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Thesis abstract
Phosphorus (P) and nitrogen (N) fertilisers are a major input cost for Australian grains producers.
However, early (vegetative) biomass responses to P and N in cereal crops, particularly wheat
(Triticum aestivum), do not necessarily result in increased grain yields. This thesis sets out to
identify the potential causes of poor grain yield (GY) responses to P fertiliser and to improve N
management of dryland wheat crops.

Understanding N supply from the soil during the growing season is important to improving N
fertiliser management and reducing the risk of haying off. Chapter 2 of this thesis investigated the
magnitude of N supply from in-crop (or in-season) mineralisation, using field data obtained from a
range of sites in south-eastern Victoria between 2013 and 2016. Net in-crop mineralisation (ICM)
was calculated as the difference in soil profile nitrate between harvest and sowing, and took into
account of N uptake by the crop. Results showed that net ICM had the potential to provide a cereal
crop with a significant amount (median 45%) of N requirements across a diverse range of soil types
and seasonal conditions, and suggest that net ICM should be accounted for when calculating crop
fertiliser requirements. In Chapter 3, a range of rapid laboratory-based soil tests, including hot-KCl
extractions, Solvita Labile Amino Nitrogen and mid-infrared spectroscopy, were compared for their
potential to predict ICM. All of the tests investigated appeared to be useful in estimating potential
ICM to cereal crops. However, further work is required to verify the usefulness of these N tests on
a larger dataset, covering a wider range of soil types and seasonal conditions.

Chapter 4 explored the potential causes of poor GY responses of wheat to P fertiliser. This chapter
synthesised the results of three experiments: a field study over 2 seasons and 2 subsequent
glasshouse experiments. The experiments explored the interactions between soil water (content and
distribution in time and space), P supply (from both the soil and fertiliser) and root growth. In all
experiments, crop responses to P fertiliser that were strong during the vegetative growth compared
to those observed later in the season (i.e. through GY). The data from the field study showed a
decline in crop response to P as the growing season progressed, even in a dry year when GY was
still increased by P fertiliser. Results from one glasshouse experiment, using 33P-labelled fertiliser
and different depths of soil wetting, showed that increasing the wetting depth of the soil profile
decreased wheat reliance on fertiliser to meet its P requirements because the plants accessed P from
an increased soil volume. While the results of the other glasshouse experiment, using multiple
harvests, revealed that over time differences between P-deficient and P-fertilised treatments
diminish, most likely due to increasing rates of P uptake. The magnitude of the decline in crop
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response to P appears to depend on the quantity and timing of soil water availability during the
season.
Soil P testing has been used to predict a crop’s response to P fertiliser, but some commonly used
soil tests appear to be inaccurate. In most cases, poor GY responses to P fertiliser were observed
despite initial soil testing indicating P deficiency. Phosphorus in soils exists in a range of pools,
which varying availability to the plant. Most of the P in soil is considered to be poorly available (or
sparingly soluble) for plant uptake. However, there is evidence that plants can access these sparingly
soluble P forms to varying degrees. Chapter 5 explored the ability of wheat to utilise a range of
model sparingly soluble P sources (including Christmas Island rock phosphate; iron phosphate;
aluminium phosphate) and examined how well some commonly used soil P tests (including Colwell
P, DGT, Bray-1, Resin and BSES) were able to predict P supply to the plant. A short-term

33

P

isotopic dilution and the L-value technique was used to track the source of the P which ended up in
the plant and the specific activity (ratio of radioactive to total P) was used to determine whether a
soil test predicted plant access to the same P pools. The results showed that wheat was able to access
various forms of sparingly soluble P that are not adequately detected by the soil P tests used in this
study. A further study investigated whether soil P tests were able to measure plant-available P for
different crop species (canola- Brassica napus, chickpea- Cicer arietinum and wheat). The three
crop species varied in their ability to access different soil P pools and no one soil test was able to
accurately measure plant available P from all P sources to all three crop species. Further work is
needed to verify the effect of sparingly soluble P sources on plant grown to maturity and how it
relates to the accuracy of soil P testing.
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Chapter 1 General Introduction
Nitrogen (N) and phosphorus (P) fertilisers are routinely used in Australian grain production
systems to overcome soil deficiencies and meet crop demand for these nutrients. Numerous studies
have reported early biomass responses in cereal grain crops, to both N and P fertilisers, but often
responses diminish or disappear as the crop matures (Armstrong et al. 2008; Colwell 1963a; Dann
1969; Fischer and Kohn 1966; Mason et al. 2010a; McDonald et al. 2015; McDonald et al. 2018;
Piper and DeVries 1963; Smith 1965; Taylor 1965; Tomasiewicz 2000; van Herwaarden et al.
1998). Nitrogen and P fertilisers constitute the single largest variable input cost for Australian grain
producers (IPNI 2013). It was reported that between 2001-02 and 2008-09, fertiliser costs
constituted between 8.7% and 13.4% (average of 10.6%) of total farm input costs (Bovill et al.
2013). Coupling this against a background of low commodity prices and rising production costs
(Bell et al. 2016), poor grain yield (GY) responses to addition of P and N fertilisers may result in
significant financial penalties for grain producers.
Cropping in south-eastern Australia produces a significant proportion of Australian annual grain
production (average of 28% of gross annual production, 2003-2017, ABARES 2017). Grain
production in this region is characterised as a semiarid temperate environment. Grain yields are
regularly limited by low and highly variable rainfall (French and Schultz 1984; Murphy and Timbal
2008) and are strongly tied to rainfall during the growing season (Angus and Grace 2017). Most
grain crops grown in south-eastern Australia are sown in autumn and grown over winter, when the
majority of the annual rainfall is received (Sadras and Rodriguez 2007). The predominant crop
species grown in south-eastern Australia include cereals (wheat- Triticum aestivum, barley Hordeum vulgare and oats- Avena sativa), oilseeds (canola, Brassica napus) and pulse crops (lentils
-Pisum sativum, faba beans -Vicia faba, chickpeas- Cicer arietinum and field peas -Pisum sativum).
Of these crop species, wheat and barley are by far the most dominant species; the 5-year average
(to 2017-18) for Victoria shows that over 75% of agricultural land was sown to spring wheat, which
currently dominates wheat production (Hunt et al. 2019), and barley (ABARES 2019).
The soils in south-eastern Australia are predominately neutral to alkaline and subsoil constraints
(both chemical and physical) are often present, leading to variable rooting depth and often
incomplete soil water extraction (Adcock et al. 2007). Many of the soils used for agriculture in
south-eastern Australian are ancient and generally infertile (PMSEIC 2010). As a consequence, P
fertiliser has been routinely applied to most agricultural soils (Bertrand et al. 2003) since early in
the 19th century (Donald 1965). Nitrogen, on the other hand, was initially supplied by mining the
soil reserves (Donald 1965), until high wool prices in the 1960’s, triggered an increase in the area
of land under improved pasture, where N2-fixation by legumes species helped to replenish the levels
of soil N (Henzell 2007). During this time, phases of pasture growth were interchanged with periods
of crop production. When wool prices collapsed in the 1980’s, cropping intensified and
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conservation cropping practices, including retaining stubble on the soil surface (O'Leary and
Connor 1997), and no-tillage (use of minimal soil disturbance, single pass) systems increased
(Llewellyn et al. 2012). More recently, adoption of no-till technology led to an increase in
stratification of nutrients, particularly P, in the topsoil, where the availability of essential nutrients
is subject to the effects of soil drying (Cornish 1987; Singh et al. 2005) and continuous cropping
has drawn down soil organic matter (Angus and Grace 2017).

As a consequence, cropping systems have become increasingly reliant on inputs from mineral
fertiliser as a means of increasing yields in agricultural production (Angus and Grace 2017;
McDonald et al. 2015); a trend that is unlikely to diminish in the foreseeable future. Currently, the
national average application rate of N fertiliser to cereals and oilseeds is about 45 kg N ha–1, which
is low by international standards, but this is driven by smaller N demand of dryland crops (Angus
and Grace 2017). Application rates of P fertiliser are much lower than N fertilisers (Armstrong et
al. 2018a), but fertiliser products containing P are more expensive (Marshall 2018). Variability in
crop yield potential in Australian systems, resulting from variable seasonal (rainfall) conditions
presents a major production and financial challenge for grain growers, in terms of both N and P
management. Australian grain growers have had to adapt to these variable conditions. For N
management, farmers generally use tactical approaches, such as delaying application (i.e.
topdressing) until the seasonal outlook for rainfall and grain yield (GY) potential are more
predictable (Angus and Grace 2017), but strategic management with P fertiliser is limited. At
present, almost all P fertiliser is applied at sowing, placed close to the seed, and this does not allow
farmers to be responsive to changes in seasonal outlook (McBeath et al. 2012).
Inputs of N and P fertilisers are both vital for crop growth and GY, in dryland cropping systems of
south-eastern Australian, but their supply, management and role within the plant differs. The
mechanisms behind poor GY response to N and P fertilisers are therefore likely to be different. This
introduction summarises current literature in relation to N and P nutrition and explores the potential
mechanisms which may be responsible for the poor translation of early biomass responses to N and
P fertilisers into improved GY in cereal crops, with a focus on spring wheat. Improving our
understanding relating to the causes of poor GY responses to N and P fertilisers may ultimately help
to optimise fertiliser management and to maximise its profitability.

1.1 Poor grain yield responses to N fertiliser
Poor GY responses of cereal crops, including wheat, to N fertiliser are commonly attributed to
“haying off” (Colwell 1963a; Dann 1969; Taylor 1965; van Herwaarden et al. 1998). A luxury
supply of N stimulates early biomass production and hence increases the GY potential of the crop
(McDonald 1992). “Haying off” occurs because the excessive biomass increases transpiration, so
18

the crop uses more water (van Herwaarden et al. 1998). When this high rate of water use is followed
by dry conditions during grain filling, there may be insufficient water available to meet demand
during grain development (van Herwaarden et al. 1998). The crop cannot continue assimilation
during grain fill and translocation of pre-anthesis assimilates is restricted, so that the plant is unable
to fulfil the grain yield potential set up by early growth (van Herwaarden et al. 1998). “Haying off”
is characterised by high protein levels, high screenings (percentage of grain that passes through a <
2 mm sieve) and low harvest indexes (HI: ratio of harvested grain to total shoot biomass) (van
Herwaarden et al. 1998). Crop modelling suggests the risk of “haying off” in rain-fed agriculture in
south-eastern Australia is likely to increase with elevated CO2, lower growing-season rainfall and
higher temperatures, associated with climate change (Nuttall et al. 2012). Nuttall et al. (2012)
reported large increases in the frequency of haying off in both low (< 400mm annual rainfall) and
medium rainfall (400 – 550 mm annual rainfall) regions of Victoria but are unlikely to occur in the
high-rainfall zone (> 550 mm annual rainfall) where water during grain fill was not a limitation to
yield. Thus, careful management of N inputs may become even more challenging in some regions
in the future.
Nitrogen fertilisers typically provide the crop with between 10-50 % of its N uptake in the season
of application (Stevens et al. 2005); the remainder is supplied by the soil, either from fertiliser
residues or mineralisation of organic matter. Available mineral N at sowing, the sum of residual
mineral N and any mineralisation which has occurred during the summer-fallow period, can be
easily measured by soil testing (Angus et al. 1998; Peoples et al. 2017). The amount of N which
will mineralise during the season, however is much less certain. In some cases, N supply from inseason mineralisation can be significant. Research from the high-rainfall zone of Victoria, proposed
that in-crop mineralisation may help to (at least partially) explain the lack of GY response to inputs
of synthetic N fertiliser (Harris et al. 2016). Good N management of crop requires accurate
predictions of in-crop N mineralisation and an understanding of the relative importance of this N
supply to the crop.
Considerable research has been undertaken globally to improve our understanding of N
mineralisation. In Australia, however Bell et al. (2016) identified 28 publications with sufficient
data to calculate mineralisation rates in cropping systems. Many of these publications used research
carried out between 1986 and 2000, but in some instances, data were collected decades earlier. In
the last 15 years, approximately 13 Australian studies have examined net N mineralisation in
cropping systems or on cropping soils; of the published studies 9 are from Western Australia. As
such, most studies have focused on slightly acid to acid, coarse textured soils, in farming systems
with low or no fertiliser N inputs. Few studies have been focussed on the alkaline clay soils (Bell
et al. 2016) that support most of the grain production of south-eastern Australia (Adcock et al.
2007).
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Given the lack of recent research, advisors are concerned about whether the previous studies are
still relevant to modern cropping systems, where continuous cropping and reduced tillage are now
the norm (Bell et al. 2016). Over the past 20 years, Australian cropping systems have undergone
major changes, including a shift to continuous cropping (as opposed to phased pasture/ cropping
systems and use of long-fallows), and increased adoption of reduced tillage and stubble retention
(Llewellyn et al. 2012). Such changes can have variable effects on N mineralisation. A shift away
from the use of a legume-based pasture phase has reduced inputs of atmospheric N via biological
N2 fixation (Angus and Grace 2017). No-till systems based on retaining large amounts of crop
residues with high C:N ratios, however can increase immobilisation and slow net mineralisation
(Wood and Edwards 1992).
Angus (2001) estimated that around 70% of crop N is derived from N mineralisation (both in-season
and between seasons), but more recent estimates suggest that this figure has declined to 60% (Angus
and Grace 2017). Mineralisation is strongly driven predominately by organic matter and rainfall
(Gupta et al. 2011). Recent studies using data from long-term experiments have shown that
continuous cropping decreases soil organic matter (as measured by total N and organic C) (Angus
and Grace 2017; Armstrong et al. 2018b). This would reduce the potential supply of N from
mineralisation and may affect its importance in N budgeting.

