Mg, but these were not
significantly different from some of the nutrient-enriched straw treatments.
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Table 3.6 The effect of treatments on the nutrient concentrations in shoots and nutrient uptake by shoots of wheat plants at anthesis.

Treatment

Reference treatments
Control
Deep-rip
Poultry-litter
Straws
Straw – coarse (c)
Straw – powder (p)
Nutrient-enriched straws
½-Straw(c)/½poultry-litter
½-Straw(p)/½poultry –litter
Straw(c)/¼NPK
Straw(p)/¼NPK
LSD (P=0.05)
Probability
Significance
CV(%)

Nutrient uptake by shoots (mg/column)

Nutrient concentrations in shoots (mg/g DM)

N

P

K

Ca

Mg

N

P

K

Ca

Mg

155
143
322

25.3
21.6
55.2

299
276
538

10.9
10.0
42.8

19.1
11.0
41.4

16.3
15.4
27.2

2.06
1.80
3.53

24.3
23.0
34.5

0.88
0.83
2.70

1.54
1.42
2.67

127
105

20.2
23.4

272
303

14.4
18.7

16.9
21.2

16.1
12.6

1.94
2.15

26.3
27.7

1.37
1.71

1.64
1.94

169
168
147
162

41.9
23.4
22.3
31.4

440
303
323
433

34.9
18.7
19.3
35.2

30.4
21.2
21.4
31.9

15.8
15.7
18.2
14.8

3.01
2.92
2.14
2.21

31.6
31.3
30.4
31.0

2.51
1.99
1.81
2.51

2.19
2.06
2.03
2.28

87
0.003
**
47

14.2
<0.001
***
38

9.1
<0.001
***
33

7.2
0.08
ns
39

0.80
0.004
**
28

5.10
0.003
**
15

0.94
0.003
**
44

0.48
0.001
**
22

102
15.3
<0.001 <0.001
***
***
25
49

‘ns’ stands for not significant (P>0.05) whereas **, and *** indicate that means differed with probabilities of <0.01and <0.001 respectively
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Root growth response
There were no standout treatments with regard to root growth in this column experiment, compared to
the results for shoot growth. However, some general trends for treatment effects on root growth were
apparent. The first of these was the increased root growth in the total soil column for treatments
containing powder straw. This resulted from the root growth for these treatments being among the
highest in the topsoil, experimental layer, and clay layers in the columns, among all other treatments
(Table 3.7).
The second trend in root growth responses in the soil columns was the low root biomass for the
poultry-litter treatment in the column. This biomass was significantly lower than all other treatments
apart from the coarse straw, and the coarse straw/¼NPK treatments. The reason for the low root
biomass for the poultry-litter in the column was due to the low root growth for poultry-litter in all soil
layers, as its growth was the lowest amongst all treatments in these layers. Surprisingly, the root
growth in the poultry-litter amended experimental layer was limited, and significantly less than the
straws enriched with ¼NPK.
The final point to note was the rooting pattern in the control columns, including the control and deeprip simulated control. These treatments had the highest root growth in the topsoil, and the lowest
growth in the experimental layer, among all treatments, although the differences with some of the straw
treatments were not significant (P>0.05) in Table 3.7.
Again there were some interesting effects on root length measurements resulting from the particle size
of the straw. Here the coarse straw treatments had the longest roots in the experimental layer, and the
roots were significantly longer (P<0.05) than the three powder straw treatments (Table 3.8). Similarly,
the deep-rip and powder straw treatments had significantly shorter roots than the roots for the coarse
straw treatments in this experimental layer. The opposite trend occurred with root diameter. Here the
thickest roots in the experimental layer occurred with the three powder straw treatments and these were
in general significantly thicker than the coarse straw treatments.
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Table 3.7 The effect of treatments on the root dry mass distribution in different soil layers, the total root dry mass in the clay, and the total root mass per
column.

Treatment

Root mass (g DM/column)

Root mass in clay (g DM/column)

Total
(column)

Topsoil
(2-22 cm)

Experimental layer
(23-33 cm)

Top clay layer
(34-40 cm)

Middle clay layer
(40-46 cm)

Bottom clay layer
(46-52 cm)

Total in clay
(34-52 cm)

Reference treatments
Control
Deep-rip
Poultry-litter

3.62
3.48
2.75

2.22
2.28
1.57

0.29
0.30
0.48

0.25
0.15
0.18

0.26
0.12
0.11

0.59
0.62
0.41

1.11
0.90
0.70

Straws
Straw – coarse (c)
Straw – powder (p)

3.17
3.93

1.88
1.87

0.66
0.50

0.11
0.38

0.15
0.34

0.37
0.82

0.63
1.55

Nutrient-enriched straws
½-Straw(c)/½poultry-litter
½-Straw(p)/½poultry-litter
Straw(c)/¼NPK
Straw(p)/¼NPK

3.40
3.95
2.96
3.98

1.50
1.90
1.49
1.86

0.70
0.79
0.83
0.87

0.36
0.33
0.26
0.42

0.22
0.22
0.12
0.20

0.61
0.71
0.25
0.61

1.20
1.26
0.63
1.24

LSD (P=0.05)
Probability
Significance
CV(%)

0.50
0.001
**
14

0.47
0.02
*
19

0.33
0.01
*
44

0.19
0.03
*
49

0.12
0.01
*
49

0.30
0.02
*
41

0.50
0.41
ns
39

‘ns’ stands for not significant (P>0.05) whereas *, and ** indicate that means differed with probabilities of <0.05 and <0.01 respectively.
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Table 3.8 The effect of treatment on root length and diameter in the 3 layers of the experimental column.

Root length (m)

Treatment

Root diameter (mm)

Topsoil

Experimental layer

Clay

Topsoil

Experimental layer

Clay

(2-22 cm)

(23-34 cm)

(34-52 cm)

(2-22 cm)

(23-34 cm)

(34-52 cm)

Reference treatments
Control
Deep-rip
Poultry-litter

38.5
59.1
56.6

32.7
24.8
37.7

109.0
83.0
70.8

1.58
1.63
1.22

0.39
0.45
0.58

1.39
1.17
1.52

Straws
Straw – coarse (c)
Straw – powder (p)

59.9
55.5

55.8
28.8

70.8
125.9

1.20
1.05

0.47
0.84

1.46
2.05

Nutrient-enriched straws
½-Straw(c)/½poultry-litter
½-Straw(p)/½poultry -litter
Straw(c)/¼NPK
Straw(p)/¼NPK

39.8
30.6
43.1
39.8

64.5
38.6
73.2
38.2

102.2
72.7
55.8
99.0

0.95
1.17
0.78
1.54

0.73
0.90
0.46
1.26

1.85
1.37
1.51
1.79

LSD (P=0.05)
Probability
Significance
CV(%)

27.6
0.28
ns
36

32.5
0.01
*
47

45.5
0.10
ns
36

0.82
0.11
ns
41

0.43
0.01
*
51

0.57
0.09
ns
24

‘ns’ stands for not significant (P>0.05) whereas * indicates that means differed with a probability of <0.05.
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The treatments also affected the dry matter partitioning between shoots and roots, and the water use
by the root/shoot system. Here the poultry-litter treatment favoured shoot growth at the expense of
root growth and resulted in lowest root shoot ratio (Table 3.9) among all other treatments. The
opposite effect occurred with the powder straw treatment which had the significantly highest root:
shoot ratio (P<0.05).

The total water use by the columns over the 60 days of growth by the wheat plants was also the
highest for the poultry-litter treatment, but this did not differ significantly from a range of treatments.
However the coarse straw treatment used the least volume of water among all treatments apart from
the coarse straw/¼NPK treatment. Despite the high water use by the poultry-litter wheat plants, they
had the significantly highest transpiration efficiency (Table 3.9) than all other treatments, producing
more shoot dry matter per mm of water transpired, apart from the powder straw/¼NPK treatment. The
treatments that were least efficient with their transpiration were the controls, the straight straws, and
the powder straw/½poultry-litter treatments.
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Table 3.9 The effect of treatments on the root/shoot ratio, transpiration efficiency and total water use per column, and gravimetric moisture content in the
three soil layers in the column at anthesis.

Treatment

Root: shoot
ratio

Transpiration Efficiency
(g DM/L)

Total water use
(L/column)

Gravimetric moisture content (%)
Topsoil layer
(2-22 cm)

Exp. layer
(23-33 cm)

Total clay layer
(34-52 cm)

Reference treatments
Control
Deep-rip
Poultry-litter

0.30
0.30
0.18

3.72
3.79
4.60

3.26
3.10
3.33

4.43
4.68
4.36

11.33
10.60
10.45

11.23
10.73
10.36

Straws
Straw – coarse (c)
Straw – powder (p)

0.31
0.37

4.12
3.63

2.40
2.93

5.39
4.65

11.60
11.13

14.63
11.16

0.25
0.30
0.29
0.30
0.05

4.67
3.95
4.10
4.45
0.49

2.90
3.30
2.50
3.10
0.47

5.67
4.60
4.89
4.35
1.55

9.73
9.00
11.80
10.96
3.66

10.36
9.76
14.23
10.86
2.78

<0.001
***
19

0.002
**
11

<0.001
***
18

0.81
ns
18

0.81
ns
21

0.14
ns
26

Nutrient-enriched straws
½-Straw(c)/½poultry-litter
½-Straw(p)/½poultry -litter
Straw(c)/¼NPK
Straw(p)/¼NPK
LSD (P=0.05)
Probability
Significance
CV(%)

‘ns’ stands for not significant (P>0.05) whereas **, and *** indicate that means differed with probabilities of <0.01 and <0.001 respectively.
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Discussion
Poultry-litter was the most effective subsoil amendment for shoot growth in this glasshouse column
experiment in that it resulted in the largest shoot growth response by the wheat plants at anthesis. This
treatment produced the largest number of tillers and shoot biomass per column at anthesis and these
measurements were significantly greater from those for the control and deep-ripped (simulated)
treatments (Table 3.4). The poultry-litter amendment also enhanced the growth of the penultimate leaf
that formed on each stem and resulted in significantly greater dry matter for this leaf at anthesis than
all other treatments. The increase in tiller numbers and shoot biomass with poultry-litter can be
attributed to the extra nutrient supply of (367 mg N and 251 mg P per column) in the poultry-litter
(Table 3. 1) as this is clearly reflected in the higher levels of nutrient uptake in the shoots of the wheat
plants (Table 3.6). The poultry-litter amendment supplied considerably more nutrients in the
experimental amended-layer, than the other treatments, i.e. more than double the total N supply than
all other treatments. Numerous authors have found that increasing the N status of wheat plants during
vegetative growth enhances the initiation, development and survival of tillers (Quinlan and Sagar,
1962; Rawson and Hofstra, 1969; Marshall and Wardlaw, 1973; Power and Alessi, 1978; Spiertz De
Vos, 1983; Salvagiotti and Miralles, 2007). Given this direct relationship between tiller number and N
status, then it is not surprising that the poultry-litter treatment produced the largest number of tillers.
These higher nutrient concentrations and uptake amounts by wheat shoots grown in the poultry-litter
amended columns highlight the greater nutrient supply to the plants with the poultry-litter
amendment. For example, the poultry-litter shoots had a P concentration that was 2 to 3 times higher
than that for the control shoots, and the uptake of P by the poultry-litter shoots was more than double
that for the control. These low nutrient concentrations in wheat shoots result from the low nutrient
content in both straight straw material (Table 3.1) and low nutrient status in the clay subsoil at
Bundoora (Table 3.2, 5.1). These shoots in the coarse straw-amended columns had the lowest shoot
biomass and the lowest transpiration water loss (2.4 litres per column) during vegetative growth
(Table 3.9). This means that straight straw regardless of particle size performed as poorly as the
control treatment in terms of shoot growth. These findings indicate that the straight straw amendments
cannot be used as an effective subsoil ameliorant without additional nutrients. Thus for crop residues
such as wheat stubbles to be used as an effective amendment to ameliorate this clay soil, then
nutrients must be added with the crop residues.
The straight straw, without any question, requires nutrient enrichment if it is to be used as an
amendment to improve subsoil constraints. Such amendments need to result in vigorous shoot and
root growth by the crop, in order to improve the subsoil physical properties. Now the question arises
as what form of nutrients, and size of straw, need to be added to make the straight straw an effective
subsoil ameliorant. To some extent the data in this chapter indicate that both the form of nutrient and
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the straw size are important. For example, the nutrient uptake data by wheat shoots (Table 3.6) clearly
show that the ½poultry-litter amendment favours coarse straw to deliver maximum benefits whereas
¼liquid NPK treatment requires the powder straw for greater benefits. This trend is apparent for the
shoot biomass at anthesis (Table 3.4), the mass of the penultimate leaf on the main stem (Table 4.5),
and the uptake of the macronutrients (N, P, K, Ca, Mg) in Table 3.6. The results suggest that there
was an interaction between the form of the added nutrients, and the size of the straw particles. The
factorial analysis of straw size and nutrient addition treatments (data not presented) did find that the
interaction for shoot biomass and nutrient form was significant but this only occurred at the 10%
level. The basis for this interaction trend is difficult to explain. It could be that the benefit from the
½coarse straw/½poultry-litter treatment was due to improved aeration for the growing roots in the
clay layer resulting from increased air spaces around the 2 cm long straw pieces. In contrast, better
performance with the powder straw and liquid NPK could be associated with enhanced microbial
activity which would deliver improved clay aggregation benefits in the experimental soil layer (Clark
et al. 2007, 2009). Microbial activity would be enhanced by the greater surface area of the powder
straw which would increase access to the straw substrate, and also the more even availability of NPK
to the microbes because of the more uniform mixing of the liquid nutrients with the powder straw.
A further question arises now as which nutrient enrichment strategy was more effective in the column
experiment for increasing the vegetative growth of the wheat plants. The data for shoot biomass and
the uptake of macronutrients by the shoots suggest that both the ½coarse straw/½poultry-litter, and the
powder straw/¼NPK, were equivalent in effectiveness. This means that both nutrient enrichment
strategies can deliver similar and almost equal benefits based on the results of this study. Further
research is required in the field to evaluate these strategies. However, it is apparent that the ½coarse
straw/½ poultry-litter strategy has advantage from the logistical point-of-view, as fine-grinding of the
straw is not required, and only half of the straw would be required to be incorporated in the subsoil.
The two periods when water was withheld from the columns for 14 and 17 days, had a marked effect
on the growth of the wheat plants in the columns. The objective behind the water withholding strategy
was to impose soil water deficit stress and encourage the roots to extract water from the clay subsoil.
However, the effect of soil water deficit stress was so severe that the number of infertile tillers
exceeded the number of fertile tillers and the growth of the flag leaf was curtailed, such that the flag
leaves had less dry mass than the penultimate leaf on the main stem for most treatments (Table 3.4,
3.5). In addition, the second imposed soil water deficit stress over the 17 day period was such that the
wheat plants dried all soil layers and this resulted in similar levels of gravimetric moisture content in
the soil layers across the experiment, and so there were no treatment differences in soil water content
at the harvest at anthesis (Table 3.9). The decrease in fertile tillers with an increase in infertile tiller
number, and reduced flag leaf size could be explained by the severity of the soil water deficit stress
imposed on the wheat plants before anthesis. Similar results were reported by Aspinall et al. (1964),
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Wells and Dubetz (1966), Fischer (1979), Innes and Blackwell (1981), and Hassan et al. (1987) who
found that soil water deficit stress at various growth stages before anthesis reduced the number of ears
formed. It is likely that the soil water deficit stress resulted from the actively transpiring wheat plants
in the column, and the limited soil volume in the columns meant that the plant available soil water for
the plants was exhausted during these periods when watering was withheld. It is also likely that the
soil water deficit stress periods also contributed to the high coefficients of variation that occurred for
many of the measurements in this chapter. Caution is therefore required when imposing soil water
deficit stress in glasshouse experiments such as the one described in this chapter, when active
transpiration by shoots occurs and there is restricted soil volumes and limited available water for the
plants.
This study tested two hypotheses that (1) nutrient enrichment in the experimental layer will initially
boost root growth in that layer and (2) then the root growth in the experimental layer will extend
downwards into the deeper subsoil (30-50 cm) layers. It was expected that wheat plants in the poultrylitter amended columns would proliferate in the experimental layer first, and then the roots would
grow deeper into the subsurface to extract soil moisture and nutrients. This did not occur with the
poultry-litter, and thus our two hypotheses were rejected (Table 3.7). This treatment, instead, resulted
in root biomass in the experimental layer that was slightly higher than the control and deep rips
treatments. Treatments had significant impact on root: shoot ratio in the column experiment. Poultrylitter amended layer resulted in the lowest root: shoot ratio that was the significantly lower than all
other treatments. The reduced root: shoot ratio can be attributed to the high N status of the plants
(Table 3.6) with the poultry-litter treatment (2.87 % N). This is consistent with the findings of Chapin
(1980) and Barraclough (1984) and Vose (1962) who reported that soil low in nutrients increases root
growth and reduces shoot growth whereas increases in N supply results in larger shoots than roots,
and lower root: shoot ratios.

The transpiration efficiency by the wheat plants in this column experiment was significantly increased
by mixing the poultry-litter amendment in the experimental clay layer (Table 3.9). The wheat plants
with the poultry-litter were able to produce significantly higher shoot biomass than all other
treatments per unit volume of water transpired during the crop growth before anthesis, apart from a
number of the straw treatments. The high transpiration efficiency in the poultry-litter treatment can be
attributed to the vigorous shoot growth by wheat plants grown in poultry-litter amended columns, and
this is consistent with a number of studies. For example, Holder and Brown (1980) reported that it
was the root surface area rather than shoot growth that determine transpiration efficiency of the plants.
They defoliated bean plants, increasing root surface area with respect to the leaf surface area. They
observed that the transpiration rate per unit area of leaf increased. When only one leaf left, then there
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was a 7-fold increase in transpiration rate. Similarly, Espinosa et al. (2011) also found transpiration
more closely correlated with root surface area (R2 = 0.86) rather than shoot biomass (R2 = 0.51).
A number of studies have linked plant nutrient status to water use efficiency. In this regard, Van den
Boogaard et al. (1995) reported that N supply to plants increases water use efficiency, defined as the
ratio of biomass to cumulative water use. Likewise, Freedeen et al. (1991) and Shangguan et al.
(2000) and Cabrera-Bosquet et al. (2007) reported high water use efficiency due to increased N
supply on a leaf basis, defined as the ratio of photosynthetic rate to the transpiration rate. Barraclough
(1984) also showed that increasing N supply to overcome N deficiency reduces the root/shoot ratio
relative to the shoot mass and this has the potential to increase the transpiration efficiency with which
water is used by the plants. Khalvati et al. (2005) attributed the improved water use efficiency to
reduced mechanical impedance in manure-amended soil and as a result the plant would have
consumed fewer carbohydrates for root growth without affecting the uptake of water and nutrients.
Thus it can be concluded that it is the size of roots, rather than the size of shoots, that determines the
water loss by transpiration. It is possible that the transpiration efficiency for the poultry-litter
treatment would have exceeded that for all treatments were it not for the imposition of moisture stress
events before anthesis.

Conclusions
Straight straw treatments were ineffective in increasing shoot and nutrient uptake by the shoots of the
wheat plants at anthesis. These results clearly indicate that for the straw to be effective, then nutrients
must be added with the straw. These results also indicate how nutrient form and the straw particle size
are important. The ½poultry-litter and ¼NPK nutrient sources are required for the coarse straw and
powder straw respectively to maximise their effectiveness. However, the ½coarse straw/½poultrylitter strategy has advantages from the logistical point-of-view, as fine-grinding of the straw is not
required, and only half of the straw would be required to be incorporated in the subsoil.
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Chapter 4–Effect of modified straw as subsoil ameliorants on wheat crops
grown on a Sodosol

Introduction
The preceding chapter described a preliminary glasshouse experiment that investigated the potential
role of wheat straw as a subsoil amendment. Simulated profiles of a Sodosol were established in soil
columns, where different straw treatments were incorporated in the amended experimental layer at the
top of the clay subsoil. The key finding was that nutrient enrichment of the straw was required to
improve the shoot and root growth responses by the wheat plants. Increasing the root growth response
in particular, in the clay subsoil, is the key objective in this subsoil amelioration work. Fine grinding
of the straw per se did not appear to be a key requirement for increasing shoot and root growth
responses. None of the straw treatments were equivalent in terms of shoot responses to the poultrylitter treatment.
This chapter documents a parallel field experiment where wheat straw was again studied as an organic
amendment in a subsoil manuring intervention. Treatments included in this field study were different
rates and forms of nutrients that were added with the straw. Again, the key treatment comparisons
were between the straw amendments and the un-amended control treatments, and with the poultrylitter amendment applied at 20 t/ha fresh weight, which is the treatment used in existing subsoil
manuring field trials across the Victoria HRZ (Sale et al., 2012a). The hypothesis tested in this
chapter is that the nutrient enrichment of straw will improve its performance as a subsoil ameliorant.