1.1.2 Accounting for in-crop N mineralisation and methods of prediction
Advisors currently accept that in-crop N mineralisation may be an important N source, yet few are
confident with their estimates when formulating N budgets (Bell et al. 2016). A broad range of
decision support tools (Bell et al. 2016), including sophisticated models, are available to estimate
mineralisation (Hochman et al. 2009). The costs associated with obtaining useful input data to
parameterise many of these models, however are seen as a barrier preventing improved utilisation
(Hochman et al. 2009). Furthermore, Bell et al. (2016) found that many of the advisors preferred
simplistic methods over more complex models but would be interested in better measuring or
estimating mineralisation, so long as the method was quick and easy.
Predictive soil tests may offer a valuable alternative for fulfilling these requirements and estimating
in-season mineralisation. A soil test would be particularly attractive if it was coupled with presowing soil mineral N testing without requiring additional sampling or preparation. At present, there
is no simple and accurate soil testing tool for predicting in-crop N mineralisation; the current
standard methods, based on moist (aerobic) or saturated (anaerobic) incubations, experience issues
with reproducibility (Ros et al. 2011), are time consuming (minimum incubation time of 7 days)
and are not well suited to commercial analysis (Benbi and Haer 2007; Gianello and Bremner 1986;
Ros et al. 2011).
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There are also a range of alternative methods and new technologies which may provide more rapid
and robust predictions of mineralisation. These include soil testing methods such as hot KCl
extractions (Gianello and Bremner 1986; Ros et al. 2011), which have been investigated widely
overseas, but research in Austarlian is limited to irrigated rice (Russell et al. 2002; Russell et al.
2006) and forestry (Szota et al. 2014; Wang et al. 1996). Newer technologies, such as the use of
spectroscopic data, in the near-infrared (NIR) and mid-infrared (MIR) frequency regions (Murphy
et al. 2009; Soriano-Disla et al. 2014) may also be a good alternative due to the speed and low cost.
Improving knowledge and predictions of in-season N supply, may assist growers to improve their
N fertiliser management to reduce the incidence of poor yield responses to N and ultimately increase
profitability.
1.2 Poor grain yield responses to P fertilisers
Early responses to P fertiliser are commonly observed (Elliott et al. 1997a; Grant et al. 2001; Piper
and DeVries 1963), but often early vegetative responses to fail continue through the growing season
to increased GY (Armstrong et al. 2008; Colwell 1963a; Dann 1969; Mason et al. 2010a; McDonald
et al. 2015; McDonald et al. 2018; Piper and DeVries 1963; Smith 1965; Tomasiewicz 2000). The
exact cause of this decline in crop response to P has not been widely investigated; few of the aforementioned studies have investigated this issue in detail and many do not contain sufficient data to
thoroughly examine the underlying cause/s.
1.2.1 Dynamics of P supply from P fertiliser and soil
In Australian cropping systems, P fertiliser is typically banded close to the seed at sowing, near the
developing root system. Consequently, early P uptake comes predominately from fertiliser
(Mitchell 1957) and this may explain the presence of strong early biomass responses to added P
fertiliser. As the growing season progresses, crops utilise more P from the soil and become less
reliant on fertiliser (Mitchell 1957). Plants generally derived only a small proportion of their total
P from fertiliser. McBeath et al. (2012) reported between 3% and 30% of applied P was used by the
wheat crop. Consequently, crops rely on soil P to meet most of their demand for P (McBeath et al.
2012; Noack et al. 2014), even in the presence of P fertiliser. Over time, the solubility and
availability of fertiliser P can decline due to adsorption or fixation of P by iron and aluminium
oxides or calcium carbonate, and precipitation into amorphous or crystalline forms (Moody and
Bolland 1999).
Of the total P in soil, only a small proportion of soil P is considered to be ‘readily-available’ for
plant uptake. The remaining P in soil is retained by soil components on a continuum of bonding
energies, with varying degrees of reversibility (Syers et al. 2008) and most is considered to be
‘unavailable’ to the plant (Armstrong et al. 1993), at least in the short-term. Phosphorus in soil is
both inorganic and organic in nature. Studies have shown that plants can use a range of sparingly
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soluble P forms (Armstrong and Helyar 1993; Armstrong et al. 1993; van Ray and van Diest 1979;
Wang et al. 2011); the relative amounts and availability of sparingly soluble P compounds however
depend on a number of factors, including soil pH, weathering history and parent material of the soil
(Armstrong and Helyar 1993). Organic P in soil can represent up to 80% of the total soil P,
especially in pasture systems (Richardson et al. 2009), however organic P is thought to play a minor
role in the crop under most highly-managed agricultural production (Kovar and Claassen 2005) in
soils that have a long history of inorganic P fertilisers (Guo et al. 2000).

1.2.2 Prediction of soil P supply by soil P testing
A soil’s ability to supply P is generally predicted using a soil test, which helps to determine whether
inputs of P fertiliser are necessary to achieve a potential yield. Most soil P tests are designed to
estimate ‘available P’ and/or ‘labile P’ pools (Holford 1997). Numerous studies, however have
questioned the accuracy of current soil P tests for predicting crop responses to P fertiliser (Bertrand
et al. 2003; Colwell 1963b; Holford et al. 1985; Mason et al. 2010b; McBeath et al. 2005), with
both under-estimation (Wang et al. 2007) and over-estimation (Holloway et al. 2001; Mason et al.
2013) of soil P supply observed. Poor GY responses to P fertiliser have often been noted in spite of
soil P testing indicating a likely response to P (Armstrong et al. 2008; Dann 1969; McDonald et al.
2015). Failure to accurately account for supply of P from sparingly soluble P sources may affect
the accuracy of current testing methods.
1.2.3 Phosphorus uptake by roots and the interaction with soil water
Phosphorus is relatively immobile in soil and most P is delivered to the root via diffusion (Kovar
and Claassen 2005). Diffusion occurs over a very short distance which makes root growth important
for P uptake by the plant. Diffusion of P and uptake also require water (Kovar and Claassen 2005).
Availability of water is generally considered as the most important factor limiting crop growth and
GY in dryland cropping systems of southern Australia (Kirkegaard and Hunt 2010; Sadras and
McDonald 2012). Additional GY potential, set up by improved early nutrition, can only be realised
if sufficient water is available for sustaining crop growth (Angus and Fischer 1991). The
interactions between water, P diffusion and uptake are likely to influence crop responses to P
fertiliser over the growing season.
Rainfall, through its effects on soil water content and distribution throughout the profile, influences
the amount of P derived from fertiliser compared to the soil (McBeath et al. 2012). McBeath et al.
(2012) and Dunbabin et al. (2009) reported that the application of P fertiliser made a relatively
greater contribution to P uptake in a dry season compared to a wet year, despite lower P uptake.
Dunbabin et al. (2009) suggested that distribution of soil water was important in determining where
the crop derived P from. Small rainfall events are likely in dry seasons in southern Australia (Sadras
and Rodriguez 2007). These small events however still help to maintain soil water around the
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fertiliser band and hence allow for crop intake. Dunbabin et al. (2009) showed that a reduction in
root system size reduced P uptake, but this effect was less pronounced in wet seasons. This suggests
that root growth has less influence on P capture in when soil water is adequate. Phosphorus
acquisition is therefore sensitive to the interplay between timing and placement of fertiliser,
seasonal rainfall distribution, and root length density distribution with depth (Dunbabin et al. 2009).
Several studies (Armstrong et al. 2008; Colwell 1963a; Mason et al. 2010a) reporting poor GY
responses to P fertiliser implicated environmental conditions, predominately low water availability
late in the season. Many studies have likened poor GY responses to P fertiliser, to “haying off” of
crops supplied with excess N. Noack et al. (2010) stated that in some cases the provision of P
fertiliser at sowing sets a GY potential higher than the subsequent climatic conditions (i.e. a lack of
rainfall and soil water) can support. A lack of soil water may explain the poor response to P noted
in Armstrong et al. (2008), where addition of P fertiliser decreased the HI at maturity. Few other
studies, however reported similar declines in HI or other characteristic symptoms of “haying off”
such as increased screenings or lower kernel weights. McDonald et al. (2015) reported significant
increases in kernal weight and HI where P was applied, but this was not in a dry season. Increased
HI from P fertiliser was observed at two sites, in 2011, where growing season rainfall was over 300
mm. Grain yield responses to P fertiliser were smaller in wet seasons compared to dry years
(Colwell 1963a; McDonald et al. 2015; Piper and DeVries 1963). Armstrong et al. (2008) observed
a negative effect of P fertiliser on GY in a dry season, which contrasts with the other studies
(Colwell 1963a; McDonald et al. 2015; Piper and DeVries 1963), suggesting that there may be more
than one mechanism responsible for the decline in crop response to P observed in previous studies.
Further invesigation of the interactions between soil water and the decline in crop response to P
fertiliser appears to be warrented.

1.2.4 Mechanisms for increasing P uptake under P-deficient conditions
Root growth of many plant species including wheat is able to adjust to the soil nutrient and water
status (Vlek et al. 1996). In the field, the volume of soil exploited by the root system may be just as
important as the ability of roots to absorb P at low concentrations (Asher and Loneragan 1967).
Under P-deficient conditions, plants can use a range of mechanisms to increase P capture from the
soil (Ramaekers et al. 2010).
Root growth is less affected by P deficiency than shoot growth (Marschner 1995). Preferential
distribution of assimilates to the root system leads to an increase in root: shoot ratio under P
deficiency (Wissuwa et al. 2005). Plants experiencing P deficiency produce longer, finer root
systems to maximises surface area and length (Ramaekers et al. 2010) at the lowest possible carbon
cost (Richardson et al. 2011). Root hairs can also develop to increase the surface area of the root
(Kovar and Claassen 2005).
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Plants can alter the chemistry of the rhizosphere, via exudation of enzymes such as alkaline
phosphatases which enhance organic P mineralisation and organic acid anions from the root, which
allows them to solubilise various forms of inorganic P (Richardson et al. 2009). Organic acids can
alter the pH of the soil solution, (ii) alter the surface characteristics of soil particles; (iii) desorb P
ions by competing for sorption sites and (iv) complexing and chelating cations bound to P or
indirectly promote growth of root-associated soil microorganisms (Richardson et al. 2009). The
patterns and type of root exudates vary among plant species (Kovar and Claassen 2005). Pearse et
al. (2006b) reported wheat did not release large amounts of carboxylates compared to other crop
species, but responded strongly in terms of biomass production to supply of a sparingly soluble
aluminium phosphate (Pearse et al. 2006a). Release of phosphatases into the rhizosphere is thought
to catalyse the conversion of organic P into inorganic P, but the relationship between phosphatase
activity and P uptake disappeared when seedlings were grown in soil (George et al. 2008). Hedley
et al. (1982a) reported phosphatase activity was poorly correlated with the drop in organic P
concentration in the rhizosphere of canola (Brassica napus) but that changes in rhizosphere pH
caused by differential anion/cation uptake was.
Plants can also invoke specialised transport systems to increased P acquisition against a strong
concentration gradient, either through increasing or de-repression of high-affinity transporters
(Ramaekers et al. 2010). Solution culture experiments have shown that plants can increase their P
influx rate in response to P derivation (Clarkson and Scattergood 1982; Cogliatti and Clarkson
1983; Lefebvre and Glass 1982).
Development of mycorrhizal associations is also thought to assist P capture, principally by
increasing the number of contact points for nutrient uptake (Bolan et al. 1987). Background soil
nutrient levels will strongly determine infestation and colonisation of mycorrhizae in roots
(Marschner 1995). Osborne and Rengel (2002) observed few genotypes of wheat were colonised
by mycorrhizae and not at significant levels to increase P uptake. Growth benefits from the
symbiosis are not guaranteed. Manske et al. (2000) however noticed significant colonisation of
wheat roots, which helped to increase GY. Osborne and Rengel (2002) suggested that soil type may
influence results. Ryan et al. (2002) found that increasing colonisation of wheat by mycorrhizae did
not improve growth or GY of wheat in south-eastern Australia, regardless of soil type and P-supply.
Many of these adaptation mechanisms have been reviewed in detail (Kovar and Claassen 2005;
Ramaekers et al. 2010; Rose and Wissuwa 2012). Use of adaptions by a P-deficient crop may help
to enhance P acquisition from the soil and hence make up for the lack of P fertiliser.

1.2.5 Genotypic differences in nutrient acquisitions
Genotypic differences in nutrient acquisition arise primarily through differences in root
characteristics, such as root system size, morphology, physiology and the associated changes in root
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surface area for absorption of nutrients and changes in rhizosphere chemistry (Marschner 1995).
Genotypic variation exists for many root traits within wheat (Batten and Khan 1987; Batten et al.
1986; Batten 1992; Manske et al. 2000; Osborne and Rengel 2002), including the root/shoot ratio
(Manske et al. 2000). Under P deficiency, P-efficient wheat varieties tend to enhance their root
growth (Römer et al. 1988). With more root length, the wheat plants are able to access more P
resources in the soil and improve P uptake (Manske et al. 2000). Varietal differences in ability to
acquire P from the soil may help to explain the decline in crop response to P.

1.2.6 Factors affecting root growth and P capture
Given the importance of root growth for P capture, any factor that restricts root growth will, most
likely, affect the soil volume that plants can exploit for water and nutrients, and hence will affect
how the crop responds to P fertiliser. Root growth can be affected by numerous factors including
subsoil physicochemical constraints (Adcock et al. 2007), pests, diseases, P placement (Marschner
1995) and soil water availability. Subsoil physicochemical constraints such as high boron (B) can
lead to incomplete extraction of soil water by the crop (Adcock et al. 2007). In such circumstances,
a ‘haying off’ type response may be expected. Stronger positive responses to P fertiliser, however
have been reported in wheat grown in the presences of subsoil constraints (Dunsford et al. 2012;
Singh et al. 2006). Previous studies reporting poor GY responses to P fertiliser did not acknowledge
the presence of any potential constraints to root growth.