Materials and methods
Soil and site
The experiment was conducted on the Agricultural Reserve at La Trobe University at Bundoora in
Victoria, (Australia) (37° 42´S, 145° 02 ´E) between June 2010 and December 2012. The long-term
annual rainfall at this site is 674 mm dominating in winter and spring, The growing season (April to
November) rainfall during 2010, 2011 and 2012 were 515.2 mm, 558.7 and 474.3 respectively. In
addition, the annual rainfalls for 2010, 2011 and 2012 were 755.7 mm, 955. 7 mm and 647.7 mm
respectively, and these rainfalls exceed the long-term rainfall by 81.2 mm, 282.5 mm in 2010 and
2011 respectively while in 2012 the annual rainfall was 26.6 mm below the long-term annual rainfall
(674.2 mm). The soil of the paddock was a Hallam loam (Holmes et al., 1940) which is also classified
as a Sodosol by Isbell (2002). The soil had no previous history of fertilisation and was only used
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occasionally for sheep grazing. The soil profile consisted of sandy-loam A horizon extending to 0-20cm overlying a dense clay B horizon (20-40 cm) (Fig. 4.1). Basic properties of the soil are given in
Chapter 3 and Chapter 5.

Figure 4.1 A Sodosol diagram.

Experimental design and treatments
This experiment consisted of 7 treatments, replicated four times in a completely randomised block
design on plots that were 3 m by 2 m in size. The 7 treatments and their description are given in Table
4.1, and experimental layout (Fig. 4.2) and a representative trenched plots is given in Fig 4. 3. Wheat
straw was chosen as the on-farm available plant material, and was obtained from Dookie, Victoria.
The straw was cut into approximately 5-cm long pieces using a small chain saw. All the amendments
including the nutrient-enriched straw were incorporated at 20-40 cm depth at the rate of 16.4 t/ha dry
weight basis. Although the deep ripper has widely been used for incorporating organic amendments in
the subsoil, the single type ripper was unable to rip the land at this experiment site because the soil
was too hard and the ripper could not penetrate into the soil. Thus I used a trencher for the subsoil
manuring work at this site (Chapter 5). The trencher dug three trench lines up to 40 cm deep per plot
(Fig. 4.2). The trencher first removed the top 0-20- cm soil and put aside on plastic sheets. Then the
trencher dug and removed a further 20-40- cm layer of soil and put on the other side of the trench line
on plastic sheets to make sure the soil layers would return in correct order. The organic amendments
were placed at 20-40 cm depth and then 20-40 cm layer soil was returned first, followed by top 0-20
cm soil.
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Figure 4.2 Experimental layout of field experiment 2010. The shaded plots on the upper left hand
side were allocated to Block 1 while those in the low right hand side were allocated to Block 4.
Similarly, the unshaded plots in the lower left, and upper right hand side were allocated to Block 2
and Block 3 respectively.
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Figure 4.3 Diagram of a representative trenched plot.

Plate 4.1 Photograph of trencher.

The amendments were placed in the trenches in the second week of June 2010, two weeks before
sowing the crop. Both straw amendments and poultry-litter and granulated NPK fertilisers were
incorporated in two layers with a small quantity of subsoil between the two layers. The granulated
fertilisers were mixed first with 1.5 kg of the subsoil, and then half of this mixture was added to the
first layer of the straw and poultry-litter amendments, and then the second half of the fertilisers/soil
mixture added to the final layer of amendments.
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Table 4.1 Description of experimental treatments, addition rates of organic amendments and the total nutrients added in the amendments.
Treatment

Treatment description

Org.amendment

Total nutrients added in amendments
and NPK fertilisers (kg/ha)

(t DM/ha)

N

P

K

Reference treatments
Control
Deep rip
Poultry-litter (PL)

Nil intervention
Deep ripped (20-40 cm)
Poultry-litter at 9.81 kg DM/plot

16.4

471

321

389

Straw treatments
Straw
½Straw/½Poultry-litter
Straw/½NPK
Straw/¼NPK

Straw at 9.81 kg DM/plot
Straw at 4.9 kg DM/plot and poultry-litter at 4.90 kg DM/plot
Straw at 9.81 kg DM/plot and NPK equivalent to 4.90 kg DM PL/plot
Straw at 9.81 kg DM/plot and NPK equivalent to 2.45 kg DM PL/plot

16.4
16.4
16.4
16.4

110
290
345
218

8
165
169
88`

90
240
284
188

All treatments received a basal 100 kg/ha DAP at sowing and 40 kg N/ha as urea in-crop.
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Crop growing conditions
2010 crop
The long-season spring wheat (Triticum aestivum L. var. Beaufort), pre-treated with fungicide, was
sown in the last week of June 2010, at a seeding rate of 100 kg/ha. The paddock was sprayed with a
knock-down herbicide at 100 ml/ha glyphosate in the last week of April. A basal dose of diammonium phosphate (DAP) at the rate of 100 kg/ha was also applied by hand to all the plots at the
time of sowing. The crop was sown with a seeder at row spacings of 16 cm with 13 rows across the 2
m wide plot. The post-emergent herbicides Hussar (OD) at 100 ml/ha was applied in September to
control in-crop weeds. In the last week of September 2010, a supplementary application of 40 kg N/
ha as urea was applied in-crop manually. In the second week of October 2010, another post-emergent
herbicide, Amicide 625 (2 4, D Amine) at the rate of 1.4 L/ha with ‘Ally’ at the rate of 7 g/ha and 2
ml/L of wetting agent (Spreadwet 1000), was sprayed to control the weeds, particularly the wireweed
(Polygonum aviculare).
2011 crop
In 2011 before the seedbed preparation, all the experimental plots were amended with surface-applied
gypsum at the rate of 5 t/ha in order to improve infiltration and to reduce water logging. The seedbed
was then prepared with minimum cultivation using an off-disc rotavator, followed by surface levelling
with a wooden plank. Wheat seeds pre-treated with fungicides, at a seeding rate of 100 kg/ha with
DAP 100 kg/ha, were sown with the seeder with a row to row distance of 16 cm, in the second week
of June. The crop did not germinate due to the waterlogging. A month later the crop was re-sown
manually with seven rows per plot and a row space of 31 cm. Plants from the earlier sowing were
removed. The seeds with a starter application of single super phosphate at 100 kg/ha were then sown.
Afterwards, each seed line was covered with loose top soil. Again, the crop did not germinate due to
waterlogging. A third effort was made using a different approach in the first week of August. This
time a wooden frame of 3-m long, 10-cm wide and 4-cm high was designed to make seven miniraised beds per plot with a row spacing of 31 cm (Plate 4.2). The frame was put over the row, filled up
to 3-cm high with potting mix, and then the seeds were sown uniformly by hand and then covered
with about 1 cm top soil. This time no fertiliser was applied and the crop established successfully.
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Plate 4.2 A wooden frame, used for making mini-raised beds in 2011 and 2012.

2012 crop
A third crop was sown in 2012. In the second week of March, all plots were mown with a small handheld mower and a week later all plots were sprayed with glyphosate (360 g/L). The seedbed was
prepared with minimum cultivation (two passes) using a hand-held rotavator with a 15-cm setting
depth. Wheat seed (var. Revenue) pre-treated with fungicides were sown manually on the mini-raised
beds (Plates 4.3, 4.4) that were used in the third sowing in 2011, at the rate of 100 kg/ha. A basal dose
of 100 kg DAP/ha was also applied with the seed. Seeds and fertilisers were evenly distributed by
hands in each row and were covered with a centimetre top soil. In the first week of July, as the crop
was showing N deficiency due to prolonged waterlogged conditions, 120 ml of liquid N (4 kg N/100
L water) was applied to each plot as a foliar application at the rate of 4 kg N/ha. In the first week of
December, systemic fungicide Tilt EC 250 was sprayed at the rate of 0.25 ml/L to control stem rust.
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Plate 4.3 cv. Revenue grown on seven mini-raised beds.

Plate 4.4 cv. Revenue at maturity 2012.
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Measurements
2010 crop
At anthesis in the first week of November 2010, the heights of 4 randomly selected plants per plot
were measured from the base of the plant to the tip of the ear with a ruler. One row 60 x 16 cm was
then hand-harvested. The harvested plants were transferred to the laboratory where the plants were
separated into fertile and infertile tillers and these were recorded. Then the flag leaves and
penultimate leaves were plucked from 6 fertile tillers, and dried at 70 0C for 72 h, and their dry
weights were recorded. The remaining plants were also dried and their weights recorded. Total dry
biomass production was estimated from the combined shoot biomass of both fertile and infertile
tillers.
In the first week of January 2011, the total plant biomass from 60 cm of a single selected row in a
uniform sward, were manually harvested at ground level. They were placed in large paper bags and
dried at 70 0C in oven for 72 hours. Oven-dried mass was determined, ears were counted (this time no
infertile tillers were present) and cut from the main stem. The dry ears were hand-threshed separately,
the grains were cleaned and weighed to record grain yield per ear. This enabled the grain yield and
components of grain yield, to be determined. However, despite taking protection measures against the
birds, cockatoos (Plate 4.5) inflicted damage on the wheat crop at crop maturity. The grain yield
determined in this way might not be accurately estimated compared with machine-harvested yield
over larger plots.

Plate 4.5 Protection measures against cockatoos in 2010.
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2011 crop
The first harvest was conducted at anthesis in the third week of November. Six rows in a uniform
sward of 50-cm long were cut at ground level. The harvested plants were transferred to the laboratory
where they were separated into fertile and infertile tillers and these were recorded. The plants were
then dried in oven at 70 0C for 72 hours; their average fertile and infertile tillers dry masses and total
shoot biomass were obtained. The final harvest was done at maturity on 29 December 2011. Four 50cm long uniform rows were hand-harvested and ears counted. Ten representative ears were selected,
hand-threshed and cleaned, and yield and yield components were estimated.

2012 crop
Four 50-cm long uniform rows with a row to row spacing of 31 cm were harvested at anthesis in the
third week of October of 2012. Dry weights of fertile and infertile tillers, and entire shoots were
determined. Six flag leaves and 6 penultimate leaves were removed from remaining plants in all plots
and then dried. The final harvest was done on 11 December 2012. Four 50-cm long uniform rows
were hand-harvested. Ears were counted and ten representative ears were selected for estimation of
grain yield and yield components.
Chemical analyses
The dried plant materials harvested at anthesis were finely ground and analysed for P, K, Ca and Mg
with ICP (inductively coupled plasma spectrometer) following nitric acid digestion. The grain
samples were ground in a ball mill for nitrogen analysis using PerkinElmer Series II CHNS/O
Analyser 2400. Protein concentration in grains was calculated by multiplying N concentration by
6.25.
Statistical analyses
The data were analysed by the analysis of variance using SPSS 19.0 for Windows. The LSD values
were calculated at P =0.05. Data were examined to ensure that they were normally distributed, and
that there were homogenous variances between treatments. Coefficients of variation for data sets were
determined to quantify the experimental variation in the data.

Results
The significance of treatment differences declined during this 3-year field trial. Significant differences
between crop measurement means were most frequent in 2010 and then declined over time, with no
significant differences between treatments occurring at all in 2012. Treatment differences were
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significant in 2010 at anthesis for tiller number, shoot biomass and the mass of the flag leaf. Nutrient
uptake differences occurred for N, P, K, Ca and Mg uptake at anthesis and grain protein was also
significant in 2010, but this changed in 2011 when the only difference was for Ca uptake. Nitrogen
uptake by plants was also significant for 2012. Treatment differences at crop maturity were more
apparent than at anthesis in 2011. There were significant differences in total biomass in both 2010 and
2011, whereas significant differences in grain yield were obtained in 2011 only. However the yield
components differed somewhat between these years. In 2010 there were significant differences in ear
number and grains per ear, whereas in 2011 there were only differences in ear number and grain
number per unit area (Table 4. 2).

Table 4.2 The significance of treatment effects when crop measurement data in 2010, 2011 and 2012
were subjected to an analysis of variance.
Stage of growth

Anthesis

Crop maturity

Crop measurement

Year
2010

2011

2012

Shoot growth
Plant height (cm)
Tillers number (tillers/m²)
Shoot biomass (t DM/ha)

ns
**
**

ns
ns
ns

ns
ns
ns

Flag leaves
Flag leaf mass (mg DM/leaf)
Penultimate leaf mass (mg DM/leaf)

**
ns

Nutrient uptake
N uptake (kg N/ha)
P uptake (kg P/ha)
K uptake (kg K/ha)
Ca uptake (kg Ca/ha)
Mg uptake (kg Mg/ha)

***
**
*
**
***

ns
ns
ns
*
ns

*

Grain yield (t/ha)
Grain protein (%)
Total biomass (t/ha)
Harvest Index

*
*
-

**
ns
**
ns

ns
ns
ns
ns

**
**
*
ns

***
ns
**
ns

ns
ns
ns
ns

Components of yield
Ear number (ears/m²)
Grain number per ear (no./ear)
Grain number per area (no./m²)
Grain weight (mg/grain)

ns
ns

‘ns’ stands for not significant (P>0.05) whereas *,**,and*** indicate that means differed with probabilities of
<0.05, <0.01 and <0.001 respectively.
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Wheat crop in 2010
Plant growth and nutrient uptake at crop anthesis
Poultry-litter was the amendment which produced the largest growth response at crop anthesis in 2010
(Table 4.3) although the plants with poultry-litter did not differ significantly in height from plants of
other treatments. Poultry-litter resulted in significantly (P<0.05) more tillers and greater dry matter
compared to the control, deep ripped treatments and the straight straw treatment. The
½straw/½poultry-litter amendment produced the second largest shoot growth response at anthesis.
The remaining treatments including, the control, the deep rip, the straw/½NPK and straw/¼NPK were
similar to the straw treatment (Table 4.3).

Table 4.3 The effect of amendments on plant height, tiller number, and shoot biomass at anthesis in
2010.
Treatment

Plant height
(cm)

Tillers
(number/m2)

Shoot biomass
(t DM/ha)

Reference treatment
Control
Deep rip
Poultry-litter

65.0
62.2
71.7

443
385
682

6.75
6.72
10.85

Straw treatments
Straw
½ Straw/½poultry-litter
Straw/½NPK
Straw/¼NPK

61.5
65.5
64.7
65.2

406
588
445
520

5.98
8.03
5.95
7.68

LSD (P=0.05)
Probability
Significance
CV(%)

7.4
0.16
ns
7.4

172
0.01
*
28

2.40
0.007
**
28

‘ns’ stands for not significant (P>0.05) whereas *, and ** indicate that means differed with probabilities of
<0.05 and <0.01.

Poultry-litter again significantly affected the dry mass of flag leaf. The poultry-litter-amended plots
resulted in increased flag leaf dry mass by 74% and 80% over control and deep rip treatments
respectively (Table 4.4). All other treatments resulted in leaf masses that were intermediate between
the control and the poultry litter treatments.
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Table 4.4 The effect of treatments on the mass of the flag leaf, and the leaf below the flag leaf
(penultimate leaf) of wheat plants at anthesis in 2010.
Treatment

Leaf mass (mg DM/leaf)
Flag leaf

Penultimate leaf

Reference treatments
Control
Deep rip
Poultry-litter

89
86
155

98
100
130

Straw treatments
Straw
½straw/½poultry-litter
Straw/½NPK
Straw/¼NPK

92
132
112
113

95
102
92
106

LSD (P=0.05)
Probability
Significance
CV (%)

38
0.01
*
30

28
0.15
ns
20

‘ns’ stands for not significant (P>0.05) whereas * indicates that means differed with a probability of <0.05.

Poultry-litter profoundly enhanced nutrient uptake by plants (Table 4.5). Wheat plants in the poultrylitter-amended plots at anthesis, resulted in significantly higher uptake of N, K, Ca and Mg which
were generally double that of the control and deep rip treatments. The N use efficiency (extra N
uptake over the control by shoots/N applied) for the poultry-litter, for this harvest was quite high at
25%, in contrast to negligible values for the straw treatments (data not presented). Thus there were
generally minimal differences in the uptake of these nutrients between the remaining treatments. The
coefficients of variation were particularly high for the nutrient uptake means indicating considerable
variation in data.
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Table 4.5 The effect of treatments on nutrient uptake by shoots of wheat plant at anthesis in 2010.
Treatment

Nutrient uptake by plants (kg/ha)
N

P

K

Ca

Mg

Reference treatments
Control
Deep rip
Poultry-litter

86.9
80.0
191.0

13.4
11.7
27.7

120
108
264

6.75
4.95
13.30

10.7
10.3
23.3

Straw treatments
Straw
½straw/½poultry-litter
Straw/½NPK
Straw/¼NPK

77.8
120.0
80.8
93.5

11.2
17.3
11.7
18.3

113
163
122
163

5.70
9.85
6.75
8.65

9.4
14.1
10.1
12.9

39.7
<0.001
***
48

8.4
0.007
**
47

92
0.027
*
48

5.3
0.004
**
43

3.8
<0.001
***
42

LSD (P=0.05)
Probability
Significance
CV(%)

*, **, and *** indicate that means differed with probabilities of <0.05, <0.01 and <0.001 respectively.

Yield and yield components
Poultry-litter amendment was the most effective treatment producing significantly higher total
biomass at maturity and significantly higher protein concentration in grains than all treatments.
Poultry-litter treatment increased both total biomass and grain yields by 9.4 and 3.10 t DM/ha
respectively over the control treatment. This treatment also resulted in significantly higher grain yield
than all treatments except ½straw/½poultry-litter and straw/½NPK treatments. However, due to the
high coefficient of variation for the treatment means for grain yield, and the bird damage at crop
maturity (see Materials and Methods) there were no significant differences (P>0.05) between the
poultry-litter grain yield and the yield for other treatments (Table 4.6).
Poultry-litter again significantly increased the numbers of ears and grains per m². This treatment
produced the highest numbers of ears and grains per m² of all treatments. This treatment produced 292
more ears and 11331 more grains per m² than the control treatment (Table 4.7). There were no
treatment differences for grain number per ear or for grain weight.
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Table 4.6 The effect of treatments on total biomass, grain yield, grain protein and harvest index at
maturity in 2010.
Treatment

Total biomass
(t DM/ha)

Grain yield
(t DM/ha)

Grain protein
(%)

Harvest
Index

Reference treatments
Control
Deep rip
Poultry litter

12.6
14.9
22.0

6.45
6.55
9.55

11.3
10.7
13.2

0.52
0.44
0.43

Straw treatments
Straw
½straw/½poultry-litter
Straw/½NPK
Straw/¼NPK

14.1
13.0
13.8
14.0

6.85
6.55
6.93
6.75

11.1
11.3
11.7
10.7

0.49
0.50
0.46
0.48

LSD (P=0.05)
Probability
Significance
CV (%)

5.25
0.01
*
30

2.70
0.15
ns
28

1.47
0.03
*
10

0.11
0.26
ns
16

‘ns’ stands for not significant (P>0.05) whereas * indicates that means differed with a probability of <0.05.

Table 4.7 The effect of treatments on the components of grain yield at crop maturity in 2010.
Treatment

Ears
(/m²)

Grains
(/ear)

Grain No.
(No./m²)

Grain wt.
(mg/grain)

Reference treatments
Control
Deep rip
Poultry litter

330
417
622

46.5
43.0
43.5

15,502
17,591
26,833

39.0
36.8
35.5

Straw treatments
Straw
½straw/½poultry-litter
Straw/½NPK
Straw/¼NPK

396
393
464
458

46.7
41.7
41.0
41.0

18,729
16,393
19,057
18,650

37.2
35.5
39.0
36.0

129
0.006
**
27

6.3
0.29
ns
11

6,140
0.02
*
26

3.50
0.21
ns
6.80

LSD (P=0.05)
Probability
Significance
CV (%)

‘ns’ stands for not significant (P>0.05) whereas *, and ** indicate that means differed with probabilities of
<0.05 and <0.01 respectively.
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Wheat crop in 2011
Plant growth and nutrient uptake by shoots at anthesis
Tillers density and shoot biomass yield (t DM/ha) at anthesis were not affected by the treatments in
2011 (Table 4.8). Tiller numbers were high and generally exceeded 600 tillers per m², reflecting
successful establishment on the mini-raised beds for this third sowing attempt.

Table 4.8 The effect of treatments on number of tillers and DM biomass at anthesis in 2011.
Treatment

Tiller number
(Number/m²)

Shoot biomass
(t DM/ha)

Reference treatments
Control
Deep rip
Poultry-litter

694
686
600

4.99
4.69
5.20

Straw treatments
Straw
½straw/½poultry-litter
Straw/½NPK
Straw/¼NPK

648
692
619
714

4.92
4.83
4.96
4.47

LSD (P=0.05)
Probability
Significance
CV (%)

98
0.18
ns
10

1.25
0.64
ns
10

‘ns’ stands for not significant with a probability of >0.05.