1.2.7 P fertiliser placement and interaction with soil water, root growth and uptake
Fibrous-rooted plants, such as wheat, can increase root proliferation in areas of high-P concentration
(Rose et al. 2009), so P distribution within the soil profile will affect root distribution. Dunbabin et
al. (2009) showed that the distribution and total amount of root growth will be affected by timing
and amount of soil water. Phosphorus uptake was sensitive to the density and number of crop roots
(Dunbabin et al. 2009). Marschner (1995) suggested that locating P fertiliser in the topsoil may
restrict root development into the subsoil, but McBeath et al. (2012) found that application of P to
the topsoil under high soil water content, stimulated root growth into the subsoil and enhanced
utilisation of subsoil P. While the proportion of P derived from the fertiliser makes only a small
contribution of the total P uptake by the crop, it can also have a major influence on the ability of
the plant to access soil P (McBeath et al. 2012).
Widespread adoption of conservation cropping practices (Llewellyn et al. 2012; Vu et al. 2009)
has been shown to cause pronounced vertical stratifications of immobile nutrients, including P, in
the topsoil (Cornish 1987; Singh et al. 2005). Stratification of P has become pronounced other
times with reduced tillage, leading to a concentration of P close to the soil surface, as opposed to
soil P being more disperse in a fully cultivated system with greater soil mixing (Vu et al. 2009).
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Given that movement and uptake of P from the soil is facilitated by water (Kovar and Claassen
2005), when the topsoil dries, the P located in this part of the soil profile becomes unavailable for
plant uptake. Research from the grain belt of northern Australia has shown that poor responses to
P fertiliser can be overcome by placing P fertiliser into the subsoil (Bell et al. 2015). Singh et al.
(2005) recorded a GY increase of 30% for spring wheat from application of 10 kg P ha-1 at 10-15
cm soil layer. Bell et al. (2015) reported a 20% GY response to deep (approximately 20 cm) P
fertiliser application in sorghum (Sorghum bicolor). Production systems in northern Australia,
however rely on soil water stored during the fallow (Bell et al. 2012; Bell et al. 2015). When the
topsoil dries, there is still subsoil water to facilitate P uptake (Singh et al. 2005). In southern
Australia, however the majority of in-season rainfall is received in small but frequent events,
while summer rainfall events are larger, but more sporadic (Sadras and Baldock 2003). Therefore,
in southern Australia there is unlikely to be sufficient deep moisture build up for deep placement
of P to have a positive effect on late P uptake and hence increase to GY. Research from Western
Australia, which also receives most of its rainfall during winter, showed deep placement of P
fertiliser (8 cm below seed), relative to other methods, increased the GY of lupin (Lupinus
angustifolius), and reported that the relative increases in GY were larger than those of vegetative
growth (Jarvis and Bolland 1991). An earlier study by the same authors (Jarvis and Bolland
1990), however found that deep P placement lead to modest improvements in GY in wheat. These
results suggest that crop species response to P fertiliser placement in different ways, most likely
depending on the morphology and function of their root systems.

1.2.8 Pattern of P uptake by crop
Varieties differ in pattern of P uptake (Jones et al. 1992) and hence their responses to P fertiliser.
The general expectation is that 50% of total P uptake will be accumulated by stem elongation
(Batten and Khan 1987; Rose et al. 2007). Wheat is thought to accumulate 100% of its P by anthesis;
Rose et al. (2007) showed the maximum P accumulation by Nyabing wheat just prior to anthesis in
a glasshouse experiment where water was not limiting, and hence continued P uptake was possible.
Some studies suggest that the maximum GY can still be obtained even when P is removed after
heading, preventing further uptake (Batten et al. 1986; Boatwright and Viets 1966), while other
studies (Jones et al. 1992; Miller et al. 1994) suggest that P uptake after anthesis is important in
determining final GY. Manske et al. (2000) suggested that when soil water is adequate and where
roots can remain active late in growing season, 40% of total P can be taken up after anthesis. There
is debate, however as to whether this continued P uptake is necessary for GY or just represents
luxury conditions (Piper and DeVries 1963). It is shown that wheat has the capacity to keep
absorbing P during the growing season, as long as soil water is available. Jones et al. (1992) reported
the one variety which accumulated over 70% of its P after anthesis, yielded similarly to a variety
which accumulated most of its P during early growth.
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1.2.9 Late P supply through foliar P application to maximise grain yield
Some studies suggest that poor GY responses to P fertiliser are due to an inability to acquire P late
in the season, due to insufficient topsoil water, because an additional supply of P late in the season
may be required for translocation of assimilates during grain filling (Grant et al. 2001). Phosphorus
is required for production of adenosine triphosphate, which provides the energy for synthesis of
numerous metabolic compounds (Porter 1962), movement of metabolic compounds in the phloem
and their conversion to starch in the grain (Sutton et al. 1983). Since GY is largely determined by
redistribution of assimilates, any factor affecting translocation would also affect GY (Palta et al.
1994). Plants may store sufficient P to continue production of carbohydrates but supply of P may
not be sufficient to allow for translocation (Sutton et al. 1983). When P supply is not sufficient to
allow for translocation, it has been suggested that application of foliar P may be an effective means
of maintaining the necessary P supply during grain filling (Noack et al. 2010), when soil conditions
may prevent P uptake from the soil (Grant et al. 2001; McBeath et al. 2011; Sutton et al. 1983).
Obtaining consistent GY responses to foliar P in the field, however has proven difficult (Facelli et
al. 2016). Facelli et al. (2016) did not observed a significant GY response to foliar P, with dry soil
conditions during grain filling. This was in spite of suggestions that increases in GY, from foliar P
application, generally take place in seasons of water stress (Mosali et al. 2006).

1.2.10 Effect on P on the development of grain yield components
Phosphorus fertiliser can increase plant tillering (Elliott et al. 1997a; Rodríguez et al. 1999) and the
number of spikelets initiated on the head (Rahman and Wilson 1977). Because of the effect of P on
tillering and spikelet initiation, it is presumed that P fertiliser would increase GY potential, but this
is not necessarily observed in cases where crops fail to respond to P fertiliser at maturity.
The number of spikelets on the main head is set during tiller formation (Jones and Kirby 1977).
When tillers first develop, they are enclosed within the subtended leaf sheath and do not contribute
to photosynthesis (Kirby and Jones 1977). During this time, the tillers draw their energy and
nutrients from the main stem (Jones and Kirby 1977). For this reason, increased tillering can reduce
in the number of spikelets initiated on the main head (Jones and Kirby 1977), thus affecting its GY
potential. Increased tillering can also constitute a waste of resources because some tillers are nonfertile, and translocation of resources to fertile heads is generally incomplete (Donald 1968). Kirby
and Jones (1977) reported that when the number of tillers on a plant is reduced, the main stem can
generally compensate through increased yield.
The total number of spikelets per head is determined at terminal spikelet (GS30) (Kirby 1988) and
this sets the maximum GY potential for the head and P addition can increase the number of spikelets
developed, but does not affect the rate at which spikelets are initiated (Rahman and Wilson 1977).
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During the following stage of stem elongation, stem and ear growth is rapid, but supply of resources
does not increase, because leaf area is declining (Kirby 1988). Increased competition for assimilates
can lead to a shortage of nutrients, resulting in the abortion of floret primordia (Bancal 2009).
Reducing the number of tillers helped to increase GY of the main stem (Mohamed and Marshall
1979), by reducing the internal competition for assimilates between the developing spike and young,
possibly non-fertile tillers (Duggan et al. 2005). Producing less tillers can slow the rate of water use
and promote development of larger, fertile spikes to increase kernel weight (Mitchell et al. 2012).
While high rate of P application can increase the potential number of grains (i.e. more tillers and
more spikelets per ear), it may also increase competition for assimilates and reduce grain number
through floret death. Restricted tillering under low P conditions may reduce the intensity of
competition for resources and help to maintain yield.
Many of the GY components affected by P fertiliser, particularly increased tillering however, should
have been detectable at maturity and reduced the HI of the plant. Reduced HI, with P fertiliser
addition however were not necessarily observed in studies reporting decline in crop response to P
fertiliser. Smith (1965) observed a reduction in tiller number in the high P treatment; but the
proportion of heads to tillers remained similar for all P treatments but did not propose a responsible
mechanism. Dann (1969) however showed increased tillering from P application at maturity but
increasing rate of P fertiliser tended to decrease the number of grains per ear albeit the effect being
not significant on a site basis. Few studies, reporting poor GY responses to P fertiliser, examined
tillering or other yield components that affected final GY.
Final grain weight is determined by the supply of assimilates to the grain during grain filling, both
through new assimilation and translocation (Masoni et al. 2007). Post-anthesis conditions, including
the temperature and water availability, affect new assimilation and translocation of reserves (Palta
et al. 1994). Elliott et al. (1997a) reported increased kernel weights at high rates of P fertiliser.
Previous studies, reporting poor GY responses to P fertiliser observed small significant
improvements kernel weight due to P fertiliser (McDonald et al. 2015), while others found little
effect of P on final grain weight (Colwell 1963a; Dann 1969). Some studies suggest that P supply
late in the season is important for redistribution of assimilates into the grain (Grant et al. 2001;
McBeath et al. 2011; Sutton et al. 1983), but as previously discussed (see Section 1.2.9) foliar
application of P has not provided consistent benefits to GY under dry soil conditions during grain
filling (Facelli et al. 2016).

1.2.11 Effect of P status on rate of crop development
The P status of a plant can also have a significant effect on the rate of phasic development (Elliott
et al. 1997a; Grant et al. 2001). Phosphorus deficiency can reduce the size of individual leaves
(Rodríguez et al. 1998), and the rate of leaf emergence, while concurrently increasing the leaf
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phyllochron and the duration of leaf emergence (Prystupa et al. 2003). Elliott et al. (1997a) observed
significant delays in emergence of the second leaf and formation of tiller buds and nodes in P
deficient compared with P-adequate plants. Early responses to P fertiliser, may at least partially,
reflect differences in the rate of crop development. Elliott et al. (1997a) reported that anthesis could
be delayed for up to 12 days and ripening also delayed in severely P-deficient plants than P-adequate
plants. McDonald et al. (2015) estimated that flowering was delayed by 2–5 days at nil P supply in
their field experiments but found no significant relationship between the delay in flowering and
response to P. Slower development by a P-deficient crop may allow more time to overcome initial
differences in growth compared with the P-fertilised plant.

1.2.12 Phosphorus utilisation efficiency
The efficiency with which plants utilise each additional unit of absorbed P, for the development of
GY, progressively declines (law of diminishing returns) (Syers et al. 2008). Plants which are low
in P may utilise absorbed P more efficiently, compared to well-fertilised plants. The concentration
of inorganic P stored in the plant varies with external P supply, while metabolically active organic
P tends to be more stable (Bieleski 1973; Lefebvre and Glass 1982). This is because plants absorb
more P than is required for healthy growth. Excess inorganic P, which is generally non-metabolic,
will be stored in vacuoles as orthophosphate and can be used to buffer against short-term changes
in P supply (Grant et al. 2001). In P-deficient plants, more than 90% of the inorganic P is in the
metabolic pool (Sutton et al. 1983).
Clarke et al. (1990) suggested that higher utilisation efficiency of P under dryland conditions was
due to reduced P uptake as a consequence of dry conditions after anthesis. They reported that the
uptake of P in excess to plant requirements, prevented good relationships between P-utilization
efficiency and GY. McDonald et al. (2015) suggested that P-utilisation efficiency, through internal
translocation, may become more important in determining responses to P fertiliser than P uptake
later in the season. While McDonald et al. (2015) reported that wheat varieties differed in their
responses to P fertiliser across 4 sites (over 4 seasons), the reasons behind this varietal variation
were not identified. While varietal differences in P-utilisation efficiency are believed to exist; all
advances from breeding to date have come from enhanced P acquisition (Rose and Wissuwa 2012).

1.2.13 Liebig’s Law of Minimum- other factors effecting grain yield
Plant growth can be affected by environmental conditions, crop agronomy, availability of nutrients
(Syers et al. 2008), as well as biotic and soil factors. Maximum plant growth will be determined by
the availability of the most limited resource (i.e. Liebig’s law of minimum) (Allaby 2010). As
previously stated, the water is commonly the most limiting factor in dryland cropping systems of
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Australian, (Kirkegaard and Hunt 2010). After water, the adequate supply of other macro- and
micro-nutrients will determine whether growth responses to P fertiliser will translate into increased
GY (Syers et al. 2008). Nitrogen is required in large amounts for healthy crop growth (Reuter and
Robinson 1997), and N deficiency has been shown to be one of the most important drivers behind
the yield gap in Australian cropping systems (Armstrong et al. 2018a; Hochman and Horan 2018).
Nitrogen supply influences the number of tillers per plant and the number of kernels per spike (van
Herwaarden et al. 1998). Adequate N supply during stem elongation is important to reduce floret
death (Ferrante et al. 2010). Hence it is possible that N becomes more limiting to GY than P supply.
Interactions between N and P have important and complex effects on plant biomass, and the uptake,
concentrations and distribution of nutrients throughout the plant (Elliott et al. 1997b). Holford et al.
(1992) observed that increasing rate of P fertiliser increased the response to N in nine of 58
experiments undertaken in northern Australia, but changes in the curvature of the response at the
highest P rate suggested that N supply was the primary limiting factor. Colwell (1963a), however
observed significant interactions between P and N fertiliser, which ultimately affected GY, at only
3 out of 11 sites. Other studies reporting poor GY responses to P fertiliser, have limited information
about N supply or plant N status. Given the complexity of the relationship, interactions between P
and N cannot be ruled out as a potential cause of poor GY responses to P fertiliser.
Interactions between P and other nutrients are also a possible cause of poor GY responses to P
fertiliser. In northern Australia, Bell et al. (2012) observed that GY responses to P fertiliser were
greater when potassium and sulphur deficiencies were corrected in sorghum. When soil zinc (Zn)
availability is low, larger applications of P fertiliser or high availability of P in soil can induce Zn
deficiency (Gianquinto et al. 2000). Adriano and Murphy (1970) concluded that when the P content
in young maize plants was high, but Zn was limiting, GY decline could be expected. Plant Zn
concentrations were not presented in any of the studies noting poor GY responses to P fertiliser.
McDonald et al. (2015) however applied Zn fertiliser at sowing, but still observed a decline in crop
response to P fertiliser over the season.
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1.3 Research questions and aims
An improved understanding of the mechanisms relating to poor GY responses to N and P fertilisers
are vital for fertiliser management. While the cause of poor GY responses to N fertilisers are
reasonably well characterised, at present there is limited literature relating to in-season or in-crop
N supply and its importance to the crop. An appropriate means of predicting in-crop N
mineralisation in Australian cropping systems, may assist in better N management to reduce the
risk of haying off. Current literature into the cause poor GY response to P fertiliser is limited. The
exact cause is still relatively unknown, but aspects of the literature point towards an interaction
between water and P supply. This thesis aims to generate new information in this field, and to
improve our understanding of the causes of poor GY responses of wheat to P and N fertilisers. A
series of experiments were undertaken to answer the following specific questions.
1.