The uptake of nutrients (N, P, K and Mg) by the wheat shoots at anthesis in 2011 was not affected by
treatments (Table 4.9). However, the ½straw/½poultry-litter increased Ca uptake by shoots of wheat
plants. The Ca uptake by plants with ½straw/½poultry-litter was slightly more than the plants with
straw/½NPK. Overall, all treatments doubled Ca uptake by plants compared with deep rip.
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Table 4.9 The effect of treatments on nutrient uptake by wheat shoots at anthesis in 2011.
Treatment

Nutrient uptake by plants (kg/ha)
N

P

K

Ca

Mg

Reference treatments
Control
Deep rip
Poultry-litter

54.2
52.5
53.3

13.0
10.1
11.6

112
82
102

9.6
5.5
10.2

7.30
6.95
6.70

Straw treatments
Straw
½straw/½poultry-litter
Straw/½NPK
Straw/¼NPK

77.8
58.6
57.8
48.8

13.3
13.4
12.9
11.8

111
114
105
95

10.1
12.6
12.1
11.1

6.90
7.10
7.15
5.95

LSD (P=0.05)
Probability
Significance
CV (%)

12
0.66
ns
14

2.65
0.15
ns
16

25
0.16
ns
17

3.65
0.01
*
32

1.70
0.69
ns
15

‘ns’ stands for not significant (P>0.05) whereas * indicates that means differed with a probability of <0.05.

Yield and yield components at crop maturity
Poultry-litter resulted in significant increases in total shoot biomass (t DM/ha) and grain yield (t/ha) of
the wheat crop at crop maturity, compared to all other treatments except the straw treatments. Poultrylitter boosted shoot biomass by 2.75 t DM/ha and 1.95 t DM/ha, and grain yield by 1.30 t/ha and 1
t/ha over the control and deep rip respectively (Table 4.10). Nonetheless, harvest index (HI) and
protein concentration in grains were not affected by the treatments. The coefficients of variation for
the data, 2011 were considerably smaller than those in 2010 (Tables 4.6, 4.10).
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Table 4.10 The effect of treatments on shoot biomass, grain yield, grain protein, and harvest index
(HI) at maturity of wheat plants in 2011.
Treatment

Shoot biomass
(t DM/ha)

Grain yield
(t/ha)

Grain protein
(%)

HI

Reference treatments
Control
Deep rip
Poultry-litter

8.56
9.36
11.32

4.24
4.57
5.54

9.90
9.50
8.97

0.50
0.49
0.49

Straw treatments
Straw
½straw/½poultry-litter
Straw/½NPK
Straw/¼NPK

10.32
9.87
8.77
9.95

5.08
4.87
4.19
4.87

9.53
9.62
9.66
9.38

0.49
0.49
0.48
0.49

1.25
0.004
**
12

0.65
0.006
**
13

0.59
0.13
ns
4.61

0.10
0.62
ns
2.90

LSD (P=0.05)
Probability
Significance
CV (%)

‘ns’ stands for not significant (P>0.05) whereas ** indicates that means differed with a probability of <0.01.

Poultry-litter again resulted in the largest number of ears and grains per m² at maturity (Table 4.11).
The straw treatment resulted in the second largest number of ears and number of grains per m². Other
yield components including, number of grains per ear and grain weight were not affected by the
treatments.
Table 4.11 The effect of treatments on the components of grain yield at crop maturity in 2011.
Treatment

Ears
(/m²)

Grains
(/ear)

Grains
(/m²)

Grain weight
(mg)

Reference treatments
Control
Deep rip
Poultry-litter

588
557
727

21.2
24.2
22.7

12,456
13,340
16,434

33.9
33.9
33.8

Straw treatments
Straw
½straw/½poultry-litter
Straw/½NPK
Straw/¼NPK

689
635
617
654

22.4
22.7
20.7
22.5

15,294
14,167
12,766
14,704

33.6
34.3
33.6
33.8

62
<0.001
***
10

3.40
0.47
ns
10

1615
0.001
**
12

2.35
0.37
ns
4.20

LSD (P=0.05)
Probability
Significance
CV (%)

‘ns’ stands for not significant (P>0.05) whereas **, and*** indicate that means differed with probabilities of
<0.01 and <0.001 respectively.
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Wheat crop in 2012
Plant growth response at anthesis
There were minimal effects of the amendments and treatments on wheat growth at anthesis in 2012.
The significant result was the high N uptake with the straight straw and deep rip treatments compared
to the control (Table 4.12).

Table 4.12 The effect of treatments on plant height, tiller number, nitrogen uptake and shoot biomass
of wheat plants at anthesis in 2012.
Treatment

Plant height
(cm)

Tiller numbers
(No/m²)

Nitrogen
(kg N/ha)

Shoot biomass
(t DM/ha)

Reference treatments
Control
Deep rip
Poultry-litter

82.5
86.0
86.0

1038
1037
1092

188
234
151

17.8
20.7
17.7

Straw treatments
Straw
½straw/½poultry-litter
Straw/½NPK
Straw/¼NPK

86.0
85.5
90.0
88.2

1092
1028
1072
1199

258
217
206
200

21.1
17.4
18.6
20.1

LSD (P=0.05)
Probability
Significance
CV (%)

5.95
0.26
ns
4.90

214
0.68
ns
12

44
0.02
*
13

3.85
0.24
ns
13

‘ns’ stands for not significant (P>0.05) whereas * indicates that means differed with a probability of <0.05.

Similarly there were no treatment differences at anthesis for the dry masses of flag leaf or the leaf
below the flag leaf termed the penultimate leaf. The differences in the dry mass of these two leaves
were minimal across the treatments (Table 4.13).
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Table 4.13 The effect of treatments on the mass of the flag leaf, and the leaf below the flag leaf of
wheat plants at anthesis in 2012.
Leaf mass (mg DM/leaf)

Treatment

Flag leaf

Penultimate leaf

Reference treatments
Control
Deep rip
Poultry-litter

134
127
149

136
142
151

Straw treatments
Straw
½straw/½poultry-litter
Straw/½NPK
Straw/¼NPK

145
143
144
159

147
149
145
158

LSD (P=0.05)
Probability
Significance
CV (%)

23
0.16
ns
13

21
0.50
ns
10

‘ns’ stands for not significant (P>0.05).

Yield and yield components at maturity
There were no treatment differences in total shoot biomass, final grain yield, or grain protein
concentration or in harvest index for the Revenue wheat in 2012. The grain yields were surprisingly
high for this dryland crop that was grown on duplex soil, with dense clay subsoils with grain yields
exceeding 12.7 t/ha across the site. Nevertheless, the grain protein concentrations were low ranging
from 7.6 to 8.7%, reflecting the high grain yields (Table 4.14).
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Table 4.14 The effect of treatments on total shoot biomass, grain yield, grain protein (%), and HI at
crop maturity in 2012.
Treatment

Total shoot biomass

Grain yield

Grain protein

Harvest Index

(t DM/ha)

(t/ha)

(%)

Reference treatments
Control
Deep rip
Poultry-litter

25.8
27.4
27.4

13.2
12.7
13.7

8.17
8.52
8.00

0.51
0.46
0.50

Straw treatments
Straw
½straw/½poultry-litter
Straw/½NPK
Straw/¼NPK

26.3
27.7
26.8
31.1

12.7
15.2
12.7
17.0

8.52
8.73
7.59
7.75

0.47
0.55
0.47
0.55

LSD (P=0.05)
Probability
Significance
CV (%)

7.50
0.74
ns
19

4.25
0.24
ns
23

0.86
0.23
ns
30

0.11
0.15
ns
12

‘ns’ stands for not significant with a probability of >0.05.

Yield components reflected the high grain yields, and did not differ greatly between treatments.
However, the straw/¼NPK amendment resulted in significantly more grains per ear and grains/m²
than the straight straw treatments (Table 4.15).

Table 4.15 The effect of treatments on the components of grain yield at crop maturity in 2012.
Treatment

Ear number
(No./m²)

Grain number
(No/ear)

Grain number
(No./m²)

1000 grain
(mg/grain)

Reference treatments
Control
Deep rip
Poultry-litter

543
548
576

48.7
47.3
51.3

26,495
26,317
29,450

49.9
48.0
47.0

Straw treatments
Straw
½ straw/½poultry-litter
Straw/½NPK
Straw/¼NPK

564
589
538
614

45.2
51.1
48.1
54.0

25,715
29,961
26,028
33,373

48.1
51.8
48.8
51.8

LSD (P=0.05)
Probability
Significance
CV(%)

73
0.20
ns
9

7.7
0.02
*
12

6055
0.01
*
18

7.8
0.85
ns
10

‘ns’ stands for not significant (P>0.05) whereas * indicates that means differed with a probability of <0.05.
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Discussion
Poultry litter was the subsoil amendment that resulted in the largest growth and yield responses by
wheat plants in the first and second crops, in 2010 and 2011. The growth of the crop at anthesis in
2010 was significantly greater than all other treatments, with greater biomass, and larger flag leaves
than all other treatments (Table 4.3, 4.4). At crop maturity in 2010, the poultry litter resulted in a
grain yield, which was 48 % above the control, but because of bird damage at maturity the higher
yield did not differ significantly from the control yield. In the following year in 2011, after the very
late establishment of the wheat crop, there were no significant differences in crop growth at anthesis
(Table 4.8) and low grain yields occurred at crop maturity. Nevertheless poultry litter still produced
the highest grain yields that significantly exceeded those from all other treatments apart from the
straw treatment (Table 4.11). Clearly, the poultry-litter amendment was superior to all straw
treatments in terms of growth response in the first two years of this experiment. This could be
attributed to significantly enhanced nutrient supply from the poultry-litter (Table 4.5).

There were no benefits to the third wheat crop from any treatments in 2012. This lack of benefits from
the various subsoil amendments is not consistent with other subsoil manuring trials in other sites,
where the yield benefits from the subsoil manuring intervention continued into the 3rd crop (Sale et
al., 2012a) and into the 4th crop ( P.Sale, personal communication). It is difficult to explain why there
were no continuing benefits, with the subsoil manuring intervention, particularly with poultry-litter.
However, I speculate that it could have resulted either from the unique properties of the clay subsoil at
the Bundoora site, or the method of incorporation of the amendments with the trencher rather than a
deep ripper. Alternatively, another possible reason may be the loss of nitrogen in the form of nitrogen
gas (N2) to the atmosphere through the process of denitrification under the frequent waterlogged
conditions of the experimental paddock during the three year period. In addition, due to the high
hydraulic conductivity in Bundoora, leaching losses to the environment may occur, and this might
constitute a potential environmental problem.

The grain yields of the wheat crop varied over the three years of this field experiment. In 2010, the
grain yield was in the range of 5-9 t/ha with no significant differences between the treatments. The
crop was sown in late June but rainfall and wet conditions led to variable crop establishment as
seedling emergence was affected by the wet seedbed conditions and waterlogging. This argument is
supported by McCallum et al. (2004) who ascribed poor seedling establishment to waterlogging
induced by a shallow water table. The effect of waterlogging on early vegetative growth stage is more
severe than the late vegetative growth stage. Belford et al. (1985) and Malik et al. (2002) reported a
significant reduction in tiller numbers in plants under waterlogged conditions whereas Belford (1981)
and Zhang et al. (2004) documented reduced yield as a result of production of ears per unit area. They
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attributed the reduction in grain numbers to increased numbers of sterile spikelets. This resulted in
variable DM yield at anthesis with a large coefficient of variation of 28%. The nutrient uptake data
was even more variable with coefficient of variation exceeding 40%. The variable plant growth and
the bird damage during late grain-fill despite the protection measures meant that there were no
significant differences in grain yield in 2010 despite 48% more grain yield with the poultry-litter
amendment over the control (Tables 4.6, 4.7). In contrast, the grain yield in 2011 ranged from 3-5 t/ha
was significantly different across the treatments. This time the crop was established in the first week
of August after the third attempt, by growing the crop on mini-raised beds of nutrient-rich potting
mix. This resulted in uniform crop growth with a large reduction in the coefficient of variation
(viz.13%) leading to significant differences between the treatments, where poultry-litter produced 5
t/ha which was significantly different from control and the deep rip treatment. The low shoot biomass
at crop anthesis resulted from the short vegetative growth period due to the late crop establishment on
the 5th of August which reduced the time available for the crop growth phases, and reduced grain
yield. Hocking and Stapper (2001) showed that delay in sowing wheat at a field site in southern NSW
in July, compared to May reduced vegetative growth and time to reach maturity by 20% and wheat
yield by 44%.

Contrary to the low grain yields in 2011, the yields in 2012 were very high across all treatments
producing grain yields in excess of 12.7 t/ha. These high grain yields would require high levels of
nutrients and soil water, and these must have been taken up by the roots of wheat Revenue from the
subsoil. As the soil strength varies with the moisture level then the greater the moisture in soil, the
softer is the soil and vice versa. I speculate that roots of the Revenue irrespective of treatment must
have been able to penetrate the softer subsoil, and utilise water and nutrients from the subsoil layers
in 2012 and this must have enabled the Revenue to produce such a high grain yield. In addition, in the
Bundoora site, the macroporosity of subsoil is not limiting root growth as it is above a minimum 10%
level (Chapter 5). Macroporosity in the subsoil at the Ballan site in the Gill et al. (2008) was close to
8% (Gill et al., 2009) and was low at other sites under subsoil manuring trials in the HRZ of Victoria.
Thus the high macroporosity in the subsoil at Bundoora site would also contribute to the high grain
yields in 2012, otherwise such high grain yields would not be possible. The physical properties of the
subsoil at this experimental site at Bundoora, therefore, will be examined in Chapter 5.

Conclusions
Poultry-litter amendment produced the highest biomass at crop anthesis in 2010. However, this
amendment due to cockatoo damage to the crop at crop maturity did not result in significantly higher
yields than other treatments. In 2011, after the successful crop establishment on mini-raised beds,
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poultry-litter resulted in low grain yield but significantly higher than the control treatment. In 2012,
high grain yields were obtained but there was no significant difference between treatments.
The straight straw performed as poorly as the control treatment in 2010 and straw-enriched treatments
had a minimal effect on crop growth and grain yields in this first year. The level of nutrient
enrichment with straw/¼NPK was just insufficient, given the low level of nutrient uptake by the
wheat shoots in 2010 and 2011. This suggests that increased levels of nutrient enrichment will be
required. Surprisingly, the beneficial effect of poultry-litter in this field experiment, unlike other trial
sites did not continue into the third year.

70

Chapter 5–Effect of modified straw on the physical properties of the clay
subsoil

Introduction
The first two experimental chapters of this thesis investigated the effectiveness of nutrient-enriched
straw amendments that were incorporated in dense clay subsoil. The first study in Chapter 3 was a
glasshouse column experiment which studied the effect of modified straws on both the shoot and root
growth of wheat plants. The second study was a parallel field trial, which assessed the modified straw
for their effectiveness as subsoil ameliorants on the shoot response of consecutive wheat crops. In
both studies, the performance of straw treatments was inferior to poultry-litter in terms of shoot
response which is an initial requirement in the subsoil amelioration process. The nutrients were added
to the straw as either fertiliser granules or as a dilute solution, at rates equivalent to ¼ or ½ of the
nutrients in the poultry-litter amendment. The outcomes of the two studies cast doubts as to whether
these modified straw would be successful subsoil ameliorants.
This chapter will report on measurements of soil physical properties of the subsoil at the Bundoora
field site in 2012 after the second wheat crop in 2011. The measurements will determine whether the
different amendments that were placed at 30-40 cm in excavated trenches, were able to affect the
properties that include the macroporosity, the saturated hydraulic conductivity, the soil bulk density
and the soil strength of the clay subsoil. Measurements were made using intact cores that were taken
from the subsoil, adjacent to the organic-amended trench-lines. The issue is whether the straw
amendments were able to alter the physical properties of the clay subsoil, and whether they were as
effective in this objective as the poultry-litter amendment.

Materials and methods
Treatments and experimental design
The study was conducted at the site of the field experiment described in Chapter 4. There were seven
treatments, replicated four times in a completely randomised design. Organic amendments were
incorporated on 15 June 2010. The sowing dates for the wheat crops grown in 2010, 2011 and 2012
were 24 June, 5 August and 10 May respectively. Likewise, final harvest dates for 2010, 2011 and
2012 were 4 January 2011, 29 December 2011 and 11 December 2012 respectively. For more details,
see Chapter 4.
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Soil sampling
In the first week of April 2012, a power-operated auger was used to remove soil to a depth of 30 cm.
Genuinely intact cores were then collected from the subsoil at a 30-40 cm depth using an intact core
sampler which retained the cores in brass rings (63 mm long and 72 mm in diameter) (Plates 5.1, 5.2).
Visual observations were made and no notable changes in the properties of the soil were recorded.
Two cores were taken 30 cm away from the trench line in each plot and then wrapped in plastic bags
in plastic containers for transport to the laboratory.

Plate 5.1 Intact core sampler with falling weight.

Plate 5.2 A hole at 30-40 cm depth from which intact soil core has been collected.
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Chemical properties of soils
Chemical and physical properties of the Bundoora and Ballan soils up to 60 cm depth at different
depth increments were also studied for a comparison between the two sites and are reported in (Table
5.1). The soil samples from 0-10cm (topsoil) and 30-60 cm (subsoil) at Bundoora were collected
using a small excavator in 2010 from a paddock adjacent to the field experiment (Chapter 4). The soil
samples at other depths at the Bundoora site were collected in 2013 by digging a pit up to a depth of
60 cm with a shovel and crow bar. In contrast, soil at Ballan was collected in intact cores using an
intact core sampler in 2006 (Gill et al., 2009).
Soil pH and electrical conductivity-EC (dS/m): were measured with a combination pH and
conductivity electrode after extraction in deionised water (1:5 w/v soil solution ratio) for 1 h
(Rayment and Lyons, 2011). After measuring the water pH and EC, calcium chloride solution was
added to the soil solution to the equivalent of 0.1M and thoroughly mixed for 10 minutes and then the
calcium chloride pH was measured.
Exchangeable cations - Ca, Mg, K, Na (cmol/kg ): Soil was extracted at a ratio of 1:10 with 0.1M
NH4Cl/0.1M BaCl2 for 2 hours. Exchangeable cation concentrations of the extracts were then
determined by Inductively Coupled Plasma (ICP) Spectroscopy (Rayment and Lyons, 2011).
Soil nitrate and ammonium N (mg/kg): The soil was extracted with a 2M potassium chloride solution
for 1 hour at 25 0C. The soil solution after dilution was measured on a Lachat Flow Injection
Analyser. Ammonium and nitrate N were measured colorimetrically at 630 nm with the indo-phenol
blue reaction (Rayment and Lyons, 2011).
Colwell P and K (mg/kg): A soil to solution ratio of 1:100, soils was extracted with 0.5 M sodium
bicarbonate solution adjusted to pH 8.5 for 16 hours. The acidified extract was treated with
ammonium molybdate/antimony trichloride reagent and the resulting colour complex with P was
measured colorimetrically at 880 nm using a discrete analyser whereas the K in the extract was
determined with a flame atomic absorption spectrophotometer at 766.5 nm (Colwell, 1965; Rayment
and Lyons, 2011).
Organic carbon (%): In the Walkley Black (1934) method concentrated sulfuric acid was added to
soil wetted with dichromate solution. The chromic ions produced were proportional to oxidised
organic carbon and were measured colorimetrically at 600 nm on a plate reader and then the heat of
the acid-based reaction was used to induce oxidation of soil organic matter.
Physical measurements
Macroporosity in soil samples was measured as follows. The intact soil cores were covered with a
cloth mesh at their base, and then placed for 3 days in a sand tray containing water at a depth of 3 cm
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above the sand. This procedure minimised the likelihood of air entrapment at the point of saturation at
the base of the cores. The saturated cores were taken and weighed. They were then placed on hangingcolumn tension tables and were drained at a tension of -10kPa (Plate 5.3). After 3 days, their weights
were recorded. Macroporosity was determined as the difference in volumetric water content between
saturation and at -10 kPa.

Plate 5.3 Intact cores on hanging column tension table.

The amount of water held in soil at – 1.5 MPa was determined by the WP4-T Dewpoint
PotentiaMeter. Each sample was slowly dried from saturation, and soil matric potential was measured
with the Dew Point PotentiaMeter until it reached -1.5 MPa. The samples were weighed then dried in
the oven at 105 °C for 24 h, and the dry weights were taken to calculate the soil water content at -1.5
MPa. The Saturated hydraulic conductivity (Ksat) was measured by the constant-head method (Klute
and Dirksen, 1986). In this method, water was allowed to move through the saturated soil cores under
a steady state head condition. Special attention was paid to ensure bypass flow at the edges of the
cores did not occur during these measurements of the hydraulic conductivity (Plates 5.4, 5.5). The
volume of water flowing through the soil sample was recorded over a period of time. Measurements
of the volume (Q) of water measured, the length (L) of specimen, cross-sectional area (A) of the
specimen, the time (t) required for the volume of water (Q) to be discharged, and head (h), enabled the
hydraulic conductivity to be calculated using the equation (Ks = QL/Aht).
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Soil strength was measured using a penetrometer at different water contents until all soil samples had
a soil strength in excess of 2 MPa. At this soil strength, the soil cores were weighed before drying
them at 105 0C for 24 hours and then the gravimetric metric water content was calculated. Bulk
density was calculated from the dry soil weight divided by the volume. Field capacity was measured
as volumetric water content at -10 KPa.The Least limiting water range (LLWR) was calculated as the
difference in volumetric water content with the upper limit being taken as the soil volumetric water
content at 10% macroporosity (if the macroporosity exceeded 10%, then the upper water content was
field capacity) and the lower limit was taken when soil strength reached 2 MPa (da Silva and Kay,
1997).

Plate 5.4 Intact core after a steady head condition.

Plate 5.5 Intact core sample being prepared for constant-head method.
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Table 5.1 Initial chemical and physical properties of the soils at different depths of Bundoora and Ballan sites.

Experimental
Site

Depth
(cm)

pH
(CaCl2)

EC(1:5)
dS/m

Organic
C (%)

Nitrate
N(mg/kg)

Colwell P
(mg/kg)

K
(mg/kg)

Clay
(%)

Silt
(%)

Sand
(%)

Exc. Sodium
Percentage (%)

Exc. Cations
(cmol/kg)

Bundoora

0-10
10-20
20-40
30-60
40-60

4.9
4.7
4.8
5.6
6.7

0.09
0.06
0.04
0.12
0.17

3.04
1.83
1.09
0.83
0.68

1
<1
<1
10
<1

50
37
20
7
8

175
83
65
131
116

34.7
43.3
47.3
55.9
54.3

18.5
20.8
19.6
18.0
17.8

46.7
35.8
33.0
25.9
27.8

6.3
8.2
10.2
17.4
11.5

7.2
5.0
4.8
11.3
11.8

Ballan*

0-10
10-20
20-40
40-60

5.2
7.2
5.7
5.7

0.10
0.24
0.08
0.07

2.29
3.81
2.54
2.08

7
17
7
3

12.9
14.7
17.1
20.3

18.6
23.8
24.6
25.7

55.0
58.0
61.0
64.0

Ballan* indicates data from Ballan trial site by Gill et al. (2008).
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Statistical analyses
The data were analysed by the analysis of variance using SPSS 19.0 for Windows. The LSD values
were calculated at (P=0.05). Data were checked for normality and homogeneity tests to ensure that
they were normally distributed, and that there was homogenous variance between treatments.
Coefficients of variation for the data were calculated to discern experimental variation in the data.

Results
Means for all the subsoil physical properties did not differ significantly for the 7 treatments (Table
5.2). The properties included bulk density, macroporosity, total porosity, saturated hydraulic
conductivity, least limiting water range (LLWR), soil moisture content(v/v %) at -0.01 MPa, -1.5 MPa
and 2 MPa soil strength.

Table 5.2 The significance of treatment effects when crop measurement data in 2012 were subjected
to analysis of variance.
Subsoil physical properties

Treatment effect

Physical properties
Bulk density (g/cm3)
Hydraulic conductivity (mm/h)
Macroporosity (%)
Total porosity (%)
Least limiting water range (v/v%)

ns
ns
ns
ns
ns

Soil moisture (v/v%)
-0.01 MPa
-1.5 MPa
at 2 MPa soil strength

ns
ns
ns

‘ns’ indicates means did not differ significantly with a probability of > 0.05.

Subsoil physical properties
All clay cores had a high bulk density in excess of 1.45 g/cm3, and quite high hydraulic conductivity
and differences between treatments did not differ significantly. Similarly, the lowest saturated
hydraulic conductivity exceeded was15.0 mm/h with the ½straw/½poultry-litter treatment, with no
significant differences between treatments. However, the coefficient of variation was particularly high
for the saturated hydraulic conductivity measurements (Table 5.3).
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Table 5.3 The effect of amendments on bulk density and saturated hydraulic conductivity at 30-40
depth in 2012.
Treatment

Bulk density
(g/cm3)

Saturated hydraulic conductivity
(mm/h)

Reference treatments
Control
Deep ripped
Poultry-litter

1.61
1.49
1.45

18.7
19.7
18.2

Straw treatments
Straw
½straw/½poultry-litter
Straw/½NPK
Straw/¼NPK

1.52
1.51
1.45
1.54

27.5
15.0
18.2
27.7

LSD (P=0.05)
Probability
Significance
CV(%)

0.20
0.67
ns
12

1.05
0.96
ns
128

‘ns’ indicates means did not differ significantly with a probability of > 0.05.

The amendments added to the subsoil at Bundoora did not affect the macroporosity or the total
porosity in the 30-40 cm subsoil. Nevertheless, all the clay cores had macroporosity in excess of 10%
which is the critical value required for root growth in soil (Table 5.4).
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Table 5.4 The effect of amendments on macroporosity and total porosity at 30-40 depth in 2012.
Treatment

Macroporosity (%)

Total Porosity
(%)

12.7
15.1
12.6

55.3
63.9
62.4

14.7
13.5
10.6
16.6
3.85
0.08
ns
30

61.0
54.4
60.3
64.6
8.55
0.12
ns
16

Reference treatments
Control
Deep ripped
Poultry-litter
Straw treatments
Straw
½straw/½poultry-litter
Straw/½NPK
Straw/¼NPK
LSD (P=0.05)
Probability
Significance
CV(%)

‘ns’ indicates means did not differ significantly with a probability of > 0.05.

The amendments added to the subsoil had no significant effect on the least limiting water range.
However, the least limiting water range was in the range of 7.8-12.4 v/v% with 7.85 with straw/½
NPK and 12.45 v/v % with poultry-litter. In addition, moisture content (v/v %) at -0.01MPa, -1.5MPa,
and 2MPa soil strength was not significantly affected by amendments either (Table 5.5).
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Table 5.5 The effect of amendments on subsoil physical properties at 30-40 depth in 2012.
Soil moisture (v/v%)

Treatment

LLWR (v/v%)

-0.01MPa

-1.5MPa

at 2MPa soil
strength

Reference treatments
Control
Deep ripped
Poultry-litter

30.6
37.2
37.7

7.83
10.67
10.42

21.6
26.3
25.3

9.0
10.8
12.4

Straw treatments
Straw
½straw/½poultry-litter
Straw/½NPK
Straw/¼NPK

34.5
33.6
36.8
35.3

7.55
7.80
8.25
8.55

23.5
21.6
21.7
21.5

10.9
12.0
7.8
10.8

LSD (P=0.05)
Probability
Significance
CV(%)

10.0
0.65
ns
16

2.65
0.10
ns
23

6.20
0.09
ns
9

8.24
0.83
ns
43

‘ns’ indicates means did not differ significantly with a probability of > 0.05.

Discussion
The burial of 20 t/ha of poultry-litter into 30-40 cm deep trenches in the clay subsoil in June 2010,
had no observed effect on the physical properties of the clay subsoil, collected between the trench
lines, two years later. There were no significant differences (P>0.05) in bulk density, saturated
hydraulic conductivity or macroporosity between any of the treatments of the clay subsoil that was
collected in intact cores. The inability of poultry litter to bring about improvement in physical
properties of the clay subsoil was surprising given the rapid changes in these properties following the
incorporation of a similar amendment in the clay subsoil at the Ballan (Gill et al., 2009). The deep
incorporation of similar organic amendments resulted in consistent increases in crop yield at many
sites, on soils with dense clay subsoils, and these yield increases have been attributed to changes in
the physical properties of the subsoil (Sale et al., 2012a). This lack of response in the subsoil
properties at Bundoora to the deep placement of poultry litter in the clay subsoil indicates that subsoil
manuring technology may depend on the nature of the clay subsoil at the site, or on the way in which
the intervention was undertaken.
One possible reason why there was no change in subsoil properties could be attributed to the method
used to incorporate poultry-litter at the Bundoora site. At Ballan, and all other subsoil manured sites
referred to by Sale et al. (2011,2012a, 2012b), a deep ripper was used for incorporating the
amendments into the rip lines, whereas at Bundoora in 2010 the soil profile had set hard, and the deep
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ripper could not penetrate into the deeper clay layers with the tractor that was available. So a trencher
was used at Bundoora to make trenches in which the amendments were buried. At Ballan the use of
the deep ripper was likely to have caused some shattering in the subsoil, enabling some of the poultry
litter amendment to enter some of the shatter-cracks that were formed in the clay subsoil (Gill et al.,
2008). These cracks are likely to have provided entry points in the clay for roots to penetrate and
extract water, providing more space for roots entry due to some shrinkage of the clay. Gill et al.
(2009) suggested that the concentration of the organic amendment and the root proliferation through
the amended clay layer, in response to the high levels of the nutrient supply plus deep subsoil water
and adequate aeration, stimulated microbial activity which led to aggregation of the clay soil. This in
turn increased macroporosity and saturated hydraulic conductivity, and reduced subsoil bulk density
(Gill et al., 2009). In contrast, when the trencher was used, the sides of the trench in the subsoil
tended to be smeared by the moving chain which removed the soil from the trench, leaving smooth
surfaces on the side of the trench. This meant that there were no cracks for amendments or plant roots
to penetrate along the side walls of the trench in the clay subsoil. This could possibly explain why
subsoil manuring was not able to cause improvements in the physical properties of the subsoil in this
site compared to Ballan in 2005.
The high soil strength of the subsoil matrix at the Bundoora site might be another factor responsible
for the difference between the two sites. The data (Table 5.5) indicate that as the subsoil dries from
the volumetric water content of around 30-37 (v/v%) at field capacity to 21-26 (v/v%), then the
penetrometer resistance increases above 2 MPa. This will limit further root growth, even though the
volumetric water content is well above wilting point at -1.5 MPa. Thus the subsoils at Bundoora have
small least limiting water range (LLWR) values which mean that root growth will be restricted to a
limited range of soil moisture contents. This will restrict root growth and in turn will limit changes in
subsoil physical properties given that prolific root growth is considered to be a major contributor for
changes in the physical properties of a soil (Gill et al., 2009, Tisdall and Oades, 1979; Reid and Goss,
1981; Monroe and Kladviko, 1987; Young, 1998; Czarnes et al. 2000). Thus, there is only a portion
of the water in the clay subsoil at field capacity that can be taken up by the plant roots before the
drying soil becomes too strong with a penetrometers resistance of 2 MPa. At this soil strength, the soil
is too strong for root penetration (Taylor et al., 1966; Ehlers, 1983; Taylor, 1983; Klepper, 1990;
Campbell and Henshall, 1991; Atwell, 1993; Benjamin et al., 2003). This means that for subsoil
manuring to be effective in improving the physical properties in the subsoil at the Bundoora, the
intervention would need to take place when the subsoil is relatively moist. Ideally, this would occur
when moisture content is close to field capacity, which will allow for significant root growth and soil
water extraction-before the subsoil is dried out and becomes too strong for root growth.
There are further differences in the physical properties of the subsoil between the Bundoora and the
Ballan sites. For example, at the Bundoora site the control treatment has much higher macroporosity
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(12.7 %) at 30-40 cm depth compared to the same treatment at the same depth at Ballan which was
around 8%. This macroporosity in the amended clay subsoil at Bundoora exceeds the critical 10%
required for root growth (Glinski and Lipiec, 1990; Engelaar and Yoneyama, 2000; Gill et al., 2009).
The differences in macroporosity between Bundoora and Ballan sites are hard to explain. However, I
speculate that these differences may be due to the larger sand and silt fraction and to the smaller clay
fraction in Bundoora subsoil (Table 5.5).
Another key subsoil difference that exists between the two sites is the saturated hydraulic conductivity
(Ksat). The control treatment at Bundoora site at the 30-40 cm depth, has a much higher saturated
hydraulic conductivity of 18.7 mm/h (Table 5.3) than the control treatment at Ballan which was
around 10.0 mm/h. In fact, the saturated hydraulic conductivity in the Bundoora subsoil layer was
similar to the 20.0 mm/h which was measured in the Ballan subsoil following subsoil manuring with
dynamic lifter amendment (Gill et al., 2009). Although all the Ksat mean values for treatments were
quite high >15.0 mm/h, there was a substantial variation around the means with a CV of 129 %. One
possible explanation for the differences in saturated hydraulic conductivity between the two sites
despite having a similar bulk density 1.6 g/cm3 may be attributed to the higher macroporosity (12.7%)
for the control treatment at Bundoora compared to the subsoil of control treatment at the Ballan which
had macroporosity less than 10%. The differences in conductivity between Bundoora and Ballan sites
are difficult to explain. However, I can speculate that these differences may be due to different
minerals, and the sand and silt fractions in the Bundoora subsoil compared to the Ballan subsoil.
The high grain yields in 2012 at Bundoora occurred without any improvements in physical properties
of the subsoil from the subsoil manuring treatments (Chapter 4). These yields in all plots at Bundoora
in 2012 were in excess of 13 t/ha and were generally similar to the high wheat yields (Gill et al.,
2008) in the subsoil-manured plots at Ballan in 2005 (11-13 t/ha). The high grain yields at Bundoora
without subsoil manuring were possible because of the higher inherent macroporosity in the clay
subsoil, compared to the subsoil at Ballan. This means that there would be sufficient aeration with
oxygen diffusion through the Bundoora soil subsoil layers to enable roots to grow deep into the
subsoil. In addition, it appears that the clay subsoil at Bundoora was moist and soft enough at the
time when the roots were extending downwards, to enable the roots to penetrate into the deep clay
layers so that they could have access to soil water and nutrients in the subsoil. Thus large grain yields
on this duplex soil at Bundoora are possible without any need to overcome low macroporosity, as
macroporosity is not an issue at this subsoil. In contrast, the low macroporosity (around 8%) in the
subsoil at Ballan means that high grain yields are dependent on subsoil manuring technology, to
overcome the low macroporosity which will limit root growth in the untreated subsoil layers at this
site.
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Conclusions
The dense subsoil of Bundoora did not undergo any changes in the subsoil physical properties with
the incorporation of high rates of poultry-litter in trenches that extended downward into the subsoil. It
appears that this subsoil is different to other subsoils at the high rainfall zone (HRZ) of southern
Australia at sites mentioned by Sale et al. (2012a). This difference between the subsoil at Bundoora
and other subsoils across the HRZ, seems to be related to some unique physical features .This subsoil,
in particular, has inherently higher macroporosity and saturated hydraulic conductivity which could be
due to the larger sand and silt fraction and to the smaller clay fraction in Bundoora subsoil. Given that
root proliferation in the clay subsoil is an important requirement to gain the benefits from subsoil
manuring (Gill et al., 2008, 2009) then it is likely that the lack of such proliferation in the 2010 and
2011 crop at Bundoora was most likely the reason for the lack of changes in physical properties in the
clay subsoil.

83

Chapter 6–Increased nutrient enrichment of straw and its impact on wheat
growth response and soil physical properties

Introduction
The results of the three preceding chapters of this thesis indicate that the modified straw amendments
were unable to perform as subsoil amendments as well as the poultry-litter amendment. Shoot
responses by wheat plants when the modified straw was incorporated in the clay subsoils were less
than those for poultry-litter. In addition, their effects on physical properties of subsoil were
inconclusive, as all amendments including poultry-litter, used at Bundoora field site, were unable to
modify the physical properties of the clay subsoil.
These results from the earlier chapters have led to a change in the approach taken to modify the
straws. The first approach has been to increase the level of nutrient enrichment of the straws with
nutrients being added to the chopped straw pieces in concentrated solutions. In this way the straw
pieces will be mixed uniformly with concentrated liquid nutrients and will become impregnated
evenly with absorbed nutrients. The straw will in effect become a nutrient carrier. The straw
impregnated with high rates of nutrient will be evaluated in the glasshouse pot experiment that is
documented in this chapter, where it will be mixed with clay subsoil.
An additional approach has been taken to modify the straw amendments in this chapter. This has been
to add chopped shoots of the forage legume lucerne (Medicago sativa), as an additional source of
nutrients. The chopped lucerne pieces will be mixed with the straw pieces before mixing them with
the clay subsoil. Like straw, lucerne is as an additional source of plant material that can be grown on
grain farms in the HRZ, and could be used to mix with crop residues. Lucerne shoots would be
available in summer, along with the residues of cereal crops that are generally harvested in December,
and so green-chop lucerne could be available for use as a subsoil ameliorant.
This chapter will report on a glasshouse pot experiment where different straw amendments are added
to the clay subsoil from the Bundoora field site. The performance of the amendments will be assessed
in terms of the shoot and root growth of wheat plants grown in the subsoil. In addition, the effects on
soil physical properties, namely the percentage of water stable macroaggregates and the slaking and
dispersion scores of clay aggregates, will be measured in the study. This experiment will test the
hypotheses that the high rate of nutrient enrichment of the straw will increase the shoot and root
growth response of wheat plants, and that increased root growth in the subsoil will be associated with
increased macroaggregation of the clay subsoil and the ability of aggregates to resist slaking in free
water.
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Materials and methods
Experimental design and experimental unit
The glasshouse pot experiment consisted of 16 treatments, laid out in a completely randomised block
design, in four replicated blocks (Plate 6.1). The basic experimental unit was a 10 cm diameter plastic
pot with a sealed bottom containing 1 kg of clay subsoil mixed with 27 g of air-dried wheat straw,
overlain by 200 g of topsoil.

Plate 6.1 Pots with ± wheat plants.

Treatments and nested analyses
The 16 treatments involved combinations of:
(1) two straw sizes (fine straw, chopped to 0.2-0.5 cm pieces and coarse straw, cut into 1-2 cm
pieces);
(2) three forms of nutrient addition (fine lucerne shoots, cut into 0.2-0.5 cm pieces, coarse
lucerne shoots, cut into 1-2 cm pieces, and inorganic N,P,K and S nutrients added in
solution, with all three forms having the same nutrient content);
(3) two rates of nutrient addition ( the half rate and the full rate, with the full rate containing the
nutrients in 27 g of fresh lucerne shoots [ 6 g lucerne DM ], which would equivalent to 20 t/ha
of fresh lucerne shoots on a surface area basis); and
(4) two plant treatments (± 3 wheat plants per pot).
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This grouping of 16 treatments (Table 6.1) enabled two different nested analyses to be undertaken
using two different sets of treatments. Analysis 1 involved the factorial combination of 2 straw sizes
(fine and coarse), 3 forms of nutrient addition (fine lucerne, coarse lucerne and NPKS nutrients), 2
rates of nutrient addition (½ rate and full rate) - all replicated 4 times, with all pots containing 3 wheat
plants per pot. Analysis 2 involved the factorial combination of 2 forms of nutrient addition (fine
lucerne and NPKS nutrients), 2 rates of nutrient addition (½ rate and full rate), and two plant
treatments (± wheat plants) - replicated 4 times with fine straw mixed through the clay subsoil, as the
straw source.