How much mineralisation occurs during the season in modern cropping systems of
south-eastern Australia and how important is this N supply to the crop? (Chapter 2)

This experiment aimed to quantify the magnitude of N being supplied by in-crop N mineralisation
and to examine how current management practices and environmental conditions might affect incrop N mineralisation. This experiment also compared the accuracy of a range of simple soil tests
for their usefulness in predicting in-crop N mineralisation.
2.

What methods can be used to predict net in-crop N mineralisation and are they well
correlated with field estimates? (Chapter 3)

The experiment aimed to explore new methods for prediction of in-crop N mineralisation, using
data collected from a range of field experiments presented in Chapter 2.
3. Is the interaction between soil water and P supply responsible for the decline in crop
response to P over the growing season? (Chapter 4)
This experiment initially explored the interaction between soil water and P supply on crop yield. It
then assessed how watering depth in the soil profile influenced relative GY responses to P fertiliser,
through their effect on root growth and P capture during the growing season. This study also
examined the effect of P fertiliser rate on the patterns of P uptake and accumulation in wheat plants.
4.

Does the contribution of sparingly soluble sources of soil P explain diminishing
responses to fertiliser at later growth stages of wheat? (Chapter 5)

A glasshouse experiment was conducted to examine the ability of wheat to utilise a range of
sparingly soluble P sources that are representative of non-labile P pools in soil and to assess how
well different soil tests are able to estimate the availability of these P sources to wheat plants. This
study also investigated whether soil P tests were able to measure plant-available P for different crop
species (canola, chickpea and wheat), which use different adaptations to capture soil P.
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Chapter 2 Net in-crop nitrogen mineralisation in cereal crops
across a rainfall gradient in south-eastern Australia
2.1 Abstract
Mineralisation during fallows can provide a significant amount of nitrogen (N), but few published
studies have examined the contribution of in-crop N mineralisation (ICM), particularly in modern
grain cropping systems. This study used data from 73 farmer paddocks (including 4 irrigated
paddocks) and two long-term experiments in the low (< 400 mm annual rainfall), medium (400550 mm) and high (> 550 mm) rainfall zones of south-eastern Australia, between 2013 and 2016 to
estimate the contribution of net ICM (the balance of N mineralised from soil organic matter and
crop residues, minus N immobilised by soil microbes or lost to the environment) to crop N supply.
Net ICM varied with site, season and rainfall zone. The median positive net ICM value was 33 kg
N ha-1 and the maximum amount was 116 kg N ha-1. Positive net ICM values were positively
correlated with growing season rainfall (R = 0.46, P < 0.001), soil organic C (R = 0.41, P < 0.001)
and total N (R = 0.32, P < 0.001). No significant effects of crop rotation or tillage practice were
observed on net ICM. Net ICM was equivalent to between 0.5 % and 335 % of crop N at maturity,
with the median value being 45 %. Negative ICM values, possibly indicative of net immobilisation
or N losses were measured in 30 % of the dataset. An improved ability to predict in-crop
mineralisation of soil N would enhance N management and fertiliser-use efficiency in these
cropping systems.

2.2 Introduction
Nitrogen (N) supply strongly influences the growth, grain yield (GY) and water-use efficiency of
wheat (Triticum aestivum) and barley (Hordeum vulgare) crops in Australian dryland cropping
systems (Sadras et al. 2012). Nitrogen fertilisers are frequently used to meet shortfalls of soil N
supply to prevent N deficiency and enable crops to fulfil their water-limited yield potential (Angus
and Grace 2017). Miscalculating N supply can have adverse effects on yield, either through N
deficiency which results in low crop water-use efficiency (Sadras et al. 2012), or excessive N uptake
which can reduce GY and quality through ‘haying off’ (van Herwaarden et al. 1998). Nitrogen
deficiency is the single biggest factor contributing to the substantial gap that exists between
Australian farm wheat yields and water-limited potential yields (Hochman and Horan 2018).
Fertilisers are a major production cost for Australian grain producers (Bell et al. 2016) and there is
mounting pressure both economically and environmentally for grain producers to improve their N
management. To better manage N supply, a sound understanding of how much N is being supplied
from the soil to the crop is required so fertiliser inputs can be adjusted accordingly.
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Crop N supply is derived from four main sources; residual N left over by the previous crop, N
mineralised during the preceding fallow period and during crop growth (also known as in-crop
mineralisation), with inputs of N fertiliser used to make up for any potential shortfall (Angus 2001;
Moodie 2012). Residual N and the quantity of N mineralised during the fallow can be determined
by soil nitrate testing prior to sowing (Angus et al. 1998; Peoples et al. 2017), but N supply from
mineralisation during crop growth is more difficult to predict. Since this source of N becomes
available to the crop after most decisions about N fertiliser inputs are made, an accurate estimate of
in-crop N mineralisation is needed to ensure that fertiliser N supply is optimised. When N supply
from the soil exceeds crop demand, there is no need to apply additional N fertiliser (Angus et al.
1998).
Considerable research has been undertaken globally to improve our understanding of N
mineralisation. Much of this research has been concentrated in north America and north western
Europe where understanding N supply during the season is important not only to optimise crop
production, but also to reduce potential environmental impacts (Cabrera et al. 1994; Larsen 1999;
Stoeckli 2015). Sandy soils (Larsen 1999) and/or high rainfall (St Luce et al. 2011; Zebarth et al.
2009) regions means there is often little residual N in the profile at sowing. In-crop mineralisation
is therefore an important N source, but the climate (Kottek et al. 2006) and production systems (i.e.
high input or organic) in these countries bear little relevance to south-eastern Australia, where crops
are grown over winter and actual grain yields (10 year national average 1.9 t haˉ¹, ABARES 2017)
and N fertiliser inputs (average 45 kg N haˉ¹, Angus and Grace 2017) are much lower. Most
Australian studies on N mineralisation in cropping systems present data obtained in the 1980’s.
There have been major changes to Australian cropping systems over the past 20 years which have
influenced supply of N through ICM (Bell et al. 2016). During this period, there has been a decrease
in the area under legume pasture (Angus 2001; Angus and Grace 2017), increased use of N
fertilisers, increased cropping intensity (i.e. shift to continuous cropping as opposed to phased
pasture/ cropping systems), and increased adoption of reduced tillage and stubble retention
(Llewellyn et al. 2012). These changes have had both positive and negative effects on N
mineralisation. For example, reduced use of legume-based pasture has decreased inputs of
atmospheric N via biological N2 fixation (Angus and Grace 2017), while retaining high C:N ratio
crop residues in no-till systems slows net mineralisation due to increased N immobilisation by
decomposing microbes (Wood and Edwards 1992).
Net in-crop mineralisation is the amount of N mineralised from soil organic matter and crop
residues, minus N immobilised by soil microbes and absorbed by the crop (Robertson and Groffman
2007). In the last 15 years, approximately 13 Australian studies have examined net N mineralisation
in cropping systems or on cropping soils; even less studies focussed on the alkaline soils that support
most of the grain production of south-eastern Australia (Bell et al. 2016). In a 4-week aerobic
incubation study, Xu et al. (1996b) measured mineralisable N (calculated as the difference between
33

mineral N before and after incubation) of 14-121 kg N ha-1 for samples collected from the top 0.1m soil of 123 experimental sites in the South Australian cereal zone between 1990 and 1992.
Mineralisable N may be lower under field conditions where sub-optimal soil water contents and
temperatures are experienced. A field study by Sadras and Baldock (2003) measured monthly
mineralisation (as opposed to cumulative mineralisation over a season) ranging from -16 up to 61
kg N ha-1 at Euston and Waikerie, South Australia. Another study by Dunsford et al. (2015)
estimated net ICM values between 24 and 35 kg N ha-1 in the low-rainfall zone (< 400 mm annual
rainfall) and between 40 and 113 kg N ha-1 in the medium rainfall (400- 550 mm annual rainfall)
zone of Victoria over a season. Both studies, however, had limitations; Dunsford et al. (2015) were
based on a very limited dataset while Sadras and Baldock (2003) contained data from only two sites
over a single season, hence there is a need to increase our knowledge of current in-crop N
mineralisation across a wide range of soil types and farming systems in this region.
In-crop N mineralisation is an important source of N to crops, particularly where there is a history
of legume pasture production. and in some cases may provide sufficient N to overcome differences
in crop response to N fertilisers (Harris et al. 2016; Harris et al. 2013). Previous work by Angus
(2001) suggested that around 70 % of crop N was derived from soil N mineralisation (both in-crop
and between seasons) in low-input medium rainfall systems based on legume-dominated pasture.
However, a more recent analysis suggests that this value has declined to approximately 60 %
(Angus and Grace 2017). Data from long-term experiments in Australia have shown that a
prolonged period (>15 years reported in Armstrong et al. (2018b)) of continuous cropping causes
soil organic matter decline (as measured by total N and organic C) (Angus and Grace 2017;
Armstrong et al. 2018b). Significant decreases in soil organic matter may affect the quantity and
proportion of N supplied by in-crop mineralisation into the future.
This study estimates net ICM using a field-based method to update our knowledge on the magnitude
and relative importance of net ICM during the cereal (wheat or barley) phase of contemporary
cropping systems in south-eastern Australia. We hypothesise that net ICM will be positively
correlated with growing season rainfall, SOC and total N. We also hypothesise that net ICM will
be greater following pulse crops in comparison to cereals and canola (Brassica napus) and that
removal of crop residues and tillage will reduce net ICM.
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2.3 Methods
2.3.1 Details of dataset
Crop and soil data were collected from a range of sites in western Victoria that encompassed
different rainfall zones, soil types, preceding crop types and management systems (Figure 2.1). The
data presented in this study were collated from a range of sources including a large-scale survey of
farmer paddocks, small replicated on-farm experiments as well as two long-term rotation/tillage
experiments. Details of each are described below.
Field survey
Data from 50 commercial wheat paddocks across western Victoria were collected as part of a larger
paddock survey (Armstrong et al. 2018a) between 2013 and 2015. Sites were located primarily in
the medium-rainfall zone (400- 550 mm annual rainfall) (42 paddocks), with a small number of
samples also being collected from the low (< 400 mm) and high (> 550 mm) rainfall zones (4
paddocks from each zone, respectively). All crop management was conducted by the farmers, from
whom all management records (including N fertiliser inputs and details of the previous crop
rotation) were obtained.
A point within the main production zone of each paddock (i.e. away from headlands and the
influence of trees) was randomly selected. The point was marked using GPS and a physical marker.
All sampling occurred within 3 m of this point. Prior to sowing and after grain harvest two soil
cores were taken to 1.2 m using a hydraulic soil sampler. Cores were divided into 5 depth
increments: 0–0.1, 0.1–0.2, 0.2–0.4, 0.4–0.8, and 0.8–1.2 m and pooled (by depth) to form one
composite sample per depth. Soil samples were air–dried (< 40°C) and then ground (< 2 mm).
Concentrations of ammonium and nitrate (mineral N) were determined using the 2 M KCl extraction
method outlined in Rayment and Lyons (2011). Results were converted to kg N ha-1 using bulk
density estimated from soil cores.
At grain maturity, shoot biomass was measured by cutting 4 x 1 m of crop row. The area of the cut
varied with row spacing and was adjusted for subsequent area calculations. The plant samples were
oven-dried at 70°C to constant weight before being weighed and threshed to determine GY.
Subsamples of the grain and straw were analysed for total N by a LECO FP-428 analyser (LECO
Corp., St. Joseph, MI, USA) (Anon 2003) and results were used to calculate crop N uptake (kg N
ha-1).
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Figure 2.1 Distribution of sampling sites in western Victoria between 2013 and 2016. Regional
boundaries are forecast zones, sourced from the Bureau of Meteorology
Small replicated experiments
Twenty-three on-farm N fertiliser response experiments (Wallace and Armstrong 2017) were
conducted between 2014 and 2016 at dryland sites across the different rainfall zones of western
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Victoria, and some irrigated sites in north central Victoria (Figure 2.1). Only the control plots, which
received a modest amount of starter N fertiliser (< 21 kg N ha-1, median 9 kg N ha-1) were utilised
for this study. The plots used for analyses in this study did not receive any further (top-dressed) N
fertiliser. Experiments were randomised complete block designs with two replicates in 2014 and
2015, and 3 replicates in 2016. Plot size ranged from 15 to 60 m2. Among the 23 sites, 14 were
sown to wheat and 9 were sown to barley. Prior to sowing, soil mineral N was estimated in each
block by collecting two soil cores (0-1.2 m) and an additional two topsoil (0-0.1 m) samples. Cores
were segmented as per the field survey above and cores pooled according to depth to form one
representative profile per block. At harvest, soil mineral N was measured on a plot basis by
collecting and pooling four soil cores per plot by depth. Biomass cuts were taken at maturity by
combining 4 cuts (2 rows by 1 m) from different areas of the plot to form one composite sample.
Row spacing varied between paddocks and the area was adjusted accordingly. All sowing and
management operations were undertaken by the farmer. The soil and plant samples were processed
and analysed as for the field survey.
Long-term experiments
Samples were collected during the wheat phase of two long-term experiments located in western
Victoria, to examine the effect of different management practices on net ICM.
The Mallee Cultivation experiment number 14 (MC14) is a rotation × tillage experiment that was
established in 1985 and is located at Walpeup (35oS07’S, 141o59’E, elevation 85 m ASL) in the
Victorian Mallee. The soil is a Calcarosol (Isbell 1996) and the area has a long-term (1939 to 2017)
mean annual rainfall of 333 mm. In 2014, plant and soil samples were collected from two of the
rotations, namely wheat/pasture/fallow and fallow/wheat for both conventional tillage and direct
drill (totalling 4 treatments). The pasture phase consisted of a barrel medic (Medicago truncatula
cv. Paraggio), but also contained barley grass (Hordeum leporinum) and capeweed (Arctotheca
calendula). In both seasons, N fertiliser was applied to the wheat phase as Goldphos at 9.4 kg N
ha-1. Detailed information on the experiment can be obtained from Latta and O’Leary (2003).
The second experiment was the Sustainable Cropping Rotations in Mediterranean Environments
(SCRIME) experiment which was established in 1998 and is located at Longerenong (36o40’S,
142o18’E, elevation 155 m ASL) in the Wimmera region of Victoria. The soil is a Vertosol (Isbell
1996) and has a long-term (1925 to 2017) mean annual rainfall of 407 mm. Samples were collected
during the 2014 and 2015 season from the following rotation treatments: 1) continuous wheat, 2)
3-year lucerne/fallow/canola/wheat/pulse, 3) fallow/wheat/pulse, 4) vetch green manure/wheat/
barley, 5) canola/wheat/pulse reduced tillage stubble burnt , 6) canola/wheat/pulse conventional and
7) canola/wheat/pulse zero till . All other treatments are managed as reduced tillage with stubble
burnt, where necessary. Nitrogen fertiliser was applied at sowing as granular MAP (mono37