86

Table 6.1 Treatment descriptions and number, nested analyses, lucerne additions, total nutrients added in lucerne and NPKS nutrient solution, and final C: N
ratio in straw.
Number

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Treatments
Straw
size

Nutrient
form

Nutrient Plants
rate
(±)

Coarse
Coarse
Coarse
Coarse
Coarse
Coarse
Coarse
Coarse
Fine
Fine
Fine
Fine
Fine
Fine
Fine
Fine

Coarse L
Coarse L
Fine L
Fine L
NPKS
NPKS
Coarse L
Coarse L
Fine L
Fine L
NPKS
NPKS
Fine L
Fine L
NPKS
NPKS

Half
Full
Half
Full
Half
Full
Half
Full
Half
Full
Half
Full
Half
Full
Half
Full

Plants
Plants
Plants
plants
Plants
Plants
Plants
plants
Plants
Plants
Plants
plants
No plants
No plants
No plants
No plants

Nested
analyses

Added lucerne
(g DM/pot)

1
1
1
1
1
1
1
1
1, 2
1, 2
1, 2
1, 2
2
2
2
2

3
6
3
6
----3
6
3
6
--3
6
---

L indicates lucerne.
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Total nutrients added to the straw
(mg/pot)
N
P
K
S

137
274
137
274
137
274
137
274
137
274
137
274
137
274
137
274

10
20
10
20
10
20
10
20
10
20
10
20
10
20
10
20

75
150
75
150
75
150
75
150
75
150
75
150
75
150
75
150

11
22
11
22
11
22
11
22
11
22
11
22
11
22
11
22

C:N ratio

34.9
23.3
34.9
23.3
34.9
23.3
34.9
23.3
34.9
23.3
34.9
23.3
34.9
23.3
34.9
23.3

All experimental pots contained 27 g of air-dried straw that was mixed through the clay subsoil (see
Figure 6.1). The pots were initially watered by adding water to the bottom of the pot, which resulted
in the water rising by capillarity. It was not possible to have a no-straw control treatment, as the lack
of the straw would have affected the capillary rise of water through the clay subsoil, resulting in
differences in the water regime between the no-straw control and all straw treatments. The air-dried
straw pieces were added at the rate of 27 g and mixed with 1 kg of air-dried clay subsoil. This was
equivalent to the straw/subsoil mixture that would result in a rip-line, when 20 t/ ha of wheat straw is
incorporated in subsoil, in a subsoil manuring intervention, using rip-lines that are 80 cm apart.
Setting up experimental units
The experimental unit used in this experiment was a plastic pot with a 10 cm diameter. In this
experiment two straw and lucerne particle sizes-finely chopped (0.2 - 0.5 cm) and coarsely chopped
(1-2 cm) were used. One kg air-dried clay subsoil was mixed uniformly with 27 g air-dried straw
that had already been impregnated with 40 ml of NPKS solution (high rate ) or 20 ml of NPKS
solution and 20 ml deionised water (low rate ). Likewise, twenty-seven g air-dried straw was mixed
uniformly with 27 g fresh lucerne for high rate or 13.5 g lucerne for low rate, depending on the
treatments. The mixture was then mixed thoroughly with one kg air-dried clay soil and then all
mixtures (treatments) were placed into plastic bags on the inside of the plastic pot, holding a 20- cm
long PVC tube with internal diameter (15 mm) in the middle of each pot. Then 200 g air-dried topsoil
enriched with basal nutrients were added. The nutrient additions (mg) to the topsoil were:
NH2CONH2, 217; Ca(NO3)2, 424 ; KH2PO4, 62 ; K2SO4, 170 ; MgSO4.7H2O, 154. In addition, trace
elements were added (mg pot-1) in 1 ml solution containing MnSO4.H2O, 5; ZnSO4.7H2O, 3.5;
H3BO3, 2.3; CuSO4.5H2O, 1.55; Na2MoO4.2H2O, 0.025. Similarly, the full rate of NPKS addition to
the straw, equivalent to the nutrients in the full rate of added lucerne, contained 587 mg urea
(NH2CONH2), 102 mg NaHPO4, 125 mg K2SO4, 182.5 mg KCl that were all dissolved in 40 ml of
deionised water and mixed with 27 g air-dried straw pieces.
Soil and crop growing conditions
The pot experiment was conducted in a naturally lit glasshouse at Bundoora (37° 42´S, 145° 02 ´E)
between 16 May and 17 July 2011. The mean daily temperature varied from a minimum of 19 0C to a
maximum of 25 0C. The soil was a Hallam loam (Holmes et al., 1940) or which is also termed as
Sodosol by Isbell (2002), and was procured in June 2010 from the paddock where the field trial was
conducted (Chapter 4). The soil was collected at a depth of 0-10 cm for topsoil and 30-60 cm for
subsoil. Basic properties of the soil were shown in Chapters 3 and 5.
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Twelve seeds of wheat (Triticum aestivum L.var. Beaufort) pre-treated with fungicides were handsown. Plants were thinned to 6 plants per pot after 8 days and further thinned to 3 plants per pot on 3
June. A total of 150 g of high density polyethylene (HDPE) beads were spread on the soil surface to
prevent evaporation. Water loss through evaporation from the subsoil through the PVC tube was
further prevented by sealing the tube with a rubber cap (Figure 6.1). All pots were watered with tap
water through the watering tubes to the field capacity twice a week by weighing until 21 June. From
23 June, 30% of water was applied directly to the topsoil and the remaining 70% of water to the clay
subsoil through the PVC tubes, every second day till 30 June and daily thereafter.

Figure 6.1 Diagram of the experimental pot.

Measurements
Plant response
On 17 July 2011 all pots were harvested and the plants were transferred to the laboratory where total
number of tillers and total leaf number per pot were determined. The leaf surfaces were scanned on
an EPSON Eu-35 scanner (Seiko Epson Corp. Japan) and leaf surface area was obtained with WinRHIZO Pro V. 2003 software. The leaves and stems were dried at 70 o C for 3 days and the leaf
weight and total shoot biomass per column were determined.
Roots of all pots were immersed in water for 3 days .The roots were recovered from the soil through
gentle washing using a 2-mm sieve. The roots were then scanned on an EPSON Eu-35 scanner (Seiko
Epson Corp. Japan) and root length, root diameter and root surface area were obtained with Win-
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RHIZO Pro V. 2003 software. The root mass of each layer was then dried at 70 o C for 3 days and dry
root mass per pot was obtained.
Soil measurements
Soil samples for gravimetric moisture content (topsoil and clay soil) and for water stable aggregate,
slaking and dispersion scores (clay soil only) were collected on 17 July 2011. The samples were
transferred to the laboratory where the gravimetric moisture content was determined in a subsample
after drying for 24 hours at 105 0 C. Soil samples for water stable aggregates were air-dried at 25 0 C
in a constant temperature room. The percentage of water stable aggregate sizes in clay subsoil
samples including unamended clay subsoil were determined using a standard wet-sieving apparatus
where 15 g air-dried 5-8 mm crumbs were added to the top of a nest of 4 sieves, and immersed and
immediately shaken in 3.2 L of distilled water for a 20 minute duration with a shaking speed of 74
revolutions per minute (Kemper and Rosenau, 1986). Each nest of sieves consisted of four preweighed sieves with 2 mm, 1 mm, 0.5 mm and 0.25 mm apertures. When wet-sieving was complete,
the sieves were immediately removed from the water, separated and dried at 105 0 C for one hour to
measure the percentage oven-dried soil remaining on the surface of each respective sieve size fraction.
Two-hour slaking and 2-hour dispersion scores were measured by the aggregate stability test in water
(ASWAT) with a modified dispersion test by Love and Pyle (1973). In this experiment the ASWAT
test was slightly further modified, i.e. five minute and 10 minute readings were not included. Instead
only the two-hour slaking and dispersion scores were measured. Three air-dried crumbs of 3-5 mm
from each soil subsample were carefully added to petri dish with distilled water. A score of 0-4 was
assigned for visual assessment with 0 for no slaking and no dispersion, 1 for slight slaking and
dispersion, 2 for moderate slaking and dispersion, 3 for strong slaking and dispersion and 4 for
complete slaking and dispersion. Surprisingly, all treatments were susceptible to the 2-hour dispersion
scores. By adding them to the petri dishes all samples dispersed spontaneously.
Statistical analyses
The plant and soil data for the two nested analyses were subjected to a 2-way factorial analysis of
variance, using Genstat 5. The data were checked to ensure that variances were homogeneous and the
data were normally distributed. Significant first and second order interactions were identified and the
means with LSDs (P=0.05) are presented in the results section.
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Results
Analysis 1
The significant differences between treatments for analysis 1 followed an interesting pattern. Straw
size (S) and the nutrient rate (R) were significant for all measures of wheat response for the shoots
and roots, whereas there was no effect of the nutrient form (N) (Table 6.2) on wheat growth as main
effect. The first order SN and SR interactions were generally significant for wheat response, as was
the second order SNR interaction for all measures of wheat response.

There were fewer significant differences between treatments, either as main effects or interactions, for
the soil measurements in analysis 1 (Table 6.2). Here the rate of nutrient addition (R) had the major
impact on soil aggregation and slaking scores. There was no effect of any treatment on the dispersion
scores in analysis 1.
Shoot response
There were marked differences in the shoot response by wheat plants to the various clay amendment
treatments. There were significant main effect differences with coarse straw producing larger shoots
than the fine straw and higher nutrient addition rates of amendments resulted in larger shoot growth
response than the lower nutrient rates. However, the form of nutrient enrichment for the straw
interacted with straw size and the rate of addition resulting in a highly significant form x straw size x
rate (SNR) interaction (P<0.001). The basis for the interaction was the large shoot biomass of 1853
mg DM/pot with the high rate of coarse straw impregnated with liquid NPKS (Table 6. 3) which was
almost 710 mg DM/pot higher than the high rate of fine lucerne with coarse straw. The reverse
occurred with the fine straw when the high rate of fine lucerne and fine straw produced 645 mg
DM/pot more shoot biomass than the NPKS addition to fine straw.
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Table 6.2 The significance of main effects and interactions terms in Analysis 1, when data were subjected to an analysis of variance.
AOV term

Shoot biomass
(mg DM/pot)

Leaves

N uptake
(mg/pot)

Root biomass
(mg/pot)

Soil aggregation (%)

Number
(No./pot)

Area
(cm²/pot)

***

**

***

*

***

***

ns

*

**

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

Rate (R)

***

***

***

***

***

***

*

***

***

ns

SN

***

ns

**

*

***

ns

ns

ns

*

ns

SR

***

*

***

*

***

*

ns

ns

ns

ns

NR

ns

ns

ns

ns

ns

ns

ns

ns

*

ns

SNR

***

*

*

*

***

ns

ns

ns

ns

ns

Straw (S)
Nutrient ( N)

>2 mm >1 mm >0.25 mm

2-hour scores
Slaking

‘ ns’ stands for not significant (P>0.05) whereas *,**, and *** indicate that means differed with probabilities of <0.05, <0.01 and <0.001 respectively.
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Dispersion

Table 6.3 The effect of nutrient form, nutrient rate and straw size on shoot dry matter (mg DM/pot) of
wheat plants, in Analysis 1.
Fine straw

Nutrient form

Fine lucerne
Coarse lucerne
NPKS
LSD (P=0.05)

Coarse straw

Low rate

High rate

Low rate

High rate

(50%)

(100%)

(50%)

(100%)

283
348
368

1118
653
473

325
388
445

1143
1288
1853

for SNR interaction

257

A similar result to the shoot biomass response occurred with the number and area of the leaves
produced by wheat plants. Again, there were significant increases with the coarse straw over the fine
straw and the high rate over the low rate of nutrient addition to the straw amendments (Table 6.4 and
Table 6.5). In addition, the SNR interactions for both leaf number and area were significant (P< 0.05).
Again, the interaction resulted from the increase in leaf growth with NPKS enriched coarse straw at
the high rate compared to the fine lucerne added to the coarse straw, whereas fine lucerne added to
fine straw produced greater leaf growth than the addition of NPKS nutrients to the fine straw.

Table 6.4 The effect of nutrient form, nutrient rate and straw size on the leaf number (number/pot) of
wheat plants, in Analysis 1.
Nutrient form

Fine straw
Low rate

Fine lucerne
Coarse lucerne
NPKS
LSD (P=0.05)

Coarse straw

High rate

Low rate

High rate

(50%)

(100%)

(50%)

(100%)

19.0
20.0
21.5

28.7
23.7
22.2

20.2
20.7
21.7

27.5
30.2
33.0

for SNR interaction

4.70
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Table 6.5 The effect of nutrient form, nutrient rate and straw size on the leaf surface area (cm²) of
wheat plants, in Analysis 1.
Nutrient form

Fine lucerne
Coarse lucerne
NPKS
LSD (P=0.05)

Fine straw

Coarse straw

Low rate
(50%)

High rate
(100%)

Low rate
(50%)

High rate
(100%)

7.9
8.5
8.0

18.0
14.1
11.4

8.6
10.8
10.2

19.9
20.6
24.0

for SNR interaction

3.55

Treatment effects on N uptake by the wheat shoots were similar to the effects on shoot biomass and
leaf measurement. The basis for the significant SNR interaction (Table 6.2) was that the impregnated
coarse straw with NPKS at high nutrient rate enabled the wheat plants to take up more N by the shoots
compared to fine and coarse lucerne mixed with the coarse straw at high nutrient rate. The opposite
trend with higher N uptake occurring with fine lucerne combined with fine straw at high rate,
compared to the high rate of NPKS mixed with fine straw (Table 6.6).

Table 6.6 The effect of nutrient form, nutrient rate and straw size on the N uptake by the shoots of
wheat plants (mg/pot) in Analysis 1.
Nutrient form

Fine lucerne
Coarse lucerne
NPKS
LSD (P=0.05)

Fine straw

Coarse straw

Low rate

High rate

Low rate

High rate

(50%)

(100%)

(50%)

(100%)

1339
1812
1795

5406
3104
2518

1505
1263
1651

4194
4808
7506

for SNR interaction

1312

Root growth and morphology
The different amendments mixed through the clay subsoil also affected the roots of the wheat plants
with significant differences in root biomass yield. These increases in root DM/pot were similar to
those for the above ground biomass. Like the shoot biomass, the coarse straw and high nutrient levels,
significantly improved root DM yield over the fine straw and low nutrient level (Table 6.7). In
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addition, the SNR interaction for root DM/pot of the wheat plants was highly significant (P<0.001).
The basis for this interaction was that the coarse straw with the high rate of liquid NPKS outyielded
the root biomass with the high rate of fine lucerne with coarse straw by 234 mg DM/pot of wheat
plants. The opposite effect occurred with the high rate of fine lucerne, with fine straw, which
produced 177 mg more root DM than the liquid NPKS addition to the fine straw.

Table 6.7 The effect of nutrient form, nutrient rate and straw size on root dry matter in clay (mg/pot)
of wheat plants, in Analysis 1.
Nutrient form

Fine straw
Low rate
(50%)

High rate
(100%)

Low rate
(50%)

High rate
(100%)

244
288
298

470
384
293

288
298
301

397
552
631

Fine lucerne
Coarse lucerne
NPKS
LSD (P=0.05)

Coarse straw

for SNR interaction
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Soil physical properties
The addition of amendments to the clay resulted in an increased proportion of water stable aggregates
>2 mm. Both the fine straw and the high rate of nutrients resulted in an increased % of
macroaggregates >2 mm in the clay as highly significant (P<0.001) main effects (Table 6.2, 6.8).
However, the interaction (SR) for large macroaggregates >2 mm was also significant (P=0.05). The
basis for the SR interaction was the doubling of the % macroaggregates >2 mm, with the high nutrient
rate with the coarse straw compared with low nutrient with coarse straw (Table 6.8). This difference
did not occur between low and high rates, with the fine straw.
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Table 6.8 The effect of nutrient rate and straw size on water stable aggregates >2 mm (%) in
Analysis 1.
Straw size

Nutrient rates
Low rate
(50%)

Fine
Coarse

High rate
(100%)

37
20

45
41

LSD (P=0.05) for SR interaction

8.4

Aggregate resistance to 2-hour slaking was also influenced by the amendment treatments in the clay
soil. The main effect differences in the 2-hour slaking scores for both straw size and nutrient rate were
significant (P<0.01) and (P<0.001) respectively as a result of the greater resistance to slaking, and
lower slaking scores occurring with the fine straw compared to the coarse straw (Table 6.9) and with
the high rate of nutrient addition compared to the low rate (Table 6.10). However, there was a
significant nutrient form x straw size interaction, resulting from the 55% reduction in slaking scores
when coarse lucerne was mixed with the fine straw, compared to the coarse straw (Table 6.9). There
was also a significant nutrient form x rate interaction (Table 6.2, 6.10). This resulted from 84%
reduction in slaking scores when NPKS was added to the straw amendment at high rate compared to
the low rate.

Table 6.9 The effect of the form of nutrient addition and straw size on the 2-hour slaking scores in
Analysis 1.
Nutrient form

Fine straw

Coarse straw

Fine lucerne
Coarse lucerne
NPKS

1.50
0.85
1.10

1.50
2.75
1.75

LSD (P=0.05) for SN interaction

0.90
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Table 6.10 The effect of the form of nutrient addition and nutrient rate on the 2-hour slaking scores of
clay aggregates in Analysis 1.
Nutrient form

Fine lucerne
Coarse lucerne
NPKS

Rate
Low (50%)

High (100%)

1.90
2.10
2.50

1.15
1.50
0.40

LSD (P=0.05) for NR interaction

0.90

Analysis 2
The treatments involved in analysis 2 differed from analysis 1, in that there was no coarse lucerne
included as a source of nutrients, but there were plus and minus plant treatments included. In analysis
2 the significantly different terms in the analysis of variance differed from analysis 1 in that the form
of nutrient (N) was consistently significant as main effects for aggregation and slaking measures
(Table 6.11). Similarly, the presence of plants was also significant for the formation of aggregates >2
mm and for the 2-hour slaking scores. In addition, interactions for NP and NPR were also significant
for aggregation. Similar to the findings in analysis 1, there were no significant differences between
treatments for the 2-hour dispersion scores in analysis 2 (Table 6.11)

Table 6.11 The significance of the main effects and interactions terms in Analysis 2 when the data
were subjected to an analysis of variance.
Treatments
Nutrient form (N)
Plants (P)
Rate (R)
NP
NR
RP
NPR

Aggregates > 2 mm
(%)
***
***
*
**
ns
ns
*

2- hour slaking
(scores)
**
*
ns
ns
ns
*
ns

2- hour dispersion (scores)
ns
ns
ns
ns
ns
ns
ns

‘ns’ stands for not significant (P>0.05) whereas *,**, and *** indicate that means differed with probabilities of
<0.05, <0.01 and <0.001 respectively.

The form and rate of nutrient enrichment and the presence of plants markedly affected the formation
of large water stable aggregates >2 mm in analysis 2. There were significant main effect differences
with the form of nutrient where NPKS nutrients resulted in greater macroaggregate formation. Also,
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the presence of plants increased the percentage of macroaggregates >2 mm in the clay compared to no
plants, and the high rate of nutrients increasing macroaggregates >2 mm over the low rate (Table
6.12). In addition, there was a significant form of nutrient by plant interaction (NP) (Table 6.11)
where NPKS nutrients in the absence of plants resulted in greater macroaggregation >2 mm of the
clay than the fine lucerne in the absence of plants (Table 6.11). However, the second order form by
rate by plant interaction (NPR) was also significant (P<0.05). The basis for this was 4-fold increase in
macroaggregates >2 mm to 47.5% with the high rate of NPKS in the absence of plants, compared to
11.8% macroaggregates >2 mm with the high rate of fine lucerne in the absence of plants. A smaller
increase in macroaggregates >2 mm between NPKS and fine lucerne in the absence of plants,
occurred at the low rate of nutrient addition.

Table 6.12 The effect of the form and the rate of nutrients added to fine straw, and the presence of
plant roots, on the percentage of large macroaggregates >2 mm in the clay sample in Analysis 2.
Nutrient form

Fine lucerne
NPKS

Plants

No plants

Low rate
(50% )

High rate
(100%)

Low rate
(50% )

High rate
(100%)

34.3
43.4

48.4
46.1

13.0
30.9

11.8
47.5

LSD (P=0.05) for NPR interaction

13.6

Differences in the 2-hour slaking scores between amendment treatments also occurred in analysis 2.
There were significant main effect differences with NPKS nutrients reducing the 2-hour slaking
scores to a greater extent than the nutrients from fine lucerne (Table 6.13). Likewise, the reduction in
the 2 hour slaking scores in the presence of wheat plants over the no wheat plants was significant
(P=0.05). However, there was a significant plant by rate (PR) interaction (P=0.05). The basis for the
PR interaction resulted from the lower slaking scores with plants with the high rate of nutrient
addition compared to the absence of wheat plants with the high rate of nutrient addition.
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Table 6.13 The effect of rates and straw size on 2- hour slaking scores of clay aggregates
in Analysis 2.
Straw size

Rate
Low rate
(50%)

High rate
(100%)

1.75
1.75

1.00
2.50

Plant
No plant
LSD (P=0.05) for NPR interaction

1.05

Discussion
Effects on wheat growth
Wheat plants growing in the clay subsoil produced a wide range of growth responses to the straw
treatments. In fact there was a 6-fold difference in shoot dry matter, between the lowest and highest
yielding straw treatments (Table 6.2). Key factors in the growth response were the rate of nutrient
enrichment in the straw, with a 3-fold increase in shoot growth between the high and the low rate of
nutrient addition, highlighting the low nutrient status of the clay subsoil (Table 5.1 in Chapter 5).
Straw size was also important, with greater growth on average with the coarse 1-2 cm straw sizes,
compared to the finer 0.2-0.5 cm chopped straw pieces. However the highly significant (P<0.001)
straw size x nutrient form x nutrient rate (SNR) interaction for shoot and root growth, points to
complex responses resulting from the different straw treatments. There were 4 key treatment
responses underpinning the SNR interaction, which need to be explained. These are first (i) the
marked superiority of the coarse straw, compared to fine straw, when the straw was enriched with
high rates of NPKS. The second response (ii) was the superiority of finely-chopped lucerne as a
nutrient source when added at the high rate to finely-chopped straw, compared to NPKS and the
coarse lucerne sources added to the fine straw. The third (iii) was the absence of any straw size effect
on wheat growth, when high rates of finely chopped lucerne were added to the straw and the fourth
response (iv) was the marked superiority of NPKS as a nutrient source, compared to finely-chopped
lucerne, when added at the high rate to coarse straw.
It is proposed that two key mechanisms were operating in the clay subsoil that were responsible for
the different treatment responses described above and gave rise to the SNR interactions. These were
the lack of aeration in the clay soil, and the low levels of nutrient supply in the clay, that were
constraining wheat growth. It is likely that aeration was restricted for rapidly respiring wheat roots in