ammonium phosphate) at a rate of 9.6 kg N ha-1. Detailed experimental information can be found
in Armstrong et al. (2018b).
For both experiments, soil mineral N was determined prior to sowing and post-harvest on a plot
basis by collecting 3 cores at sowing and 4 at harvest and pooling them by depth into one sample
per plot. At grain maturity, two biomass cuts (3 rows by 1 m) were taken from either end of the
plot. Cuts were combined to form one representative sample per plot. Soil and plant samples were
processed and analysed as previously outlined.
2.3.2 Additional soil analyses
Additional soil data collected included soil organic C (SOC), total N (LECO FP-428 analyser) and
pHCaCl2 (1:5 soil: 0.01 M CaCl2) (Rayment and Lyons 2011). Soil organic C and total N data for the
long-term experiments were obtained from samples collected in 2009 (MC14) and 2014 (SCRIME).
Samples were analysed using the LECO analyser with acid pre-treatment (Rayment and Lyons
2011). All other samples underwent the Walkley Black (1934) method for determining soil organic
C (Rayment and Lyons 2011). Particle size distribution was estimated using mid-infrared
spectroscopy (MIR) (Janik et al. 2016).
2.4.3 Rainfall data
Daily rainfall data were obtained from the closest Bureau of Meteorology weather station, using
GPS coordinates for each site. Where possible, rainfall data were obtained from on-site weather
stations, i.e. the N response sites. Growing season rainfall (GSR) was calculated as the sum of
rainfall between April and October inclusive.
2.3.4 Net in-crop N mineralisation (net ICM)
Net ICM was estimated using a modified version of the equation outlined in Armstrong et al. (1999):
Net ICM (kg N ha−1 ) = Crop N × 1.1 + SNM − (SNS + Nfert )

……. Eq. 1

Where Crop N is the total amount of N contained in the shoots of the crop at maturity multiplied by
1.1, as opposed to the value of 1.3 used by Armstrong et al. (1999), to estimate the fraction of N
allocated to roots of wheat (Angus 2001; Gan et al. 2011). SNM and SNs are soil nitrate (0 – 1.2 m)

at maturity and at sowing, and Nfert is applied fertiliser N. Inclusion of Nfert was another modification
from the equation outlined in Armstrong et al. (1999). Only nitrate data were used for this
calculation, since most mineral N in dryland cropping soils is rapidly converted to nitrate (Xu et al.
1996a) and to avoid any confounding effects of soil preparation (air-drying and grinding) on soil
ammonium content (Somes 2016).
2.3.5 Proportion of crop N supplied by net ICM and pre-sowing profile nitrate
The proportion of crop N potentially supplied by net ICM or pre-sowing nitrate (Y) was calculated
as:
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Y =

Net ICM

Crop N × 1.1

× 100 ….Eq. 2

Negative net ICM values were excluded from this calculation. It is important to note that this
calculation is the inverse of the apparent recovery calculation presented in Heenan and Chan (1992),
this is because our focus was on the magnitude of supply as opposed to apparent crop recovery.
2.3.6 Statistical analysis
Summary statistics, including the minimum, first quartile, median, third quartile, and maximum
were determined for net ICM data within each zone and year, using the summary statistics function
in Genstat® V.18 (VSN International, Rothamsted, UK). Outliers were identified as any value
greater than 1.5 and 3 times the interquartile range. Outliers are presented in box and whisker plots
but were excluded from further analysis. Correlations between net ICM (all data and positive net
ICM data), GSR and a range of soil properties were obtained using the correlations function in
Genstat® V.18. The significance of the R value was determined from a significance table using the
appropriate degrees of freedom. The effects of previous rotation, rainfall zone and year on net ICM
and pre-sowing soil nitrate were tested on the full dataset using an unbalanced ANOVA. The effect
of rotation and tillage were tested using data from SCRIME and MC14 and analysed using
ANOVA. Data was transformed, where necessary, to meet assumptions of normality.

2.4 Results
2.4.1 Details of the dataset
Of the 163 data points collected, 64 % were from the medium rainfall zone, with a total of 104 data
points from 64 sites over the 4 years. Twenty-three data points were collected from 11 sites in the
low-rainfall zone. In the high rainfall zone, 25 data points were collected from 13 sites, and 11 data
points were collected from 5 irrigated sites. Most data (72 %) were collected during the 2014 and
2015 seasons, with 2013 and 2016 accounting for 11 % and 17 %, respectively.
The majority (47%) of topsoils in this study were characterised as clays (Figure 2.2a) and were
primarily located in the medium rainfall zone around Horsham. Sandy clay loam was the next most
dominant soil type (31 %), and were spread throughout the low-, medium- and high-rainfall zones.
Topsoil pH(CaCl2) were predominately neutral to alkaline (Figure 2.2b). Only 50 (of the 163 points)
were collected from sites with a pH of 6 or below. Canola was the most common preceding crop,
followed by cereal and then pulse crops (Figure 2.2c). The prevalence of fallows was predominately
due to inclusion of the long-term rotational experiments and is not representative of current
commercial cropping systems (Hunt and Cann 2018). Inputs of N fertiliser ranged widely (Figure
2.2d); from no fertiliser applied in the medium-rainfall zone after a drought, to a maximum of 137
kg N ha-1 in the medium-rainfall zone in 2013. Generally, inputs of N fertiliser were modest (< 20
kg N ha-1); samples from the long-term experiments were taken from an area which did not receive
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post sowing N applications and ‘control’ plots from the small replicated experiments that did not
receive any top-dressed N during the season. This is not necessarily representative of N fertiliser
management on commercial farms (Angus and Grace 2017).

Figure 2.2 The frequency distribution of a) topsoil (0-0.1 m) texture class, b) topsoil pHCaCl2, c)
previous crops, and d) input of N fertiliser for the dataset. Pulse include chickpea (Cicer arietinum),
faba bean (Vicia faba), lentil (Lens culinaris), lupin (Lupius spp.) and field pea (Pisum sativum).
Pasture include vetch (Vicia spp.) green manure, medic (Medicago truncatula) and in some cases
the species was not specified

Average GSR is presented for each rainfall zone (Figure 2.3). The irrigated sites are presented
separately to indicate the contribution of irrigation to each site. The GSR ranged from 121 mm in
the medium-rainfall zone in 2015, to a maximum of 633 mm in the high-rainfall zone in 2016. In
2014 and 2015, GSR was below the long-term average in the low- and medium-rainfall zones.
Conversely, GSR in the 2016 season was above average rainfall throughout the study area and was
sufficient to cause temporal waterlogging in the high-rainfall zone and some medium rainfall sites.
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Figure 2.3 Average growing season rainfall (GSR) from April to October for the low (< 400 mm),
medium (400- 550 mm), high (> 550 mm) rainfall and irrigated sites between 2013 and 2016.
Vertical bars represent irrigation applied in season. *No irrigation was applied in 2016

The concentration of SOC ranged from 3 mg g-1 up to 53 mg g-1 (Table 2.1). Values tended to be
higher in the high-rainfall zone and generally declined with decreasing long-term rainfall. Soil total
N followed a similar pattern; ranging from 0.2 mg g-1 in the low- and medium-rainfall zone up to a
maximum of 5.1 mg g-1 in the high-rainfall zone (Table 2.1).
The amount of nitrate-N in the profile (0-1.2 m) at sowing ranged from 14 to 370 kg N ha-1 (Table
2.1). At most sites, soil nitrate values at harvest were less than half the amount available prior to
sowing. Crop shoot N content varied from 15 kg N ha-1 to 215 kg N ha-1. Generally, crop N increased
with increasing rainfall; varying between the rainfall zones and the different seasons.
2.4.2 In-crop N mineralisation
The maximum net ICM measured was 192 kg N ha-1 (Figure 2.4), but when several outlying values
were excluded, the maximum net ICM was 116 kg N ha-1. Negative net ICM values were observed
throughout all regions but were most common in the low-rainfall zone. There was a significant
interaction between rainfall zone and year on net ICM (P < 0.001). Net ICM tended to increase with
increasing rainfall. Net ICM was generally highest in the high rainfall zone, especially in 2015 (78
kg N ha-1). In 2016, however the largest average values for net ICM were observed in the medium
and low rainfall zones (64 and 51 kg N ha-1, respectively). When only positive net ICM data were
considered, the median net ICM value was 33 kg N ha-1. Positive net ICM was also affected by a
significant interaction between year and rainfall (P < 0.001). Overall trends remained similar when
only positive net ICM values were considered. When negative net ICM values were omitted from
the analysis, average net ICM values in the high rainfall zone were not significantly different to that
of the medium rainfall zone (62 kg N ha-1).
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Table 2.1 Summary of soil organic carbon (SOC) and total nitrogen (N) concentration (mg g-1) in the topsoil (0-0.1 m) as well as input data used to calculate net incrop N mineralization (net ICM). Mean values and ranges are presented for each rainfall zone over the 4 years of data collection. Crop N refers to above-ground N only
SOC
Total N
NO3 conc. at sowing
N fertiliser
NO3 conc. at harvest
Crop N
(mg g-1)
(mg g-1)
(kg N ha-1)
(kg N ha-1)
(kg N ha-1)
(kg N ha-1)
Mean Range Mean
Range
Mean
Range
Mean
Range
Mean
Range
Mean
Range
2013
Medium
14
9 - 22
1.7
1.2 - 2.2
47
24 - 73
48
7 - 137
15
5 - 24
85
55 - 178
2014
Low
7
3 - 11
0.7
0.2 - 1.5
158
32 - 363
13
4 - 37
73
9 - 230
63
23 - 90
Medium
10
6 - 24
1.1
0.6 - 2.7
62
17 - 261
21
4 - 112
33
7 - 234
52
16 - 142
High
37
27 - 47
4.2
3.0 - 5.1
163
83 - 233
26
8 - 77
86
32 - 133
96
76 - 125
Irrigated
19
14 - 25
2.5
1.9 - 3.1
225
104 - 370
9
8 - 10
126
22 - 294
112
57 - 176
2015
Low
15
15 - 16
1.6
1.5 - 1.6
66
57 - 75
4
*
82
79 - 86
26
24 - 28
Medium
11
6 - 18
1.1
0.5 – 2.0
61
14 - 131
13
0 - 112
42
10 - 98
41
15 - 77
High
36
28 - 53
3.5
2.7 - 4.1
123
33 - 192
28
8 - 86
88
48 - 146
128
88 - 215
Irrigated
13
10 - 17
1.6
1.3 - 1.9
44
27 - 58
20
*
24
12 - 41
79
50 - 106
2016
Low
14
13 - 15
1.1
1.1 - 1.13
146
117 - 171
3
*
47
38 - 53
139
127 - 161
Medium
8
7-9
0.5
0.2 - 0.8
64
38 - 132
6
4-9
27
12 - 86
101
59 - 149
High
28
23 - 33
2.3
1.9 - 2.8
156
82 - 190
6
0 - 10
72
16 - 122
113
40 - 154
Irrigated
8
8-9
0.9
0.9 – 1.0
36
16 - 53
8
*
27
23 - 34
27
21 – 30
*Missing values signify no range in values. In most cases this was due to data being obtained from a single paddock, except 2016 irrigated, where both irrigated
paddocks received the same amount of fertiliser.
Year

Rainfall
Zone
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Figure 2.4 Box and whisker plot for net in-crop N mineralization (net ICM) and positive net ICM
for the low (< 400 mm), medium (400- 550 mm), high (> 550 mm) rainfall and irrigated sites
between 2013 and 2016. Outliers, values greater than 1.5 × the interquartile range, are represented
by closed circles. Values greater than 3 × the interquartile range are represented by open circles

Previous crop in the rotation did not affect net ICM (P = 0.308) for all net ICM data or for positive
net ICM only (P = 0.237, data not presented). Conversely, pre-sowing soil nitrate was affected by
an interaction between year and previous crop (P = 0.026), year and rainfall zone (P > 0.001) and,
rainfall zone and previous crop (P = 0.005) (Table 2.2), but the three-way interaction (previous
crop, year and rainfall zone) was not significant (P = 0.947). The largest amount of pre-sowing
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nitrate was measured in the high rainfall zone following pasture (230 kg N ha-1), while the lowest
amount was measured at an irrigated site following a cereal crop. In 2014, the largest amount of
pre-sowing soil nitrate (181 kg N -1) was measured following a fallow, while the smallest amount
of pre-sowing nitrate (36 kg N ha-1) was measured after a cereal crop at the start of the 2015 season.
The significant main effect of pre-sowing soil nitrate (P < 0.001) declined in order of Fallow ≥
Pasture > Canola ≥ Pulse ≥ Cereal.
Table 2.2 Effect of previous crop, rainfall zone and year on pre-sowing soil nitrate (kg N ha-1).
Rainfall zones were low (< 400 mm), medium (400- 550 mm), high (> 550 mm) and irrigated.
Values have been back transformed from a natural log transformation to achieve normality in the
residuals. Letters denote significant differences between treatments for previous crop and rainfall
zone (P = 0.005), previous crop and year (P = 0.026) and the main effect of previous crop (P <
0.001)
Low
Medium
High
Irrigated
2013
2014
2015
2016