99

the clay subsoil due to the low porosity in the clay. The basis for this view was the high sodicity of the
finely sieved clay, which had an ESP % >11.5% (Table 5.1), which would have resulted in the clay
particles dispersing and blocking existing pore spaces to some extent in the clay matrix (Frenkel et al.
1978; Jayawardane and Chan 1994 ; Naidu and Rengasamy 1993; Haynes and Naidu, 1998 ).
Furthermore all pots were well-watered to 100% of field capacity, by adding water to a basal watertable at the bottom of the pot, to enable the capillary rise of water into the clay. The water would have
initially resulted in many water-filled pores in the clay and this would have reduced oxygen diffusion
through the pore network (Frenkel et al. 1978; Jayawardane and Chan 1994; Naidu and Rengasamy
1993), exacerbating the poor aeration from the dispersed clay. The interplay between the effects of the
straw size and the added nutrients on the low aeration and the low nutrient supply provides a likely
explanation for the straw results. The basis for the key responses outlined above will be discussed
below.
The marked superiority of coarse straw with the high rate of NPKS over the finely-chopped straw
may be attributed to the fact that the finely-chopped straw pieces (0.2 - 0.5 cm in length) did not
improve the already anaerobic conditions in the clay due to their small size. In contrast, the coarse
straw pieces (1-2 cm in length) may have created larger free spaces that were better connected
through the clay matrix. This would have increased oxygen diffusion and reduced the constraint posed
by the anaerobic conditions. The wheat plants would have been able to establish a good root system,
resulting in increased shoot growth. The marked increase in shoot growth (almost 4-fold increase)
with coarse straw, compared to the fine straw pieces, can therefore be explained by the improvement
in aeration, brought about by the larger straw pieces.
The second response was the superiority of finely-chopped lucerne, compared to the NPKS nutrient
source, when added at the high rates to the finely-chopped straw pieces. This can be ascribed to
increased microbial activity that accompanied the rapid mineralisation of the fine lucerne, releasing
nutrients and soluble organic compounds. The enhanced microbial activity would have contributed to
rapid macroaggregation of the clay (Clark et al., 2009), and increased porosity. This would have led
to the alleviation of the poor aeration in the moist clay. This proposition is supported by the findings
of Clark (2010) who reported that finely ground lucerne with high concentrations of soluble carbon
and total N, rapidly increased microbial activity, as evidenced by elevated soil respiration rates, when
added to clay subsoil. The net effect was a rapid increase in the macroaggregation of the clay in the
first three days of an incubation study (Clark 2010). He attributed these responses to the rapid
mineralisation of finely-chopped lucerne. In contrast, the lack of soluble organic compounds with the
NPKS inorganic nutrient source would have resulted in less microbial activity in the short term and no
improvement in macroaggregation, and therefore no alleviation of the low aeration condition in the
moist clay subsoil.
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The third growth response was the lack of any effect of straw size when the straw was mixed with
finely-chopped lucerne. This can be explained by the fact that both treatments – fine lucerne and fine
straw, and fine lucerne with coarse straw – were improving aeration and porosity. The benefits from
the aggregation with finely-chopped lucerne and finely-chopped straw balanced by the aeration
benefits from coarse straw pieces, and hence there was a similar plant response. Finally, the fourth
response was the increased plant growth with NPKS, compared to fine lucerne, when both were added
at high rate to the coarse straw. Here the increased response with NPKS could be explained by the
improved positional availability of nutrients because there would have been a homogenous
distribution of NPKS on every fragment of the coarse straw, due to the even impregnation of the straw
by the liquid nutrient solution. In addition, the nutrient availability with inorganic NPKS sources
would be expected to be greater than the nutrients in the fine lucerne, due to the requirements for
microbial mineralisation to proceed to make all nutrients available for uptake by wheat plants in the
lucerne shoots.
The 4-fold increase in shoot dry weight with the high rate of NPKS addition to the coarse straw,
compared to the low rate of NPKS addition (Table 6.3), is very large. The magnitude suggests that
additional mechanisms, which restricted nutrient supply, may have been be operating in this study. It
is possible that N immobilisation, and perhaps N denitrification, were occurring in the moist clay soil.
The high rate of NPKS would mean that the extra N was available to the plants, to overcome the
potential N shortage that was exacerbated by these N loss mechanisms with low rate of NPKS
addition. Such mechanisms are more likely to have been operating with the fine straw, where extra N
immobilisation would be likely due to the greater surface area of the fine straw. Likewise the lower
aeration with the finer straw would favour increased denitrification. This would explain why there
was no rate effect with the fine straw treatment.
Effects on soil physical properties
A number of treatments, and treatment combinations affected the formation of macroaggregates >2
mm in the clay subsoil after 60 days of wheat growth. All of these treatments that increased
macroaggregation in the clay were those that would have improved biological activity in the soil.
The first of these was the presence of plants, where plants were able to increase macroaggregation on
average by about 70% (Table 6.12). These results are consistent with the findings of Fehrmann and
Weaver (1978) and Tisdall and Oades (1979, 1982) who reported how plant roots enable small soil
particles to bind into large macroaggregates. They suggested that the release of exudates and mucilage
were responsible for this result. Likewise, Tisdall and Oades (1982) and Swift (1991) and Beare et al.
(1997) and Puget et al. (1998) held polysaccharides largely responsible for aggregation through their
binding action. Subsequently, the effect has been explained by Caesar-Ton That (2002) and Bronick
and Lal (2005b), who documented how extracellular polysaccharides, produced by microbial activity
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can provide the glue that acts as binding agents, binding the soil particles into macroaggregates. Liu et
al. (2005) also refers the contribution of microbial extracellular polysaccharides in stabilising
macroaggregates by decreasing their wettability. Thus there is a consistent validation of the role of
microbial activity in the literature for its role in aggregate formation.
Increasing the rate of nutrient enrichment in the straw amendment from the half to the full rate, also
led to increased macroaggregation. This occurred in both analysis 1 (Table 6.8) and analysis 2 (Table
6.12). This is likely to have resulted in part from increased root growth, as the high rate of nutrient
enrichment resulted in an almost 60% increase in root growth (Table 6.7). Similarly, the finelychopped straw at high rate was superior to the coarse straw with high rates of nutrient enrichment
(Table 6.7). This finding is in accord with the research outcome of Angers and Recous (1997) who
reported that ground or finely chopped residue material was more available to microbial
decomposition than intact plant parts due to better soil-residue contact and the lack of lignified barrier
tissue (Summerell and Burgess, 1989). In addition, the finely-chopped residue would have greater
surface area that would have exposed to microbial activity compared to the coarse straw (Christensen,
1985; Summerell and Burgess, 1989; Vestergaard, 2001).
The final treatment that increased macroaggregation was evident in analysis 2 in the absence of
plants. This was the superior effect of the straw enrichment with liquid NPKS inorganic nutrients,
compared to the finely-chopped lucerne. This combination of inorganic nutrients added to finelychopped straw resulted in a 3-fold increase in macroaggregation directly, in the absence of plant roots
(Table 6.12). These nutrients must have been able to stimulate microbial activity directly due to the
increased availability of the inorganic nutrients, compared to the nutrients in the finely-chopped
lucerne shoots, as some mineralisation of the finely-chopped lucerne would need to occur, to release
the nutrients for microbial activity to increase macroaggregation of the clay subsoil.
The treatments that resulted in low 2-hour slaking scores were similar to those which increased
macroaggregation in the clay subsoil. Thus in analysis 1 the combination of high rates of nutrient
addition in the presence of plants reduced slaking scores (Table 6.10) and increased macroaggregation
>2 mm (Table 6.8). Similarly, in analysis 2 the combination of high rates of nutrients in the presence
of plants resulted in low slaking scores (Table 6.13) and increased macroaggregation >2 mm (Table
12). This similarity in the treatments which reduced slaking scores and increased macroaggregation is
reassuring as both sets of data from both analyses provide measures of aggregate stability in water,
either by wet-sieving or by measuring the collapse of the soil aggregates in still water, over a 2-hour
period. So the clear message from this study is that an increased nutrient supply to plant roots, that are
growing actively in the clay subsoil, will result in enhanced aggregation and aggregate stability in the
clay.
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The clay subsoil was highly dispersive across the treatments, and this resulted in high 2-hour
dispersion scores for every treatment. This meant that the straw amendments were not able to prevent
the clay dispersing when clay aggregates were placed in deionised water. Despite this dispersion,
there were large differences in shoot and root growth between treatments after 60 days of wheat
growth in the experiment. For example, root growth varied between 293 mg DM/pot to 631 mg
DM/pot (Table 6.7). One might have expected that the dispersion of clay colloids would have
occurred in this clay soil, and this would have restricted air diffusion to the growing roots (Naidu and
Rengasamy 1993; Jayawardane and Chan 1994), and restricted root growth. Minimal treatment
differences in root growth would then be expected. However, this did not happen; instead the clay
subsoil formed into aggregates and there were large differences in root growth. Clearly, the
aggregation of the sodic clay, that I attribute to the enhanced microbial activity when nutrientenriched straws were added to the clay, together with plant root growth in the clay, was able to negate
any negative effects of clay dispersion on root growth. Thus clay sodicity, and associated clay
dispersion will not be an issue when organic amendments are incorporated in the sodic clay subsoils.
The resulting aggregation of the clay will provide pore space to enable sufficient air to diffuse to plant
roots.

Conclusions
Consistent plant growth responses, with improvements in soil aggregation and reduced slaking scores
in analysis 1, indicate that the addition of high rates of NPKS, to coarse straw was the most
productive subsoil amendment. This treatment resulted in the largest shoot biomass, root biomass with
consistently improved soil physical properties. Analysis 2 clearly shows the role that plant roots can
play in improving the aggregation of the clay subsoil and that high rates of nutrient addition plus roots
will improve aggregation and aggregate stability. The subsoil amendment involving high rates of
liquid NPKS nutrients are impregnated into coarse straw pieces, will now be evaluated in a field
experiment at Ballan. This will be documented in Chapter 7.
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Chapter 7–Effect of different subsoil amendments on the growth and yield
of wheat grown on a sodic clay soil

Introduction
The preceding chapter dealt with a glasshouse pot experiment where two straw particle sizes (finelychopped and coarsely-chopped) were mixed with different forms and rates of nutrients. The nutrient
sources used in the study included liquid NPKS, and finely-chopped and coarsely-chopped green
lucerne. The key finding was that the coarse straw impregnated with liquid NPKS at the high rate was
the superior amendment, which resulted in substantial increases in shoot and root biomass. In
addition, this amendment also increased macroaggregation >2 mm, and reduced aggregate slaking
scores considerably. The question arises whether this nutrient-enriched coarse straw amendment can
result in increased shoot growth for a wheat crop in the field, when the amendment incorporated in the
clay subsoil of a Sodosol.
A nutrient-enriched, coarse-straw amendment identified in chapter 6, was therefore evaluated in field
trial at Ballan in 2012. I was able to make use of wheat chaff that was collected in a chaff-cart pulled
behind a combine harvester during the wheat harvest. This could be a very cost-effective way of
collecting crop residues for modification for use as amendments. The trial also evaluated composts
which are now being manufactured on-farms in Victoria from various plant materials including waste
straw and silage and animal manures, using a compost turner powered by a farm tractor (P.Sale
personal communication). This is now occurring on many dairy farms in the Camperdown district of
south west Victoria. As the composting process uses animal manures and waste products including
straws, it is conceivable that grain growers could also produce composts from crop stubbles and
imported manures. This is now happening on some grain farms in Eastern Australia.
This chapter documents the results of the field trial at Ballan in 2012. The key objectives were to
compare the effectiveness of different amendments that are incorporated into the dense clay subsoil of
the Sodosol on the Ballan farm. The amendments include coarse straw impregnated with nutrient
solutions, and a range of compost products including a dairy compost from a farm in Camperdown,
and poultry-litter. The amendments will be assessed for their effects on the growth and grain yield of
wheat in the first year. The hypotheses tested will be that the nutrient-enriched coarse straw, and
compost amendments will be equal in effectiveness to poultry-litter, and these amendments will all
result in increased crop response in terms of growth and yield compared to control treatments. Such
responses are associated with increased root growth responses which in turn lead to improvements in
the physical properties in the clay subsoil (Gill et al., 2008, 2009).
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Materials and methods
Soil and experimental site
The experimental site was located at Yaloak estate near Ballan, Victoria, Australia (144.23° E; 37. 86°
S). The long-term average annual rainfall at this site is 705 mm dominating in winter and spring.
Growing season (April to November) rainfall during 2012 was 523.6 mm which was 5 mm above the
April to November long-term average of 518.5 mm. The soil at the site was derived from Quaternary
basalt and the properties of the 30-40 cm subsoil layers comprised 30% sand, 8.8% silt and 61.2%
clay, pH (water) 6.0, total nitrogen content 0.06%, total organic carbon 0.65%, cation exchange
capacity 25.0 cmol kg-1 and exchangeable Na 21.4% (Clark et al., 2007, 2009, Clark 2010), and bulk
density of 1.62 g cm3 in 40-60 cm depth ( Gill et al., 2008) .
Treatments and experimental design
This experiment consisted of ten treatments, each replicated 4 times in a randomised complete block
design (Fig. 7.1). The names and descriptions of the treatments along with addition rates of organic
amendments and nutrients incorporated in the subsoil are given in Table 7.1. Each plot was a 2 m
wide raised bed that was 5 m in length, with a buffer bed in between two treated beds and a 2 m buffer
zone between treatments on the same raised bed.
Procurement of organic amendments
Wheat chaff-husks and pieces of wheat stem were collected as waste products in a chaff cart attached
directly behind the combine harvester, during the harvesting a wheat crop from Dimboola in north
western Victoria. The dairy-compost and organic-compost were procured from Camperdown and
Deer Park in Victoria, respectively. The addition rate of 16.4 t/ha oven-dried weight equivalent was
based on these incorporation rate of dynamic lifter and lucerne pellets used in the earlier study
conducted at Ballan in 2005 (Gill et al., 2008). The same addition rate was applied for all
amendments in this current study in 2012.

1
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Figure 7.1 Experimental layout for Ballan field trial. The shaded plots in columns 1 and 3 were
allocated to Block 1 and Block 3 respectively. Similarly, the unshaded plots in columns 2 and 4 were
allocated to Block 2 and Block 4 respectively.
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Table 7.1 Description of experimental treatments and the rates of addition of organic amendments1 (dry weight) and nutrients.
Treatment

Treatment description

Nitrogen added to amendment
(mg N/g DM)

Control`
Deep rip
Poultry-litter (PL)

Nil-intervention
Deep-ripped (30-40 cm)
PL at 16.4 t DM/ha

Dairy-compost (DC)
Dairy-compost/NPKS
Organic-compost

DC at 16.4 t DM/ha
DC at 16.4 t DM/ha + NPKS2
Organic-compost at 16.4 t DM/ha

Chaff
Chaff/NPKS
½chaff/½NPKS
½chaff/½poultry-litter

Chaff at 16.4 t DM/ha
Chaff at 16.4 t DM/ha + NPKS3
Chaff at 8.2 t DM/ha + NPKS4
Chaff at 8.2 t DM/ha + PL at 8.2 t DM/ha

26.3

33.9
16.9
16.9

1

Total nutrients added in amendments (kg/ha)
N

P

K

S

ratio

431

171

290

113

121
431
328

49
171
164

102
290
164

65
113

13.6
24.8

123
554
277
277

16
187
93
93

98
388
194
194

13
126
63
63

Amendments were added at 16.4 t DM/ha per 10 m² plot. Starter fertiliser MAP (mono-ammonium phosphate) 70 kg/ha, and 100 kg/ha urea applied at sowing and in-crop
respectively, to all treatments.
2
Indicates the NPKS nutrients were added to DC to match the nutrients in poultry-litter.
3
Indicates NPKS fertiliser equivalent to 16.4 t/ha of poultry-litter.
4
Indicates NPKS fertiliser equivalent to 8.2 t DM/ha of poultry-litter.
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C:N

6.9
10.8
70.0
12.4
12.4
12.4

Preparation of organic amendments
For the chaff/NPKS treatment, two lots of 9 kg of wheat chaff were impregnated with liquid NPKS
and added to the two 5m rip-lines in each plot, making a total of 18 kg of NPKS enriched chaff being
added to the plot. A total of 426.5 g DAP ( di-ammonium phosphate), 302 g of urea, and 333 g of
K2SO4 were dissolved in 3 litres of tap water, and this nutrient solution was sprayed over the 9 kg
chaff using a water can. The chaff was then mixed thoroughly with nutrient solution which was
completely absorbed by the chaff pieces. For the ½wheat chaff/½NPKS treatment, 1.5 litres of the
nutrient solution was mixed uniformly with 4.5 kg of chaff per rip line. For the chaff control, 9 kg
chaff was mixed with 3 litres of tap water. However, for the ½wheat chaff/½poultry-litter treatment, 9
kg of chaff was mixed with 15 kg of poultry litter per rip line. In addition, for the dairycompost/NPKS treatment, the difference in nutrient contents between 16.4 t/ha dry poultry-litter and
16.4 t/ha dry dairy-compost was determined, and then the nutrients required to make dairy-compost
equivalent to poultry-litter in terms of nutrients, were added to the dairy-compost. This involved
mixing the granular fertilisers comprising 180 g DAP, 266 g urea, 140 g K2SO4 (140 g) and 69 g of
KCl with one kg of washed dry sand, then the uniform mixture of sand and granular nutrients was
added to the 12 kg dairy-compost and mixed uniformly and stored in plastic bags. All these
amendments were stored in plastic bags for 24 hours before being applied to rip lines.
Incorporation of organic amendments
Four weeks prior to sowing, the amendments were placed manually at 30-40 cm depth with the help
of a pipe (15-cm diameter) attached to a ripper. Poultry-litter, organic compost and dairy compost
with or without granular NPKS were placed at 30-40 cm depth through the pipe behind the ripper.
However, all the chaff amendments were placed directly from bags containing the chaff amendments
into the rip-lines following the ripper. All full chaff amendments could not be contained in the 30-40
cm layer behind the ripper due to the low density and bulky volume of this high rate of chaff, and so a
portion of the added amendment also occupied the 0-30 cm layer. The rip line for this treatment was
covered with clods and soil manually at the soil surface.
Crop growing conditions
Wheat (Triticum aestivum L. var. Forest) was sown on 30 May 2012 at a seeding rate of 100 kg/ha.
Cultivar Forest is a long-season spring variety with yield potential ranging from 6-8 t/ha in Victoria.
Mono-ammonium phosphate (MAP) was applied at 70 kg/ha as a basal fertiliser to all the plots at the
time of sowing. The crop was sown at a row spacing of 25 cm on raised beds that were 2 m wide
(furrow to furrow). The paddock was sprayed with Roundup Powermax (1.5 L/ha) on 12 March 2012,
and then with Ester 100 (0.5 L/ha) and Roundup Attack on 17 May 2012 as pre-emergent herbicides.
The paddock was sprayed later with Amicide 625 (1.3 L/ha) on 11 September 2012, and with
fungicides Prosaro (200 ml/ha) and Eclipse (50 ml/ha) on 17 October 2012. In addition, Slugoff (5
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kg/ha) was also applied on 28 October 2012. Urea at the rate of 100 kg/ha was applied in-crop on 16
October 2012. The crop was harvested in the last week of December 2012.
Crop establishment
The field experiment encountered a number of difficulties which could not be controlled. The first
was the very heavy rainfall event of 150 mm that fell one day after sowing. The rainfall resulted in
waterlogging even on the raised beds, and the crop establishment was poor and delayed in the
treatments that did not receive any chaff amendments. Due to the variation in plant growth, plant
samples were taken from three selected rows with uniform seedling establishment, for each plot. One
30-cm row at the stem elongation, one 50-cm row at crop anthesis and one 50-cm row at maturity
were harvested. The number of plants in these 3 rows was recorded and the plant density calculated.
In addition, the crop had severe weed infestations, which were not able to be effectively controlled
with herbicides due to wet weather, windy spraying conditions, and suspected herbicide resistance
occurring in the grass weeds particularly for annual rye grass (Lolium rigidum). Generally, the higher
weed densities were observed in plots that had received the chaff amendments. The weeds were
cleared manually from all plots in the second week of October in the vicinity of the selected rows. The
biomass data at anthesis and maturity, and grain yield at maturity measured from the selected rows
were adjusted, to give yield measures based on the number of ears that were produced over a 2 m2
area of each plot.
Measurements
Anthesis biomass, plant height and tiller number
Ten plants were randomly harvested per plot at mid-tillering and the plant density determined. In
addition, a 30-cm single row and a 50-cm single row were harvested for biomass determination at
stem elongation and anthesis respectively. The harvested plants were dried at 70 0C for 3 days in the
oven and the dry biomass determined. At anthesis, 3 plants per plot were randomly selected and their
height was measured with a ruler from the base of the plant to the tip of ear. The harvested plants at
anthesis were split into fertile and infertile tillers and total tiller number was recorded. Adjustments
were required and made at anthesis to the tiller number/m2 and biomass to extrapolate from the
measured row-length to the 2 m2 measured area for each plot.
Grain yield and yield components
A selected 50-cm row length per plot was harvested at crop maturity to measure biomass, grain yield
and yield components at crop maturity. Fertile and infertile tillers were counted. All harvested
samples were then air-dried and weighed for dried biomass. The biomass of fertile tillers with ears
was measured to determine the weight of a single fertile tiller with ear. The weight of the single fertile
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tiller was multiplied by the number of fertile tillers occupying the 2 m2 measured area to determine
the total biomass per unit area. Ten representative ears were taken, air-dried and hand-threshed. The
grains of 10 ears were counted and weighed to calculate the number and weight of the grains per ear.
The grain weight per ear was multiplied by the number of adjusted ears to obtain the grain yield. The
harvest index was obtained by dividing grain yield by total above ground biomass (grain yield +
biomass). Grain protein concentration in grain was determined by multiplying %N by 6.25.
Chemical analyses
The dried plant materials at mid-tillering and stem elongation were ground, and were then analysed
for P, K, Ca and Mg using ICP (Inductively Coupled Plasma) following nitric acid digestion. The
plant materials at mid-tillering stem elongation and at anthesis, as well as grains were finely ground in
a ball mill and analysed for N with the PerkinElmer Series II CHNS/O Analyser 2400.
Statistical analyses
The data were analysed by the analysis of variance using SPSS 19.0 for Windows. The LSD values
were calculated at P=0.05. Data were examined to ensure that the means were normally distributed,
and that there were homogeneous variances between treatments. Coefficients of variation for data sets
were calculated to determine the experimental variation in the data.