Canola
104 cde
44 fgh
114 bcde
198 ab

Cereal1
51 fgh
32 gh
184 abc
32 h

Fallow
170 abc
118 bcde
*
*

Pasture2
130 abcd
78 def
230 a
*

Pulse3
67 ef
47 fgh
166 abc
57 fg

38 ef
65 bcd
58 cdef
59 cedf

*
41 def
36 f
74 bc

66 bcd
181 a
86 bc
*

*
108 ab
85 bc
54 cdef

58 cdef
38 ef
64 bcde
166 a

Average
59 b
44 b
123 a
90 a
51 b
1
Cereals include wheat, barley, oats (Avena sativa) and oaten hay
2
Pasture include vetch (Vicia spp.) green manure, medic (Medicago truncatula) and in some
cases the species was not specified
3
Pulse include chickpea (Cicer arietinum), faba bean (Vicia faba), lentil (Lens culinaris), lupin
(Lupius spp.) and field pea (Pisum sativum)
*no data for this rotation in this rainfall zone or year
Net ICM was positively correlated with GSR (R = 0.32, P < 0.001) and SOC (R = 0.18, P < 0.05),
but correlations were stronger when only positive net ICM was considered (R = 0.46 and 0.41,
respectively; P < 0.001) (Table 2.3). Total soil N was only correlated with positive net ICM data (R
= 0.32, P < 0.001), but the C:N ratio of the soil was significantly correlated with net ICM and
positive net ICM data (R = 0.18, P < 0.05 and R = 0.27, P <0.01, respectively).
Pre-sowing soil nitrate was negatively correlated with net ICM (R = -0.17, P < 0.05). When only
positive net ICM data were considered, the correlation was positive (R = 0.28, P < 0.01). No
significant correlation was found for net ICM and the rate of N fertiliser application (all data R = 0.11 and positive data R = 0.0006, P > 0.05). There was no significant correlation between net ICM
and topsoil pHCaCl2 (R = 0.01, P > 0.05), but when positive net ICM data were used, a significant
negative correlation (R = -0.36, P < 0.001) was observed.
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Topsoil texture showed varying relationships with net ICM (Table 2.3). Net ICM (all data and
positive only) were positively correlated with silt (%) (R = 0.27, P < 0.01 and R = 0.44, P < 0.001,
respectively). Clay % however was positively correlated with net ICM (all data) (R = 0.20, P <
0.05), but the correlation was not significant when only positive net ICM data were considered (R
= -0.15, P > 0.05). Total sand content was negatively correlated with net ICM (R = -0.29, P <
0.001), but was not significantly correlated to positive net ICM (R = -0.02, P > 0.05).

Table 2.3 Correlation coefficients for the relationship between net in-crop N mineralization (net
ICM) and growing season rainfall (GSR, April to October) and profile nitrate (0-1.2 m) and other
soil properties (0-0.1 m). Values are presented as R with significance indicated by *** P < 0.001,
** P < 0.01, * P < 0.05 and n.s, not significant. The number of data points was 157 for all data and
110 for net positive ICM. SOC, soil organic carbon.
All data
GSR (mm)
-1

SOC (mg g )
-1

Total N (mg g )
C: N ratio
-1

Pre-sowing profile nitrate (kg N ha )
-1

Fertiliser N (kg N ha )
Topsoil pHCaCl2
Clay (%)
Silt (%)
Sand (%)

Net ICM
Net positive only
***
0.46

0.32

***

0.18

*

0.41

***

0.14
0.18

n.s

***

*

0.32
0.27

-0.17

*

0.28

**

-0.11

n.s

0.00

n.s

0.01
0.20
0.27
-0.29

n.s
*
**
***

-0.36
-0.15
0.44
-0.02

**

***
n.s
***
n.s

Data from the SCRIME and MC14 experiments were used to test for potential effects of rotation
and tillage on net ICM. Tillage treatment had no significant effect on net ICM (P = 0.35) or presowing soil nitrate (P = 0.48) at SCRIME. Net ICM was not affected by rotation at SCRIME (P =
0.84), but rotation had a significant effect on pre-sowing soil nitrate (P < 0.001). Fallow/wheat/pulse
contained the most soil nitrate prior to sowing (102 kg N ha -1), but this was not different to 3-year
lucerne/fallow/canola/wheat/pulse (86 kg N ha -1) and vetch green manure/wheat/barley (76 kg N
ha -1) rotations. Canola/wheat/pulse contained significantly less nitrate (38 kg N ha -1) than the aforementioned treatments but was significantly higher than continuous wheat (20 kg N ha -1).
Net ICM data from the MC14 site were not significantly affected by tillage practice or rotation (P
> 0.05) and there was no interaction (P = 0.228). Profile nitrate at sowing was higher for
wheat/pasture/fallow (P = 0.007) compared to wheat/fallow. Tillage had no significant effect on
pre-sowing soil N (P = 0.327).
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2.4.3 Net ICM and pre-sowing profile nitrate as a proportion of crop N uptake
Positive net ICM was equivalent to between 0.5 % and 335 % of N in the crop at harvest (Figure
2.5a); with the median value being 45 %. For 56 % of the dataset, net ICM was equivalent to less
than 50 % of crop N uptake. Net ICM exceeded crop N uptake in 11 % of the data; this generally
coincided with drought conditions in the low- and medium-rainfall zones in 2015. Rainfall zone,
however did not appear to have any effect on potential contribution from net ICM (P = 0.99), but
the effect of year was significant (P < 0.001). The proportion of crop N potentially supplied by net
ICM was higher in 2015 and 2016, compared with 2013 and 2014.
The amount of nitrate in the profile before sowing was sufficient to supply the crop with 13 % to
495 % (median of 104 %) of its N uptake (Figure 2.5b). For 53 % of the dataset, pre-sowing soil
nitrate was equal to or exceeded crop uptake (>100 %) and in only 13 % of instances represented
less than half of the crop uptake. The proportion of crop N potentially supplied by pre-sowing soil
nitrate was affected by an interaction between year and rainfall zone (P < 0.001). Generally, the
proportion of crop N potentially supplied by pre-sowing soil nitrate was higher in the low-rainfall
zone and in the 2014 season.
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Figure 2.5 Box and whisker plot showing the proportion (%) of crop N potentially supplied by (a)
net in-crop N mineralisation (net ICM) and (b) pre-sowing profile nitrate for the low (< 400 mm),
medium (400- 550 mm), high (> 550 mm) rainfall and irrigated sites between 2013 and 2016.
Proportion was calculated by dividing net ICM or pre-sowing profile nitrate by crop N uptake
(above and below ground) and multiplying by 100. Only positive net ICM values were used. The
horizontal grey dashed line indicates 100 % of crop N. Outliers, greater than 1.5 × the interquartile
range, are represented by closed circles and values greater than 3 × the interquartile range are shown
as open circle
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2.5 Discussion
2.5.1 In-crop mineralisation in current cropping systems
Of the previous studies of in-crop mineralisation undertaken in Australia, few studies have focussed
on alkaline soils (Bell et al. 2016), as was the focus in this study. Our study showed the median
value for positive net ICM was 33 kg N ha-1. This value is lower than the values presented in other
recent studies from south-eastern Australia, including Xu et al. (1996b) (14 to 121 kg N ha-1, mean
53 kg N ha-1), Officer et al. (2009) (50 and 48 kg N ha-1), Sadras and Baldock (2003) (46 to 79 kg
N ha-1) and the same as Dunsford et al. (2015) (8 to 113 kg N ha-1, median 36 kg N ha-1). Earlier
studies from southern New South Wales (NSW), including Angus et al. (1998), also showed
comparable amounts of ICM ranging from 43 to 113 kg N ha-1. The maximum net ICM observed
in this study was 116 kg N ha-1, which was measured in the high-rainfall zone in 2015. Xu et al.
(1996b) reported a similar maximum value of 121 kg N ha-1 from their laboratory incubation using
soils collected from a range of sites in South Australia.
As hypothesised, GSR and SOC were well correlated with net ICM. This was not surprising given
that both are the major factors influencing microbial activity and biological processes involved in
nutrient mineralisation in most rain-fed cropping regions of southern Australia (Gupta et al. 2011).
Nitrogen mineralisation during the growing season is considered to be a direct function of the
amount of rainfall received during this period (Sadras and Baldock 2003). Angus et al. (2006),
however observed a close link between soil water and mineralisation in a dry growing season, but
not in a wet season. Soil water between 50 to 80 % of field capacity are considered to be optimal
for mineralisation (Whalen and Sampedro 2010), outside of this range mineralisation rates decline.
In the 2016 season, GRS was > 20% higher than the long-term average. At Cavendish, in the highrainfall zone, GSR was > 42% higher than long-term average, hence it is likely that the soil was
waterlogged. Increased N losses via denitrification (Harris et al. 2016) during the waterlogged
conditions might explain why higher values for net ICM were not obtained in 2016 in the highrainfall zone. This may also explain why Angus et al. (2006) did not observe strong links between
soil water and mineralisation in wet seasons.
In this study, net ICM appeared to be strongly driven by SOC, yet there is a general recognition that
SOC and total N concentrations in Australian cropping soils are declining due to increased cropping
intensity and despite increased rates of stubble retention (Angus and Grace 2017). Angus and Grace
(2017) advocate that inclusion of legume-based pasture and phased wheat-pasture systems are an
opportunity to replenish soil N and C. Pasture legumes may be superior to grain legumes at
supplying N, given that grain legumes tend to result in high rates of N removal in harvested grain
(Heenan et al. 1995). Incorporating a legume-based pasture phase into cropping systems may be the
best method for maintaining soil N and C levels and hence soil fertility, but it seems unlikely (at
least in the short term) that many farmers will move back to this practice, as the area of cropping
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continues to grow and replace pastures (Angus and Grace 2017). The decline in soil fertility (soil C
and N levels) and development of herbicide resistance (Walsh and Powles 2007) may ultimately
force the change. International studies, however have demonstrated that it is possible to maintain
or increase soil organic C levels in continuous cropping, provided that residues are retained and N
inputs meet or exceed outputs (Alvarez 2005; Guo et al. 2012).
Despite a strong relationship between net ICM and SOC, previous crop did not have a strong effect
on net ICM in this study. We hypothesised that net ICM would have been greater following pulse
crops in comparison to cereals and canola, but net ICM results do not support this hypothesis.
Previous rotation did, however have a significant effect on the amount of soil nitrate accumulated
during the summer fallow, as indicated by the pre-sowing soil testing. Pre-sowing soil nitrate was
higher following a fallow (generally where a pulse crop had been grown 2 years prior) or a pasture
species, compared to pulse crops, cereals or canola (Table 2.2). This is not surprising, since legume
residues facilitate higher levels of N mineralisation (McBeath et al. 2015) due to their lower C: N
ratios (Crews and Peoples 2005). Relatively low pre-sowing soil nitrate after pulse crops, may result
from greater rates of N removal. Peoples et al. (2017) reported that brown manured legumes
generally have a greater effect on soil mineral N than grain legumes, presumably because most of
the N2 fixed by grain legumes is removed in grain at harvest. As legume biomass and N2 fixation
are strongly related (Peoples et al. 2017), this result could also indicate poor growth of the pulse
crops in the preceding season. Given the seasonal conditions captured by this study, it is also
possible that enhanced soil nitrate after a fallow or pasture (which included vetch green manure)
may have (at least partially) been due to the soil water benefit of the prolonged fallow period (Angus
et al. 2000) as well as enhanced mineralisation. High amounts of soil nitrate, were also measured
after other crops, depending on the rainfall zone. For example, high quantities of soil nitrate were
measured after a pasture, pulse or cereal crop in the high rainfall zone, whereas in the medium
rainfall zone soil nitrate supply after cereal or pulse was generally low. A significant relationship
was also found between year and previous crop, demonstrating the effect of summer fallow rainfall
in determining mineralisation of fresh crop residues. The amount of rainfall received during the
summer fallow is considered to be more variable than during the growth of the crop (Angus et al.
2006; Sadras and Baldock 2003), yet Armstrong et al. (2018b) reported a relatively good
relationship (R2 = 0.6) between summer (December to March) rainfall and soil nitrate at sowing.
In this study, canola was by far the most dominant crop grown prior to wheat or barley, and was the
preceding crop in 74 out of 157 data points or 47 % of the dataset. This trend seems to be
representative of the wider industry, with canola increasingly being grown after the legume phase,
due to its high requirement for N and because it seems to be less likely to suffer from haying off
(Norton et al. 1999). While Ryan et al. (2006) reported enhanced N mineralisation during a summer
fallow period from canola residue in their incubation study but the effect was short lived. McBeath
et al. (2015) on the other hand, suggested the wide C: N ratios of canola residue mean that soil
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organic matter would be a major source of N and hence the need to be conscious of how this may
affect N supply during the season in addition to longer term changes in soil fertility.
Tillage is thought to influence mineralisation through its effect on soil aggregation, microbial
habitats (St Luce et al. 2011) and residue location for microbial decomposition (Murphy et al.
1998c; Sainju et al. 2012), although the effect of rotation on microbial processes and organic matter
is thought to override that of cultivation and stubble management (Angus et al. 2006). The findings
of this study support this view. Data from SCRIME, during 2014 and 2015, did not show any
significant differences in mineralisation between the three tillage treatments examined:
conventional, reduced tillage with stubble burned and no-till stubble retained. This result may have
been partially due to dry seasonal conditions during sampling. The conventional tillage treatment
had higher concentrations of organic C and total N (measured in March 2014) compared to the
reduced tillage (stubble burned) and zero till (Armstrong et al. 2018b). Based on this information,
it is assumed that conventional tillage had the potential for greater amounts of N mineralisation, yet
Armstrong et al. (2018b) did not observe any consistent differences in profile soil nitrate at sowing
and when averaged over the 18 years of data collection there was no significant differences in presowing soil nitrate or crop N uptake between the three tillage treatments. This suggests that tillage
did not have a strong effect on N mineralisation at this site.
Soil texture can affect mineralisation through its effect on soil moisture, porosity and habitat for
microbes (Griffin 2008; St Luce et al. 2011), and soil pH affects the activity and composition of the
microbial population (Curtin et al. 1998; St Luce et al. 2011). The results of this study showed
variable effects of both soil texture and pH upon net ICM. Silt percentage was the only component
of soil texture that was positively and consistently correlated with net ICM; correlations with clay
and total sand percentage were weak and inconsistent. Soil pH, on the other hand, only affects N
mineralisation in the acidic range, below pH 6 (Curtin et al. 1998), yet our results showed a negative
correlation between positive net ICM and soil pHCaCl2 (i.e. net ICM decreased with increasing soil
pH). Variable correlations between net ICM and texture or pH, may have been the result of a soil
type by location (and season) bias. For example, soils containing a significant proportion of silt and
low pH generally were located in the high-rainfall zone.
The use of synthetic N fertiliser in Australian agricultural systems is steadily increasing (Angus and
Grace 2017). This study tried to ascertain whether inputs of N fertiliser were correlated with net
ICM, but no significant relationship was found (positive data R = 0.0006, all data R = -0.045, P
>0.05). Sen and Chalk (1995) reported a positive effect of N fertiliser on mineralisation of four
Australian soils, but Zhang et al. (2012) suggested that N fertiliser could have variable effects on
mineralisation. Variable conclusions about the interaction between N fertiliser and mineralisation
may reflect the complexity of the interactions (Liu et al. 2017; Zhang et al. 2012). Mahal et al.
(2016), for example, found that the effect of N fertiliser depended on historic N application. Use of
15

N tracers would have allowed us to make a more accurate assessment of the effects of N fertiliser
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on N mineralisation. Given our increasing reliance upon the use of N fertiliser (Angus and Grace
2017), the effect of N fertiliser on N mineralisation may be an important consideration in the future.