Results
Treatment differences
Significant treatment differences occurred in the field trial in Ballan in 2012. These differences for
crop measurements were most obvious at mid-tillering, crop anthesis and crop maturity in 2012. At
mid-tillering, treatment differences were significant for shoot growth, nutrient concentration (mg
DM/g), and nutrient uptake (kg/ha) by wheat plants for N, P, K, Mg and Ca whereas at stem
elongation, only Ca uptake by wheat was significant. Nitrogen uptake by the shoots of wheat at crop
anthesis was significant as well. Likewise, at anthesis, treatment differences were significant for plant
height, ear number, and shoot biomass. At crop maturity, treatment differences were again present
with differences occurring for grain yield, total shoot biomass, and harvest index, grains/ear, and
grains/m². However, ear number/m² and grain weight were not significant in this field trial in Ballan
in 2012 (Table 7.2).
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Table 7.2 The significance of treatment effects when crop measurement data in 2012 were subjected
to an analysis of variance.
Crop Measurement
Shoot growth
Shoot biomass (kg/ha)
g DM/plant (g)
Plant height (cm)
Fertile tiller number/m²
Shoot biomass (g/plant)
Shoot biomass (kg /ha)
Shoot biomass (t/ha)
Nutrient concentration in shoots
N (mg/ha)
P (mg/ha)
K (mg/ha)
Ca (mg/ha)
Mg (mg/ha)
Nutrient uptake by shoots
N (kg/ha)
P (kg/ha)
K (kg/ha)
Ca (kg/ha)
Mg (kg/ha)
Final Harvest
Grain yield (t/ka)
Grain protein (%)
Total biomass (t/ha)
Harvest index
Components of yield
Ear density (ears/m²)
Grain number per ear
Grain number per/m²
Grain weight (mg)

Midtillering

Stem
elongation

**
**

ns
ns

Anthesis

Crop
Maturity

***
ns
**
**

ns
ns
*

ns
**
**
**
**

ns
ns
ns
ns
ns

***

**
***
ns
*
ns

ns
ns
ns
*
ns

**

**
***
*
*
ns
**
**
ns

‘ns’ stands for not significant (P>0.05) whereas *,**, and *** indicate that means differed with
probabilities of <0.05, <0.01 and <0.001 respectively.

Wheat responses to subsoil amendments: mid-tillering to anthesis
Marked differences occurred between amendment treatments in the shoot biomass kg DM/ha at midtillering. Apart from the two poultry-litter treatments, the wheat chaff/NPKS amendment almost
doubled the shoot biomass yield compared with all other treatments. However, the effect of the
amendments on the shoot biomass declined at the stem elongation, such that the shoot biomass yields
that did not differ significantly between treatments (P>0.05) (Table 7.3), although the biomass yield
for wheat chaff/NPKS exceeded the yields for most other treatments at the 10% level, apart from the
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two poultry-litter treatments and the organic-compost. However, there was considerable variation in
the shoot biomass data with coefficients of variation close to 50%.

Table 7.3 The effect of treatments on shoot biomass at tillering and stem elongation of wheat plants.
Treatment

Shoot biomass
Mid-tillering

Stem elongation

g DM/plant

kg DM/ha

g DM/plant

kg DM/ha

Control
Deep rip
Poultry-litter

0.35
0.35
0.40

1029
986
1190

0.85
0.84
1.29

1993
1870
2971

Dairy-compost
Dairy-compost/NPKS
Organic-compost

0.34
0.33
0.30

888
781
789

0.67
0.74
1.10

1988
1324
2326

Chaff
Chaff/NPKS
½chaff/½NPKS
½chaff/½poultry-litter

0.31
0.62
0.35
0.42

887
2185
1020
1445

0.84
1.21
0.67
0.82

1839
3346
1515
2119

LSD (P=0.05)
Probability
Significance
CV(%)

0.16
0.004
**
35

676
0.008
**
52

0.63
0.26
ns
45

1319
0.09
ns
49

‘ns’ stands for not significant (P>0.05) whereas ** indicate that means differed with a probability of <0.01. .

Wheat chaff/NPKS significantly increased the P and K nutrient concentrations in the dry matter of the
wheat shoots at mid-tillering compared to all other treatments. However, the shoot concentrations of
N, Mg and Ca did not differ significantly between treatments (Table 7.4).
Treatment differences for nutrient uptake at mid-tillering were more apparent with the wheat
chaff/NPKS amendment increasing nutrient uptake in the wheat shoots at mid-tillering. This treatment
significantly increased P, N, K and Ca uptake (kg/ha) over all other treatments, whereas Mg uptake
was significantly greater than other treatments, except for the two poultry-litter amendments (Table
7.5). High coefficients of variation occurred with these nutrient uptake data.
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Table 7.4 The effect of treatments on the nutrient concentrations in shoots of wheat plants at the midtillering growth stage.
Treatment

Nutrient concentration in shoots (mg/g DM)
N

P

K

Ca

Mg

Control
Deep rip
Poultry-litter

46.9
51.0
55.9

3.50
3.69
4.50

31.0
32.5
36.3

5.30
6.35
5.55

2.75
3.20
3.20

Dairy-compost
Dairy-compost/NPKS
Organic-compost

52.2
52.7
50.8

3.80
3.55
3.95

33.8
33.3
32.3

5.65
4.75
5.55

3.20
2.70
2.99

Chaff
Chaff/NPKS
½chaff/½NPKS
½chaff/½poultry-litter

45.9
51.9
52.9
48.5

3.30
5.35
4.25
4.65

31.3
44.3
35.7
36.8

4.90
5.15
5.50
5.25

2.55
2.60
2.75
2.95

LSD (P=0.05)
Probability
Significance
CV(%)

11
0.76
ns
14

1.35
0.003
**
20

8.45
0.03
*
17

1.35
0.33
ns
15

0.64
0.13
ns
14

‘ns’ stands for not significant (P>0.05) whereas * and** indicate that means differed with probabilities of
<0.05, <0.01 respectively.

Table 7.5 The effect of treatments on the nutrient uptake by wheat plants at mid-tillering growth
stage.
Treatment

Nutrient uptake by shoots (kg/ha)
N

P

K

Ca

Mg

Control
Deep rip
Poultry-litter

47.0
50.8
68.7

3.60
3.99
4.32

31.7
32.3
45.8

5.30
6.20
6.35

2.75
3.15
3.70

Dairy-compost
Dairy-compost/NPKS
Organic-compost

46.2
38.3
41.3

3.35
2.70
3.15

30.5
26.6
25.7

4.95
3.70
4.35

2.85
2.05
2.35

Chaff
Chaff/NPKS
½chaff/½NPKS
½chaff/½ poultry-litter

35.6
122.0
54.2
68.5

2.90
13.85
4.40
6.75

27.6
96.8
37.0
54.2

4.25
11.10
5.50
7.15

2.20
5.75
2.85
4.20

LSD (P=0.05)
Probability
Significance
CV(%)

27
0.001
**
57

11
<0.001
***
70

34
0.001
**
68

0.68
0.002
**
46

2.05
0.007
**
48

** and *** indicate that means differed with probabilities of <0.01 and <0.001 respectively.
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At stem elongation, the significant differences in nutrient concentrations in the wheat shoots that
occurred earlier had now disappeared. There were now no significant treatment differences (P>0.05)
in nutrient concentrations in shoots of wheat plants (Table 7.6).

Table 7.6 The effect of treatments on the nutrient concentrations in shoots of wheat plants at stem
elongation growth stage.
Treatment

Nutrient concentration in shoots (mg/g DM)
N

P

K

Ca

Mg

Control
Deep rip
Poultry-litter

31.4
29.6
40.6

2.99
2.80
3.70

29.4
27.5
38.9

4.10
4.05
4.10

2.45
2.65
2.70

Dairy-compost
Dairy-compost/NPKS
Organic-compost

36.4
30.6
35.6

3.25
2.90
3.55

32.4
31.6
36.1

4.20
3.80
4.05

2.90
2.45
2.70

Chaff
Chaff/NPKS
½chaff/½NPKS
½chaff/½poultry-litter

27.5
37.4
30.3
31.9

2.65
3.85
2.80
3.45

32.0
43.4
26.8
35.7

3.20
4.35
4.15
3.70

2.15
2.90
2.80
2.30

LSD ( P=0.05)
Probability
Significance
CV (%)

12
0.43
ns
25

1.30
0.34
ns
24

14
0.19
ns
26

1.75
0.92
ns
24

1.20
0.87
ns
26

‘ns’ stands for not significant (P>0.05).

Treatments significantly affected Ca uptake by wheat plants at stem elongation. Here the wheat
chaff/NPKS increased Ca uptake by wheat plants over that for the deep rip, straight wheat chaff, and
½wheat chaff/½NPKS and dairy-compost/NPKS. The Ca uptake for other treatments including
control, poultry-litter, ½wheat chaff/½poultry-litter, dairy-compost and organic-compost however did
not differ from the chaff/NPKS treatment. The uptake of other nutrients such as N, P, K, and Mg by
wheat plants at stem elongation did not differ significantly (P>0.05) from one another (Table 7.7). It
should be noted that treatment differences at the 10% level (P<0.1) did occur with N,K, Ca, and Mg
nutrient uptake measurements at the stem elongation growth stage. The same pattern, that occurred at
mid-tillering was repeated with the highest nutrient uptake occurring generally for the wheat
chaff/NPKS and poultry-litter treatments.
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Table 7.7 The effect of treatments on the nutrient uptake by wheat plants at stem elongation.
Treatment

Nutrient uptake by shoots (kg/ha)
N

Control
Deep rip
Poultry-litter

P

K

Ca

Mg

64.0
54.2
117.0

6.20
5.15
11.40

61.9
51.2
120.0

8.02
7.45
11.92

4.85
4.85
8.10

Dairy-compost
Dairy-compost/NPKS
Organic-compost

59.9
54.6
40.8

5.10
3.85
9.30

53.4
41.8
91.7

6.25
5.15
9.15

4.30
3.30
6.30

Chaff
Chaff/NPKS
½chaff/½NPKS
½chaff/½poultry-litter

84.2
126.0
54.2
51.3

5.70
13.15
4.40
7.30

67.5
146.8
43.6
77.4

6.10
15.00
6.49
7.90

4.45
10.00
4.42
5.05

68
0.06
ns
64

7.85
0.12
ns
67

83
0.08
ns
68

6.85
0.05
*
53

4.80
0.09
ns
55

LSD (P=0.05)
Probability
Significance
CV (%)

‘ns’ stands for not significant (P>0.05) whereas * indicates that means differed with a probability of <0.05.

There were marked differences in plant height of wheat plants at anthesis between the different clay
amendments. The wheat chaff/NPKS treatment produced the tallest wheat plants compared with all
other treatments with increases in plant height of 39% and 36% over the control and deep rip
treatment respectively. The ½wheat chaff/½NPKS produced the second highest plant height and this
response was also significantly higher than the control and straw treatment. The wheat chaff
amendment, however, resulted in the shortest plants (Table 7.8).
Despite the differences in plant height at anthesis, there were no significant differences (P>0.05) in
the individual plant biomass. Likewise, there were no significant differences (P>0.05) in the number
of fertile tillers (ears) at anthesis (Table 7.8) although the poultry-litter and wheat chaff/NPKS
treatments had more fertile tillers at the 10% level than the control and straight chaff treatments.
There were a number of significant differences (P<0.05) in the total shoot biomass at anthesis
between treatments. The chaff/NPKS treatment produced 13.1 t DM/ha and this was significantly
greater than the shoot biomass produced by the control and the straight chaff treatments, while the
poultry-litter treatment also produced a significantly greater shoot biomass yield at anthesis, than the
straight chaff treatment. The dairy-compost/NPKS treatment now surprisingly had the highest N
uptake by the wheat shoots at anthesis, taking up 270 kg N/ha. This N uptake was significantly greater
(P<0.05) than all other treatments apart from poultry-litter and chaff/NPKS treatments. The straight
chaff treatment had the lowest N uptake at anthesis, which was significantly less than that for all
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treatments apart from the control, deep rip, organic-compost, the ½chaff/½NPKS and
½chaff/½poultry-litter treatments (Table 7.8).

Table 7.8 The effect of treatments on plant height and plant biomass, ear numbers, and total biomass
and N uptake by shoots at anthesis.
Treatment

Plant height
(cm)

Plant biomass
(g DM/plant)

Ears(Number
/m²)

Control
Deep rip
Poultry-litter

62.5
69.0
72.9

2.30
2.02
1.98

330
443
652

7.55
8.95
12.75

111
126
232

Dairy-compost
Dairy-compost/NPKS
Organic-compost

65.0
65.8
65.5
58.4
87.3
73.2
67.9

2.25
2.10
2.50
2.02
2.10
2.30
2.30

498
514
438
257
625
501
501

11.15
10.70
9.85
5.20
13.15
11.45
11.00

172
270
137
73
215
150
152

8.30
>0.001
***
13

0.62
0.64
ns
16

280
0.07
ns
38

5.35
0.05
*
35

Chaff
Chaff/NPKS
½chaff/½NPKS
½chaff/½poultry-litter
LSD ( P=0.05)
Probability
Significance
CV(%)

Total biomass
(t DM/ha )

N
(N kg/ha)

88
0.003
**
47

‘ns’ stands for not significant (P>0.05) whereas *,**, and *** indicate that means differed with probabilities of
<0.05, <0.01 and <0.001 respectively.

Grain yield responses and yield components
The dairy-compost/NPKS amendment was the most productive treatment, resulting in the highest
grain yield of 13.3 t/ha at crop maturity at this dryland field site. This was significantly higher
(P<0.05) than all other treatments including the poultry-litter amendment, apart from the two other
compost treatments and the two chaff/NPKS treatments (Table 7.9). The dairy-compost/NPKS
amendment also produced the highest grain protein concentration of 15.1% which was significantly
higher than all other treatments, the second highest grain protein concentration was 11.9% resulting
from the poultry-litter treatment.

The dairy-compost/NPKS amendment resulted in the very high harvest index of 0.68. This was
significantly higher than that for other treatments apart from the two other compost treatments, and
the two chaff/NPKS treatments. Similarly, the dairy-compost/NPKS treatment produced the largest
total biomass at maturity although it was only significantly greater (P<0.05) than that for the control
and the straight chaff treatments (Table 7.9).
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Table 7.9 The effect of treatments on grain yield (t/ha), grain protein, total biomass t DM/ha, and
harvest index (HI) of wheat plants at crop maturity.
Grain protein
(%)

Total biomass
(t DM/ha)

Harvest
index

5.35
7.35
9.05

10.0
10.5
11.9

10.7
14.2
16.1

0.50
0.52
0.57

Dairy-compost
Dairy-compost/NPKS
Organic-compost

11.25
13.30
10.00

11.6
15.1
10.9

18.9
19.0
16.6

0.59
0.68
0.60

Chaff
Chaff/NPKS
½chaff/½NPKS
½chaff/½poultry-litter

5.15
11.10
11.30
7.70

10.0
11.8
11.8
11.1

9.1
18.7
18.3
13.7

0.56
0.60
0.61
0.55

LSD ( P=0.05)
Probability
Significance
CV(%)

3.65
0.001
**
36

1.70
0.009
**
15

5.90
0.01
*
31

0.10
0.01
*
13

Treatment
Control
Deep rip
Poultry-litter

Grain yield
(t/ha)

* and ** indicate that means differed with probabilities of <0.05 and <0.01 respectively.

Like total biomass, grain yield and harvest index, the dairy-compost/NPKS treatment also resulted in
significantly higher grain number/ear than all treatments, apart from the two other compost treatments
and the two chaff/NPKS treatments. The dairy-compost/NPKS treatment also resulted in the highest
number of grains/m² compared to all other treatments and this increase in grain number/m² was again
significantly higher than all treatments apart from the other two compost treatments and the two
chaff/NPKS treatments. There were no significant differences between the treatments for the ears/m2
and grain weight (Table 7.10).
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Table 7.10 The effect of treatments on the components of grain yield for the wheat plants at maturity.
Treatment

ears
(Number/m²)

Grains
(Number/ear)

Grains
(Number/m²)

Grain weight
(mg/grain)

Control
Deep rip
Poultry-litter

311
388
477

40.0
46.8
46.5

12,580
17,898
21,269

41.2
41.0
42.7

Dairy-compost
Dairy-compost/NPKS
Organic-compost

445
467
405

57.4
60.8
52.3

26,007
28,072
21,269

43.8
46.5
46.6

Chaff
Chaff/NPKS
½ chaff/½NPKS
½ chaff/½poultry-litter

280
497
455
365

40.0
50.5
57.7
45.8

11,329
26,297
26,297
16,805

45.2
43.0
43.0
45.8

LSD (P=0.05)
Probability
Significance
CV(%)

144
0.06
ns
27

9.80
0.001
**
19

8327
0.002
**
36

3.9
0.08
ns
6.8

‘ns’ stands for not significant (P>0.05) whereas ** indicates that means differed with probabilities of <0.01.