2.5.2 Importance of in-crop and pre-sowing mineralisation
Angus (2001) previously indicated that up to 70 % of crop N supply in Australia could be supplied
by mineralisation, while on a worldwide scale, mineralisation only accounted for about 50 % of
crop N at the end of the 20th century. The statement made by Angus (2001) appears to refer to total
N supply from the soil and was not divided into pre-sowing and in-crop mineralisation. In this study,
we generally observed that net ICM was not sufficient to provide the crop with all of its N
requirements, however the median value of 45 % showed that mineralisation was still sufficient to
potentially supply the crop with nearly half of its N uptake. For more than half of the dataset, net
ICM accounted for less than 50 % of crop N uptake. Within this range the median (potential)
contribution from net ICM was still 28 %, which is an important source of N to the crop. Using data
from Angus et al. (1998), we determined that in-crop N mineralisation was equivalent to between
34 to 242 % (mean 100%, median 76%) of crop N uptake as measured at 6 sites in southern NSW
over a range of seasons (between 1984 and 1988). Data from another Australian study by Stein et
al. (1987) also from southern NSW, showed that average in-crop mineralisation supply was greater
than the total amount of N accumulated by the crop. The average in-crop mineralisation value was
equivalent to 155 % of what the crop accumulated, yet apparent recovery (the inverse of the index
used in this study: crop N uptake divided by net ICM) suggested that only 48 % of this form of N
supply was captured by the crop.
When compared to previous studies, our data suggest that the N supply from net ICM has declined.
However, those studies were undertaken over 20 years ago and were all based in the southern region
of NSW where the cropping history, soils and rainfall are very different to those in Victoria. The
NSW studies utilised the raison tube technique (Raison et al. 1987) to measure net N mineralisation
in the field. Once the raison tubes were placed into the soil, that volume of soil was no longer subject
to the influence of uptake by plant roots (Stein et al. 1987). Hence soil within the tube would
potentially contained greater amounts of soil water and thus enhanced mineralisation compared to
the surrounding soil. In some cases, capping of tubes would have reduced losses of mineralised N,
i.e. by preventing leaching. The technique utilised by this present study did not prevent such losses
and hence would be closer to what is experienced by the crop.
In contrast, soil nitrate measured prior to sowing appeared to have the capacity to supply a much
larger portion of crop N requirements; with a median value was 104 %, compared to 45% for net
ICM. For 56 % of the dataset, soil nitrate present at sowing could have supplied more than 100 %
of subsequent crop N uptake. Of course, this is under the assumption that all of this N was present
within the root zone of the crop, there was adequate water to facilitate uptake and none of this N
51

was subsequently lost or immobilised during the season. Stein et al. (1987) measured mineral N in
the top 0.3 m at sowing ranging from 21 to 35 kg N ha-1. The amounts of mineral N present at
sowing were considerably less than the amount that mineralised during the season; we calculated
that this N supply, on average, could have provided 51 % of the crop’s N uptake. In contrast, Angus
et al. (1998) measured larger amounts of mineral N in the profile (to 1.5 m) at sowing compared to
the amount of N mineralised during the season. The pre-sowing mineral N measured by Angus et
al. (1998) was equivalent to between 43 to 216 % of crop N uptake. The differences between these
studies may have been due to differences in the sampling depths (i.e. Stein et al. (1987) only
measuring to 0.3 m, as opposed to 1.5 m in Angus et al. (1998)). The discrepancy could also be due
to differences in the composition of crop residues, soil organic matter and the amount of rainfall
received during the summer fallow period. These values show that mineralisation prior to sowing
may provide the crop with large amounts of N, but as previously stated mineralisation during the
summer fallow is (more) variable than in-crop mineralisation (Angus et al. 1998; Sadras and
Baldock 2003). As previously stated, this source of N can be easily measured prior to sowing and
hence it can be easily accounted for in N budgeting.
Mineralisation, both between growing seasons (over the summer fallow) and in-crop, has the
capacity to provide the crop with a significant amount of its N requirements and in some cases, net
ICM exceeded N uptake. However, since this index is based on crop N uptake, it will also be
influenced by factors, which affect crop growth, including soil water supply (Sadras and McDonald
2012), subsoil physicochemical constraints (Adcock et al. 2007), length of the growing season,
pests, disease, supply of other nutrients (Angus 2001). Therefore, it is difficult to discern whether
the crop N uptake was controlled by N supply or demand (Angus 2001). For example, Heenan and
Chan (1992) used apparent recovery of mineralised N (crop N divided by mineral N supply). They
determined that crop N uptake for a wheat-wheat rotation was lower than some of the other
treatments involving legumes, but the percentage of mineralised N that was recovered by the crop
was higher. They suggested that high supply of N from a lupin-wheat rotation was not used by the
crop and may have instead been subject to losses.

2.5.3 Negative net ICM values and the benefits and limitations of this methodology
The field-based method used in our study to estimate net ICM is based on the balance between gross
mineralisation and gross immobilisation (Robertson and Groffman 2007). The main benefit of this
method is its simplicity. Soil nitrate and crop N uptake are commonly measured, so this method
allowed us to use a range of studies that were already in progress, without adding a lot of additional
costs. Furthermore, the procedure allowed data to be collected from a range of different
environments because it is less labour intensive compared to other methods, such as raison tubes or
15

N labelling.
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During the study, 30 % of the dataset resulted in negative net ICM values, with the highest value of
-116 kg N ha-1 measured in the low-rainfall zone in 2014. The median negative value was -17 kg N
ha-1; a value generally in line with the cumulated loss of -28 kg N ha-1, reported by Murphy et al.
(1998b) for wheat following pasture on a duplex sandy loam in Western Australia. There are several
possible explanations for the negative values recorded in our study. Given the nature of the
calculation (the balance between gross mineralisation and immobilisation), a negative net ICM
value suggests net immobilisation of soil N or N loss from the system. Nitrogen can be lost via
leaching, denitrification, volatilisation of fertiliser N (Armstrong et al. 1999) or even lateral
movement. Losses via these mechanisms can be significant. For example, Anderson et al. (1998)
reported leaching losses of 59 kg N ha-1 in wheat after a lupin crop on deep sandy soils in Western
Australia. Leaching losses are generally limited in south-eastern Australia to light-textured or
duplex soils and areas with high rainfall (Angus and Grace 2017). Denitrification may be another
source of N loss and while the emission of nitrous oxide (N2O) is generally low compared to crop
N uptake (Wallace et al. 2018), high rates of N2O production during periods of high soil water can
be indicative of high total denitrification (released as both N2O and N2) (Weier et al. 1993).
Measurement of N2O at a number of sites in the current study resulted in significant peak N2O
emissions of 376 g ha -1 day-1 at the irrigated sites, where N fertiliser had been applied (Wallace and
Armstrong 2017). Even in the 2015 season, Wallace and Armstrong (2017) measured N2O losses
up to 51.7 g ha

-1

day-1 at a site in the medium rainfall zone, again in the presence of added N

fertiliser, indicating that temporal increases in denitrification are likely to occur in such
environments, soil types and farming systems. Failure to account for loss pathways is a limitation
of the method used in this study and will affect its usefulness, particularly in environments where
N losses are likely. Modifications to the method used to calculate net ICM may be necessary to
account for such losses. As previously mentioned, the calculation of net ICM also relies on crop N
uptake, and hence the method will be affected by any factor which impacts crop growth, including
dry seasonal conditions as experienced during periods of this study.
Negative net ICM values were measured in all rainfall zones but was more prevalent in the lowrainfall zone. Over the three years, 61 % of the data collected from the low-rainfall zone was
negative, compared to only 32 % in high-rainfall zone, 22 % in medium-rainfall zone (over all 4
years) and 27 % in irrigated sites. The high proportion of negative net ICM values in the low-rainfall
zone may be due to higher immobilisation rates caused by a draw down on soil total N by cropping
and frequent inputs of cereal residue with high C:N ratios. Measurement of gross mineralisation, as
measured by Murphy et al. (1998a) or Osterholz et al. (2017), would have allowed us to verify
mineralisation rates and hence determine the extent of immobilisation or N losses, particularly in
the low-rainfall environment.
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2.6 Conclusions
The quantity of N supplied by net ICM appears to be decreasing compared to previous studies, but
still makes a significant contribution towards the N nutrition of cereal crops in south-eastern
Australia. This study confirms previous findings of positive correlations between net ICM and GSR
and SOC. Due to the relationship between growing season rainfall and net ICM, accurate seasonal
forecast of several months duration may be of value in predicting net ICM.
We found no significant effect of previous crop type or tillage on net ICM, but previous crop had a
significant effect on the amount of N mineralised during the summer fallow (as measured by presowing soil nitrates).
The proportion of crop N uptake potentially supplied by net ICM or pre-sowing soil nitrate was
highly variable. Such variation highlights the challenge faced by advisors and growers when
accounting for N mineralisation (both in-crop and between seasons) to formulate N budgets.
The field-based method of estimating net ICM used in this study is simple and cost-effective. It
allowed us to collect data from a wide range of sites over the 4 rainfall zones. This method however
has some limitations and may not be the best method of estimating net ICM in all environments.
Incorporating sources of potential losses (i.e. denitrification or leaching) into the calculation may
be valuable for improving predictions.
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Chapter 3 Methods

of

predicting

net

in-crop

nitrogen

mineralisation in cereal crops of south-eastern Australia
3.1 Abstract
In-crop nitrogen mineralisation (ICM) is an important source of nitrogen (N) for cereal grain crops.
Accurate prediction of ICM is important for determining the amount of fertiliser N needed to meet
potential crop demand. This study examined a range of potential methods (anaerobic incubations,
hot KCl extractions, Solvita Labile Amino Nitrogen (SLAN), mid infrared spectroscopy (MIR) and
a simple model based on growing season rainfall (GSR) and soil organic carbon (SOC) to determine
whether any of these methods are useful in predicting in-crop N mineralisation in dryland cropping
systems of south-eastern Australia. Predictions were compared to a field-based estimate of net ICM
and crop N uptake. Strong correlations were found between the soil testing methods (P < 0.001)
examined in this study. Significant correlations (P < 0.05) were also found between net ICM and
the results of the anaerobic incubation, gross hot KCl and SLAN methods, but the strength of the
correlations varied between soil test and depended on whether all ICM or only positive net ICM
data were used. MIR was able to accurately predict gross anaerobic NH4+ (R2 = 0.93). The simple
model based on GSR and SOC has merit as a simple tool for predicting ICM (R = 0.21, P < 0.01
for all data), although its correlation with net ICM was not consistently superior to GSR or SOC
alone. Further investigations into these methods (both soil testing and simple models) is warranted
to assist farmers to select appropriate rates of N fertiliser.