Discussion
Wheat yields, ranging from 5 to 13 t/ha were measured in this field experiment, indicating that there
were substantial differences in yields between treatments. The experiment did encounter a number of
difficulties and these have been outlined in the materials and methods. They involved a heavy rainfall
event with significant waterlogging, and a severe weed infestation across the site. The chaff
treatments appeared to have alleviated the waterlogging and so I was concerned about a differential
waterlogging effect on establishment that favoured the chaff treatments over other treatments.
However, the wheat plants in the compost and the poultry-litter treatments did establish and the
number of fertile tillers did increase, such that there was no significant differences in fertile tillers or
ears (P>0.05) when measured across a large 2 m2 portion of the plot, between treatments at anthesis
and at crop maturity (Table 7.8, 7.10). Nevertheless, the difficulties with early crop establishment, the
persistent waterlogging conditions, and the weed infestation did contribute to experimental error, as
indicated by the high coefficients of variation in excess of 30% for a number of measurements. The
variation in yield data is a cause for concern. The standard errors for the grain yield means, for
different treatments generally lay between 0.8 and 1.8 t/ha (data not presented). This suggests that
there were no treatment means with excessive variability and that relatively consistent yield
variability occurred across the site. The high grain protein concentration (Table 7.9) and the high
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grain number per ear and high harvest index for the dairy-compost/NPKS treatment (Table 7.10)
provide additional evidence for the outstanding yield performance for this treatment.
Both the composts and the two NPKS-enriched chaffs performed well as subsoil amendments, as they
resulted in high anthesis biomass and grain yields in this study. Grain yields from these treatments
ranged from 10.0 to 13.3 t/ha. These materials are different in their physical and chemical properties
and in their moisture content, yet they resulted in similar yield-enhancing benefits on the wheat crop.
In contrast, the poultry-litter amendment did not perform as well in this study. In previous research
with subsoil manuring, poultry litter has been considered to be the ‘amendment of choice’ (Sale et al.,
2012a). Although the high rate of poultry-litter in this experiment (viz. 16.4 t/ha on a dry matter
basis) resulted in consistently higher grain yields than in the control and deep ripped treatments, the
treatment, was inferior to the fertiliser-enriched dairy-compost, which resulted in a grain yield of 13.3
t/ha compared to the significantly lower grain yield of 9 t/ha for the poultry-litter treatment. This poor
performance of the poultry-litter was unexpected. However the batch of poultry-litter used in this
study had a lower nutrient concentration with 2.65% N and 1.05% P compared to the poultry-litter
used by Sale et al. (2012b) which had nutrient concentrations of 2.8% N and 1.8% P. The lower
nutrient concentrations may explain the poorer performance of the litter in this study. This result does
highlight a potential problem with the use of poultry-litter, and manures generally, in that they can
vary in their nutrient concentration. This suggests that their nutrient composition needs to be
measured before they are used as amendments.
Enriching the wheat chaff pieces with liquid nutrients had a marked effect on the effectiveness of the
wheat chaff amendment for increasing wheat growth and grain yields in this study. The straight wheat
chaff with no added nutrient was an ineffective amendment in terms of plant growth, biomass and
grain yields. The total biomass and grain yields were similar to those for the control or the
commercial crop in the paddock, and less than half of those for the fertiliser-enriched wheat chaff
amendments. This suggests that the low levels of available nutrients in the straight wheat chaff
treatment were restricting the wheat response, under the conditions of this study. Given that one of the
objectives of this study was to determine the levels of added nutrients and the amount of wheat chaff
needed for maximum grain yields, then the finding that ½wheat chaff /½NPKS treatment had the
same grain yield as the wheat chaff/NPKS treatment, was a very relevant finding. This indicates that
adding lower amounts of nutrient-enriched wheat chaff is possible, without sacrificing crop yield.
This would result in a considerable saving in the cost of the amendment, and make the task of
applying the amendment considerably easier, given the difficulty in actually placing the high rate of
wheat chaff in the subsoil. These preliminary yield results indicate that more research is required to
determine the yield response curve to increasing inputs of wheat chaff/NPKS nutrient combinations.
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The potential to reduce inputs of nutrient-enriched wheat chaff raises the question as to whether
fertiliser nutrients need to be added to the dairy-compost or equivalent products. The results from this
Ballan field experiment showed that wheat yield with the dairy-compost/NPKS treatments, where
NPKS additions were equivalent to the NPKS concentrations in 16.4 t/ha of commercial poultry-litter,
did not differ significantly from the straight dairy-compost-with no added fertiliser nutrients. This
finding was somewhat surprising given the low levels of total nutrients in the straight dairy-compost,
viz. only 121 kg of total N, together with 49 kg of total P, in the dairy-compost, which is equivalent to
the total N and a 1/3 of the total P in the straight chaff amendment. This finding highlights the
physical and perhaps biological benefits of placing the straight compost in the subsoil over the straight
wheat chaff treatment. The compost addition may have led to increased root activity in the clay
subsoil with associated benefits from water and nutrient uptake during the grain-filling period. This
proposition is supported by the observations in a field experiment when a high rate of garden waste
compost that was also low in nutrient concentration (1.6% N and 1.8% P) was placed in the subsoil
layers of a duplex soil at Balliang in Victoria. It was observed that the wheat roots were attracted into
the bands of added compost in the subsoil, indicating increased root development and root activity in
and around the deep-placed compost band (C. Bluett personal communication). These preliminary
results from the use of dairy-compost from Ballan certainly point to the need for further research to
better define the yield response curve to added nutrients in a compost application, and to the required
amounts of composts in the application, and added composts, that were placed in clay subsoil of these
Sodosols.
Wheat chaff enriched with inorganic fertilisers delivered some surprising benefits in this study. I
observed that all wheat chaff ± NPKS or poultry-litter amended plots, resulted in earlier seedling
emergence compared with other treatments. This presumably could be attributed to improved aeration
conditions in the profile for these wheat chaff amended plots. Such improvements could be linked to
the mixing of the wheat chaff with soil, creating new airspaces around the chaff pieces. This would
have occurred as the wheat chaff was pushed behind the ripper, placing a vertical column of the chaff
from the depth of the ripper point to the surface. In addition, the full rate wheat chaff/NPKS treatment
in particular resulted in rapid early growth and at mid-tillering had substantially higher shoot dry
matter (Table 7.3) and nutrient uptake by the shoots. The increase in nutrient uptake by these wheat
shoots at mid-tillering growth stage did result in excessive early vegetative growth. I observed that
during the last three weeks of crop maturation, plots amended with wheat chaff/NPKS or poultry-litter
started senescing earlier than the dairy compost ± NPKS treatment. Although the greenness score for
the flag leaves was not recorded across the treatments, the flag leaves of the composts-amended plots
were observed to remain green for at least a week longer than the wheat chaff/NPKS treatment. The
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lack of this extended greenness in the chaff/NPKS treatment could have resulted from the lack of
available soil water, due to the extra early vegetative growth during the tillering period.
Subsoil amendments differed in their effect on grain yield formation during the grain-filling period.
The key difference was that dairy-compost/NPKS treatment resulted in a significantly larger grain
number per ear and a larger harvest index than the poultry-litter, even though there were no
differences between the treatments in the total shoot biomass and ear number at maturity. These
increases in grain number per ear with the dairy-compost/NPKS are likely to be due to an improved
assimilate and nutrient supply to the developing ears between stem elongation and anthesis. Evidence
for this proposition is provided by Stockman et al. (1983) who was able to show how a restriction in
the supply of these resources during the stem elongation stage of growth, when floret primordia
develop, will reduce the number of fertile florets in each ear. This is also supported by Sinclair and
Horie (1989) who found that any restriction in N supply prior to anthesis would limit assimilate
delivery to the ear during this crucial growth stage, and in turn restrict floret survival, and thus reduce
grain formation by the crop. Kirby (1988) and Mirralles et al. (2000) further stressed the importance
of this growth stage, i.e. the period between stem elongation and anthesis. They suggested that
internal competition for assimilate arises between the developing floret primordia and the stems at the
beginning of stem elongation growth stage. Thus a continuous supply of assimilate is required to
reduce this competition between the stems and floret primordia and to enable fertile florets to develop
in the ear. Such an outcome appeared to happen more with dairy-compost/NPKS, than with the
poultry-litter treatment.
The superiority of dairy-compost/NPKS as a subsoil amendment, compared to poultry-litter
continued during the grain-filling phase. This can be seen by the significantly greater harvest index
with dairy-compost/NPKS, suggesting that there was also an increased supply of assimilate to the
developing wheat grain during the grain-filling period with this treatment. The observation that there
was an extended ‘greenness’ of the flag leaf with this treatment compared to the effect of poultry litter
is consistent with an extended supply of photosynthates to the developing wheat grain. Gill et al.
(2008) made similar observations of an extended duration of flag leaf ‘greenness’ with the subsoilmanured treatments where organic amendments had been incorporated in the subsoil. They attributed
the delay in flag leaf senescence, and the extended duration of its ‘greenness’ during the final stages
of grain-filling, to the continuing N supply from the mineralising organic amendment and to
continuing access to deep water from the subsoil. They argued that the continuing supply of both N
and soil water to the leaves would delay senescence and maintain leaf greenness and photosynthetic
function. This would increase grain filling and harvest index, and the final grain yield. In this respect
Ruske et al. (2003) reported that for every extra day that the flag leaf remained green, the increase in
grain yield was by 84-210 kg/ha. The high harvest index and grain number per ear with dairy121

compost/NPKS suggests that this amendment was superior in enabling the wheat plants to fill their
grains. Poultry-litter has been the subsoil amendment of choice, for use in subsoil manuring, so
further research is required to evaluate nutrient-enriched dairy-compost, and other composts for this
purpose.

Conclusions
The dairy-compost/NPKS treatment was effective in increasing N uptake by the shoots of the wheat
plants at anthesis. This treatment also resulted in the highest grain protein (%), grain number per ear
and harvest index at crop maturity and subsequently led to the highest grain yield in the experiment.
The high harvest index and grain number clearly indicate that the wheat plants in the dairycompost/NPKS amended plots were able to fill their grains and this could be attributed to the
continued nutrient and water supply to the plants during the grain-filling stage. In addition, this
treatment prolonged the greenness of flag and postponed flag leaf senescence at least for a week
compared to the chaff amendments and poultry-litter.
This chapter also supported the results of the glasshouse pot experiment in Chapter 6, where coarse
straw with added NPKS at the full rate was the superior amendment in increasing plant growth and
improving soil aggregation. The chaff/NPKS treatment in this field experiment enhanced early
vegetative growth and nutrient uptake in mid-tillering and encouraged weed growth. The extra plant
growth would have resulted in the use of more soil water in the early vegetative stage of growth, and
perhaps reduced the soil water supply during the late grain-filling period and so shortened the
greenness period of the flag leaf. Surprisingly, the chaff/NPKS and ½chaff/½NPKS treatments, under
the conditions of this study, delivered similar shoot biomass and grain yields, suggesting that the full
rate of chaff/NPKS may not be necessary for maximum yields.
Poultry-litter treatments were inferior to chaff-enriched treatments and the three compost treatments,
although this amendment produced higher grain yields than the control, chaff and deep rip treatments.
This finding is a concern as this amendment has become an amendment of choice since 2007. The
poor performance of poultry-litter used in this study may be attributed to its quality, as it was lower.
in N and P concentrations than the poultry-litter used in other trial sites.
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Chapter 8–General Discussion

Findings from this thesis indicate that modified crop residues have the potential for use as
amendments for subsoil manuring in order to improve the physical properties of dense clay subsoils.
This finding therefore has answered the key objective of the research carried out in the thesis. For
crop amendments to succeed in this role, they need to stimulate crop growth and result in increased
root proliferation in the clay subsoil, in order to improve aggregation of the clay. This was
demonstrated in Chapter 6 where the presence of plant roots significantly increased macroaggregation
of the clay subsoil (Table 6.12). It is this root proliferation in the clay subsoil which appears to be the
agent for clay aggregation via its stimulating effect on microbial activity. The roots secrete mucilage
that acts as a binding agent, binding small soil particles into large macroaggregates (Fehrmann and
Weaver 1978; Tisdall and Oades (1979, 1982). Roots also secrete exudates to enhance microbial
activity which in turn produces extracellular polysaccharides that provide ‘the glue’ that binds the soil
particles together (Caesar-Ton That, 2002, Bronick and Lal, 2005b). This was what happened in the
glasshouse pot trial in Chapter 6. For example, the coarse straw with the high rate of liquid NPKS
nutrients resulted in marked improvements in the physical properties of the clay subsoil. The
macroaggregation >2 mm increased from 12% of the soil mass in the unamended clay subsoil (data
not presented) to 41% (Table 6.8) with coarse- straw/NPKS treatment. Similarly, the 2-hour slaking
scores were reduced from 2.5 for the control treatment to 0.4 for the coarse-straw/NPKS treatment
(Table 6.10). These changes in the physical properties of the clay were associated with a 4-fold
increase in the shoot biomass of wheat plants (Table 6.3) after 60 days of growth and more than a 2fold increase in root biomass (Table 6.7) with this coarse-straw/NPKS treatment, compared to coarsestraw/½NPKS treatment respectively. Clearly the full rate of NPKS enrichment of the coarse straw
was the best-bet amendment in terms of crop growth response and had improved aggregation of the
clay in Chapter 6. It was therefore selected as a key treatment to be tested as a potential subsoil
amendment in the field experiment at Ballan (Chapter 7).
The best-bet nutrient-enriched-chaff treatment performed well when tested in the field at Ballan in
Chapter 7. This treatment resulted in the rapid seedling emergence due possibly to improved aeration
following heavy rainfall, due to air spaces created by the chaff pieces in the soil layers in which they
were placed. Furthermore, the chaff/NPKS treatment, because of the high levels of nutrients (Table
7.5) resulted in the vigorous early vegetative growth of wheat plants, and at mid-tillering had the
highest shoot biomass, and the highest N, K, Ca and Mg uptake by shoots (kg/ha) in Table 7.3 and
Table 7.5 respectively.
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The growth response with chaff/NPKS at anthesis and maturity was much greater than the control
treatments as its biomass and grain yield exceeded that for the control by 5.4 t/ha of biomass at
anthesis and by 5.8 t/ha of grain (Table 7.8) respectively. Thus the results outlined above indicate that
there is cause for some optimism that chaff, which can be collected directly behind the grain harvester
and impregnated with nutrient solution, will result in significant responses in the growth and yield of
crops. Whilst the subsoil properties were not investigated in Chapter 7, the crop responses were
promising and were similar to the responses to subsoil amendments that resulted in improvements in
the physical properties of the subsoil (Gill et al., 2009).
Another encouraging finding in this thesis was that the half rate of the nutrient-enriched chaff was just
as effective as the full rate. Both the half rate (½wheat chaff/½NPKS) and the full rate (chaff/NPKS)
of amendments resulted in similar levels of estimated biomass at anthesis, and final grain yield, and in
similar concentration of protein in the grain, in the field experiment at Ballan (Table 7.9). This means
that halving the rate of straw from 20 to 10 t/ha, and the associated amount of NPKS enrichment,
resulted in similar shoot response by the wheat crop. Using half the rate of amendments will not only
reduce cost of the subsoil intervention but it will also lessen the difficulties associated with its
incorporation. I found that incorporating the high rate of chaff at 20 t/ha was considerably more
difficult than for the 10 t/ha chaff treatment, and it took less time to incorporate the lower rate of
chaff. The low density of the bulky chaff meant that there was insufficient space in the rip-line at the
depth of 30-40 cm to contain all of the materials with the high rate of chaff/NPKS at that depth. In
fact, the high rate treatment required the amendment to be placed in the rip-line, extending up to the
soil surface (Fig 8.1).

Soil surface

Rip line spaces

Figure 8.1 A diagram showing the incorporation of the full rate and half rate of wheat chaff at a depth
of 30-40 cm in the clay subsoil at the Ballan experimental site in 2012.
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Placing all of the nutrient-enriched chaff amendment at a depth of 30-40 cm is likely to be more
beneficial than having the straw extending from this depth to the soil surface as occurred with the high
rate of chaff/NPKS, as shown in Fig. 8.1. The basis for the benefits from the deeper placement is that
it will encourage more root proliferation in and around subsoil 30-40 cm layer, rather than in the 0-30
soil layer. For example, Espinosa et al. (2011) reported that the nutrient-enriched amended
experimental layer (20-30 cm deep) in a glasshouse column experiment boosted root growth in the
amended layer and reduced the root proliferation in 0-20 cm topsoil layer. The half-rate chaff
treatment will also postpone the response by the wheat shoots to the additional nutrients in the
amendments, and therefore will restrict early vegetative growth which occurred with the full-rate
chaff/NPKS in Chapter 7. Furthermore, by restricting the early vegetative growth, the crop can delay
to some extent the use of soil water for use at later stage of crop growth (McDonald, 1989; Van
Herwaarden et al., 1998). The finding that the half rate of nutrient-enriched chaff performed as well as
the full rate at the field trial at Ballan despite having half the amount of added nutrient is consistent
with this argument. There is a need for further research to investigate the response to increasing rates
of this type of subsoil amendment, and to evaluate the response in terms of crop yields and changes in
the physical properties of the clay subsoil.
The size of the straw particles, when the straw was used as subsoil ameliorant, was examined in this
thesis. Earlier work by Clark (2010) had indicated that the fine grinding of wheat stems/shoots
collected during the grain-fill period was an effective subsoil ameliorant. It resulted in a 3-fold
increase in aggregation of clay subsoil in the field in the presence of crop roots. However, there was
no compelling evidence presented in Chapters 3 and 6 to suggest that there was a need to finely grind
or chop the crop residue for it to be effective. There was, however, an interaction between straw
particle size and the form of nutrient enrichment. For example, in Chapter 3, both powdered straw
with liquid NPK and the coarse-straw with poultry-litter were found to be equally effective in terms of
shoot biomass (Table 3.4) and nutrient uptake by shoots (Table 3.6). Similarly, in Chapter 6, finelychopped straw performed better when enriched with finely-chopped lucerne whereas coarse straw was
superior when enriched with liquid NPKS. Thus the results with the coarse straw enriched with
poultry-litter (Chapter 3) and coarse straw enriched with liquid NPKS (Chapter 6) indicate that there
is no need for fine grinding/chopping so long as there was a form of nutrient enrichment that was
effective with coarse straw particles. Finely grinding or chopping the straw will add extra cost to the
amendments without necessarily improving the performance over the nutrient-enriched, coarse-straw
amendments.
Compost amendments were used for the first time (Chapter 7) in the field experiment at Ballan in
2012. These amendments performed well with all treatments resulting in grain yields that were all
greater than the controls. These high wheat yields in the compost-amended plots might have resulted,
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in part, from the improved physical properties of the subsoil, based on the findings of Celik et al.
(2004). For example, these workers reported an increase in mean diameter (MWD) of soil aggregates
in 0-15 cm and 15-30 cm soil layers when manure was applied at 25 t/ha, while a compost application
of 25 t/ha increased total porosity and saturated hydraulic conductivity. Both the compost and manure
applications increased plant available water content (AWC) by 86% and 56% respectively. So it is
possible that an improvement in the physical properties of the sodic subsoil at Ballan contributed to
the positive response by the wheat crop to the compost amendments. The dairy-compost/NPKS was
the outstanding compost in the field experiment at Ballan and resulted in a grain yield that was
significantly higher (Table 7.9) than that for the poultry-litter treatment. Furthermore, the grain yield
for the dairy-compost/NPKS treatment was almost three times that for the control treatment. Whilst,
this compost was not directly manufactured from crop stubbles, and would require significant
quantities of animal manures in its manufacture, the dairy-compost would require waste hay produced
on dairy farms that would be similar to crop residues. This suggests that compost made or
manufactured from the cereal residues, and some added manures, could be expected to deliver similar
results to the composts used in this field trial (Cox et al., 2001; Liang et al., 2003; Armstrong et al.,
2007). The investigation of compost manufacture from crop residues is beyond the scope of this
thesis. However, the point is made that on-farm mechanised manufacture of compost is becoming
more widespread on Australian farms, including grain farms (P.Sale personal communication) and so
it would be feasible to manufacture such products for subsoil manuring purposes.
Poultry-litter, the amendment of choice for subsoil manuring, did not bring about any improvements
in the physical properties of the clay subsoil at Bundoora in Chapter 5. This is a concern because for
the first time with subsoil manuring research (Sale et al., 2012a; Clark et al., 2009), poultry-litter did
not deliver major long-lasting benefits to the cropping soils with dense clay subsoil. Reasons why the
poultry-litter amendment failed to create changes in subsoil properties were explained in Chapters 4
and 5 and relate to the different method of incorporation where a trencher was used in place of deep
ripper for placing the amendments in the subsoil. The trencher was unable to shatter and create cracks
in the subsoil and instead smeared the walls of the trench lines (Chapter 5). Another possible
explanation could have been the poor root growth in 2010 on account of the water-logged conditions,
and late crop establishment in 2011when all growth stages of the wheat crop were of short duration. A
further explanation could have been the narrow least limiting water range which would have
restricted root growth in this clay subsoil in 2010 (Chapter 5).
It is possible that the poultry-litter amendment, despite its apparent failure at Bundoora in 2010, might
still be effective as a subsoil ameliorant in the soil at Bundoora, if the following conditions are
fulfilled. These include the best crop agronomy practices such as sowing long season high yielding
wheat varieties like the cultivar Revenue early in May with the application of basal fertilisers and the
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control in-crop weeds, and provision of raised beds to control the problems of waterlogging. In
addition, the subsoil manuring should be undertaken when the soil is wet enough so that the deep
ripper could rip the clay subsoil easily and avoid the need for the use of a trencher rather than a deep
ripper. It may also be necessary to use a large deep ripper with a powerful tractor to make the rip lines
for the incorporation of organic materials. If the above practices were to take place at Bundoora,
then subsoil manuring with poultry-litter might will be more effective that the intervention reported in
chapter 4 in this thesis, and deliver similar results to other subsoil manuring trial sites in the HRZ of
south east Australia ( Sale et al., 2012a).
The failure of the poultry-litter to improve the physical properties of the clay subsoil at Bundoora,
raises concerns that subsoil manuring may be ineffective in such subsoils. This would mean that
organic amendment addition, plus the resulting root proliferation in the clay, would not result in
improved aggregation of the clay. However, this scenario is not likely. In Chapter 6, I presented data
to show how small pieces of wheat straw, impregnated with liquid NPKS nutrients were able to
significantly increase macroaggregation of the clay, that was collected from the 30-60 cm deep
subsoil at Bundoora. Macroaggregation was increased almost 4-fold from the 12% in the unamended
clay to above 45%, with the NPKS enriched-straw, in the presence or absence of plants. These
findings add weight to the proposition that the subsoils at Bundoora are capable of responding to the
subsoil manuring process, given the appropriate conditions described above.

Future research
There is now a need to follow up the findings in this thesis with further research and development
work. This includes the investigation into the direct manufacture of composts from the crop stubbles
in an on-farm setting with different sources of added nutrients and manures. In addition, the rateresponses to increasing levels of nutrient enrichment in the compost, and to increasing amounts of
composts incorporated in the subsoil should be investigated. This research on composts should
involve studies that investigate their effects on subsoil physical properties, and the effect of composts
on crop rooting patterns in the clay subsoil.
Additional research should examine the effectiveness of the nutrient-enriched wheat chaff as a subsoil
amendment. This research needs to study the materials handling issues with the chaff, the levels of
nutrient enrichment and the amounts that are incorporated in the subsoil, and the method of
incorporation, for these directly-collected crop residues. The findings in this thesis provide the
indication that such further research may result well in more economical and sustainable subsoil

127

manuring practices, using subsoil amendments based on crop residues, that are readily available in
large quantities on grain farms.
The findings from this thesis will have applications in other high rainfall cropping regions in southern
Australia where sodic clay subsoils constrain crop performance. Further research however is needed
to evaluate the performance of crop residues and the composts, as subsoil ameliorants in low rainfall
regions of southern Australia.
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