3.2 Introduction
Crop nitrogen (N) is derived from mineralisation which occurs during the fallow preceeding the
sowing of the crop and during the growth of the crop itself; with inputs of N fertiliser used to make
up for any shortfalls between N supply and potential crop demand. While mineralisation during the
fallow period can be easily determined by measuring soil nitrate prior to sowing (Angus et al. 1998),
the amount of mineralisation occurring during the growth of the crop is less easily measured. A
recent survey of Australian advisors suggests that in-crop N mineralisation is considered to be an
important source of N, but there is a general lack of confidence in current methods of predicting incrop N mineralisation (Bell et al. 2016).
Growers and advisors currently use a range of different methods to estimate in-crop N
mineralisation. These methods range from simple models to soil analysis or more complicated crop
simulation models, which require accurate input data to generate useful predictions (Hochman et
al. 2009; Peoples et al. 2017). Because of the cost and difficulty involved in obtaining inputs for
complicated models, many advisors prefer to use simple models to formulate crop N budgets (Bell
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et al. 2016). One such example, which is widely used in the southern region of Australia, was
developed by P Ridge (unpublished) in the 1990’s and uses estimates of soil organic carbon (SOC)
and growing season rainfall (GSR) as its only data inputs. However, advisors recognise that
following significant increases in stubble retention and cropping intensity since this model was
developed this rule may no longer be providing an accurate prediction of ICM.
Pre-sowing soil testing can be used to determine how much mineral N is available for plant growth
at the beginning of the season and is considered best practice for N management. Soil samples taken
prior to sowing can also be used to quantify potential N mineralisation during the season via
biological methods, such as aerobic and anaerobic incubations. These methods have been
considered to be the most reliable for predicting the potential supply of N from in-crop
mineralisation (Ros et al. 2011), but are expensive, time-consuming and not well suited to batch
analysis (Benbi and Haer 2007). Incubation methods are also not widely offered by Australian soil
testing facilities.
There are a range of new soil methods which may offer viable alternatives to these incubation
techniques. One potential alternative is extraction of potentially mineralisable N using hot KCl.
Studies have found a good correlation between mineral N extracted after treatment with hot KCl
and aerobic and/or anaerobic incubations (Gianello and Bremner 1986; Soon et al. 2007; Wang et
al. 1996) and crop N uptake (McTaggart and Smith 1993; Smith and Li 1993). A hot KCl extraction
can be performed more rapidly than incubations and is better suited to rapid throughput in a
commercial laboratory. While this method has been used by a range of overseas studies
encompassing a wide range of soils, there has been limited research into this method for use in
Australia, particularly for dryland cropping systems.
Another potential method is the Solvita® Labile Amino-Nitrogen (SLAN) test. The test is based on
the principles of the Illinois Soil Nitrogen test (ISNT), which involves the evolution of ammonia
from soil treated with NaOH, but by eliminating the heat extraction and boric acid titration, it is
thought to measure a ‘lighter’ and more potentially labile fraction of organic amino-groups from
soil organic matter than the ISNT (Woods End Laboratories 2016). The SLAN test is rapid (24
hour) and has been developed into a simple technique which does not require expensive equipment
(Moore 2018) and only uses a small quantity of soil (< 5 g), so it could be undertaken by agronomy
firms or even grower groups. The SLAN test has previously been used in the United States for
predicting responses to N fertiliser in turfgrass, consisting of Kentucky bluegrass (Poa pratensis)
and tall fescue (Festuca arundinacea) (Moore 2018), and maize (Zea mays) (Brinton and
Hutchinson 2013). A recent Australian study by Kneller et al. (2018) utilised the SLAN method as
a means of estimating N mineralisation during rehabilitation of mining sites. There are no published
Australian studies on the use of the SLAN test to predict in crop mineralisation in dryland cropping
systems.
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There is increasing interest in the use of infrared reflectance (IR) spectroscopy for prediction of
many soil properties (Soriano-Disla et al. 2014). IR spectroscopy involves subjecting soil to light
wavelengths within the near (NIR) and/or mid infrared spectrum (MIR) and has been shown to
accurately predict a number of soil properties, including SOC and clay content (Janik et al. 1998);
factors which can affect the mineralisation potential of soil. Murphy et al. (2009) used IR
spectroscopy to predict potential N mineralisation. The predictions were strongly correlated (R2 =
0.73) with results from anaerobic incubation on a range of coarse textured acidic cropping soils
from Western Australia (Murphy et al. 2009). Further investigation on heavier textured soils, such
as those found in south-eastern Australia, is necessary. IR spectroscopy has a number of advantages
compared with traditional analysis methods, namely its speed, low cost and non-destructive nature
(Murphy et al. 2009; Russell et al. 2002; Shepherd and Walsh 2002). The method can be carried
out with little to no sample preparation and avoids the use of extractions, hence this technology
could also help to reduce the impact of laboratory error on predictions (Soriano-Disla et al. 2014).
Furthermore once the spectra has been collected it can be used to predict a range of physical,
chemical and biological soil properties (Soriano-Disla et al. 2014) and only requires a small sample.
Using in-season N mineralisation data from a previous study in south-eastern Australia, this paper
examines a range of tools (both soil tests and a simple predictor) for estimating in-season N
mineralisation and compares them to field measurements of net ICM as well as crop N uptake.

3.4 Methods
This study utilises data that was compiled from a range of experiments including three years of
paddock survey data, three years of on-farm replicated data and several rotations of two long-term
tillage by rotation experiments (Sustainable Cropping rotations in Mediterranean environments;
SCRIME (Armstrong et al. 2018b) and Mallee cultivation experiment 14; MC14 (Latta and O’Leary
2003)). Data from SCRIME was collected in 2014 and 2015, while samples from MC14 were
collected in 2014 only. All samples were collected from within the cropping regions of western
Victoria, including the low (< 400 mm annual rainfall), medium (400- 550 mm annual rainfall),
high (> 550 mm annual rainfall) rainfall zone as well as 5 irrigated sites between 2013 and 2016.
Full details of the experiments and data collection are outlined in Chapter 2. Briefly, the dataset was
comprised of 157 data points. Sites were primarily clay or sandy clay loams and were predominately
neutral to alkaline pH (1:5 H2O) in the topsoil. Canola (Brassica napus) was the crop most
frequently grown prior to wheat (Triticum aestivum). SOC ranged from 3 mg g-1 to 53 mg g-1 and
total N ranged from 0.2 mg g-1 to 5.1 mg g-1. Generally, SOC and total N were higher in soils from
the high rainfall zone and declined in areas with lower rainfall.
Growing season rainfall (GSR) was obtained from the closest Bureau of Meteorology weather
station. Where possible, rainfall data was obtained from on-site weather stations. GSR was
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calculated as the sum of rainfall between April and October inclusive and this varied widely during
this study. Drought conditions were experienced in 2014 and 2015 in the low and medium rainfall
zones, with GRS between 50% and 77% of the long-term average. In 2016, above average GSR (>
20% higher) was reported across all regions.
Estimates of net ICM, presented in the first paper, were calculated using a field-based technique; a
modified version of the method presented in Armstrong et al. (1999), which involves profile soil
nitrate at sowing and harvest, crop N uptake and fertiliser N inputs:
Net ICM (kg N ha−1 ) = Crop N × 1.1 + SNM − (SNS + Nfert )

……. Eq. 1

Where Crop N is the total amount of N contained in the shoots of the crop at maturity SNM and SNS

are soil nitrate (0 – 1.2 m) at maturity and at sowing, respectively, and Nfert is applied fertiliser N.
Estimates of net ICM were compared against a range of laboratory methods of predicting potential
N mineralisation (outlined below) and a simple model (the Ridge model) to determine their ability
to predict N mineralisation in cropping systems of central and western Victorian.
Soil samples from 0-10 and 10-20 cm were used for the lab-based methods of prediction. Soil
samples were collected using a hydraulic soil sampler and were air-dried and ground (< 2 mm) prior
to analysis. Additional soil characterisation data was also collected, including SOC and total N.
Samples from the control plots of the small-scale on-farm replicated experiment (N fertiliser
response sites), as well as two rotations (vetch green manure (Vicia spp.)/ wheat/ barley (Hordeum
vulgare) and canola/ wheat/ pulse both reduced tillage stubble burned) from the long-term
experiment (Sustainable Cropping Rotations in Mediterranean Environments: SCRIME) underwent
all soil testing methods; anaerobic incubation, hot KCl extraction, SLAN and MIR. Samples from
the long-term experiments were used to calibrate and test the MIR predictions. All other samples
underwent anaerobic incubation and most (excluding those from the field survey) underwent hot
KCl analysis. The number of samples used for each test is stated in the relevant figures and tables.
3.4.1 Anaerobic incubation
A modified version of the anaerobic incubation (7D2) outlined by Rayment and Lyons (2011) was
used. The main modification was the use of a 60 ml leur slip syringe, as described by Lober and
Reeder (1993). Two runs of the anaerobic incubations were conducted in this study, referred to as
‘R1’ and ‘R2’. In the second run the filtering stage was replaced by centrifuging the sample. A subsample of supernatant was analysed for both nitrate and ammonium on a flow-injection analyser
(Lachat Instruments 8000 series FIA. Lachat Instruments, 5600 Lindburgh Drive. Loveland,
Colorado 80539 USA) using Method 7C2b outlined in Rayment and Lyons (2011). A two-sample
t-test indicated that results from the two variations of this method were significantly different (P <
0.001) and hence presented separately. The anaerobic incubation results are presented as ‘gross
NH4+ + NO3-’, ‘gross NH4+’ and ‘net NH4+’. Gross N mineralisation refers to the concentration or
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amount (kg N ha-1) present in the sample after incubation; with no correction for the initial mineral
N in the soil sample. The term ‘net NH4+’ is used to describe the change in ammonium concentration
or amount after incubation.
3.4.2 Hot KCl
Hot KCl extraction was conducted using Method 7D1(b) from Rayment and Lyons (2011). Briefly,
3 g of air-dried (< 2 mm) soil was placed into a digest tube along with 25 mL of 2 M KCl. The tubes
were loosely capped using screw topped lids before being heated to 95°C for 16 hours using a
temperature-controlled digestion block (SEAL Analytical Ltd. BD50 Block Digestion system). At
the conclusion, samples were quickly cooled to room temperature and extra 2 M KCl solution was
added to make the final volume up to 50 mL. Again, the filtering step was avoided by centrifuging
the samples. A sub-sample of the supernatant was analysed for both nitrate and ammonium using a
flow-injection analyser: Method 7C2b in Rayment and Lyons (2011). Again, the terms ‘gross NH4+
+ NO3-’, ‘gross NH4+’ and ‘net NH4+’ are used in the presentation of results and are defined as
outlined in the anaerobic incubation method.
3.4.3 Mid-Infrared methodology
Mid-infrared (MIR) spectra were collected on subsamples which had been finely ground using a
ring and puck mill to provide a standardized particle distribution (> 95%, < 100 μm). Mid-infrared
spectra were acquired using a PerkinElmer Spectrum One Fourier Transform MIR spectrometer
(PerkinElmer, Glen Waverly, Vic, Australia). Spectra were collected at an 8 cm-1 resolution, from
450 to 7800 cm-1. This range includes most of the MIR spectral region as well as a portion of the
near-infrared (NIR) region. Sixty scans were collected and combined to reduce signal-to-noise ratio,
with a resulting collection time of one minute. A background reading was collected every 10
samples, or every 30 minutes, whichever occurred first.
All data processing and modelling were conducted using MATLAB (MathWorks Inc.) and PLS
Toolbox (Eigenvector Research Inc.). The spectra were pre-processed first by applying extended
multiplicative scatter correction (EMSC), computing the Savitzky-Golay first derivative, and then
centering and scaling to unit variance. Gross NH4+ production from the R2 anaerobic incubations
was used for creation and comparison of the MIR models. The gross NH4+ data were skewed, and
were square-root transformed prior to centering and scaling.
Two methods, Partial Least Squares regression (PLS), and Support Vector Machine regression
(SVM), were used to develop the predictive model. While PLS models are easy to derive and
interpret, SVM models may provide superior predictions (Soriano-Disla et al. 2014). Variations on
the models were fitted using 4 or 5 latent variables. Two outliers were identified for removal during
calibration.
The dataset was not sufficiently large to reliably divide it into calibration and validations subsets.
Internal cross validation was carried out using a 10-fold “venetian blind” leave one out cross
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validation. Results of the internal cross validation were used to judge model performance. The
resulting models were compared using a paired difference t-test. The SVM method with four latent
variables was the only model not significantly different from zero at the 95% level i.e. having
predictive ability significantly similar to the reference method. Only results from this model are
presented.
3.4.4 Solvita Labile Amino Nitrogen (SLAN)
The SLAN test was carried out as per the method described in Woods End Laboratories (2016).
Briefly, 4 g of air-dried soil (< 2 mm) was added to a 30-ml plastic ‘Solvita’ beaker. The beaker
was then placed inside a 250-ml glass jar and 10 ml of 2 N NaOH solution was added directly onto
the soil. A ‘Solvita’ NH3 paddle (Woods End Laboratories, Mt. Vernon, ME) was then inserted into
the soil before sealing the lid of the jar. Jars were placed inside an incubator at 23°C. After 24 h,
the paddle was placed into the digital reader (DCR) and concentration of ammonia-N was displayed.
Gross N mineralisation was estimated.
3.4.5 Ridge’s model for estimating in-crop N mineralisation
In addition to the chemical indices, a simple model based on an empirical relationship between GSR
and SOC in the topsoil was also assessed. This model was initially developed by Myers (1984) and
was adapted into its current form by P Ridge (unpublished):
In crop N mineralisation (kg N ha-1) = 0.15 × Soil organic C (%) × GSR (mm)
In this study, GSR was examined as the actual rainfall which fell between April and October
inclusive, in the relevant site year. Since predictions of mineralisation are required prior to the
season, when GSR is uncertain, estimates were also made using the long-term average GSR.
3.4.6 Statistical analysis
The soil tests for estimating in-crop N mineralisation as well as the Ridge model were compared
against two sets of net ICM data: all net ICM data (positive and negative values) and positive net
ICM data only. Crop N uptake was also included for comparison against the predictors, as previous
studies have used it for validation of the hot KCl method (Benbi and Haer 2007; McTaggart and
Smith 1993; Smith and Li 1993). Grain yield was not included as a factor for correlation due to the
potential impact of outside factors such as drought, frost and heat stress. Correlation analyses were
performed using Genstat® V.18 (VSN International, Rothamsted, UK). The significance of the R
value was determined using a significance table with the appropriate degrees of freedom.
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3.5 Results
3.5.1 Predictions of in-crop N mineralisation – Correlations with whole dataset
For the whole dataset, net ICM was most strongly correlated with GSR (R = 0.36, P < 0.001, Table
3.1). Net ICM was also significantly correlated with SOC (R = 0.19, P < 0.05), the Ridge model (R
= 0.22, P < 0.01) and R1 gross NH4+ (0-20, kg ha-1) (R = 0.16, P < 0.05) and R1 net NH4+ (0-20, kg
ha-1) (R = 0.18, P < 0.05). Correlations were stronger when only positive net ICM data were
examined; for example, the correlation with Hot KCl gross NH4+ (0-20, kg ha-1) increased from
0.10 (P > 0.05) to 0.41 (P < 0.001), when only the positive net ICM data was used. Correlations
also tended to be stronger for crop N uptake compared to net ICM.
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Table 3.1 Correlation coefficients of the relationships between net in-crop N mineralisation (net ICM) and crop N uptake against growing season rainfall (GSR: April
to October) and methods of predicting in-crop N mineralisation, including soil tests and a simple calculator. The Ridge method is calculated as 0.15 × SOC (%) × GSR
(April-October). Values are presented as R with significance indicated by *** P < 0.001, ** P < 0.01, * P < 0.05 and n.s. P > 0.05. Crop N uptake is above ground N
content only
Net ICM

Soil
depth (cm)

Method
GSR (mm)
Soil organic carbon (SOC) (%)

1

n.a
0-10
0-10

Total N (mg g-1)
-1

All data
n=
153
153

0.36
0.19

153

Crop N uptake
Net positive only

***
*

n=
108
108

***
***

n=
153
153

0.47
0.41

0.63
0.47

***
***

0.16

n.s

108

0.32

***

153

0.42

***

Pre-sowing profile nitrate (kg N ha )

0-120

153

-0.16

*

108

0.28

**

153

0.45

***

Ridge Method (kg N ha-1)

153

0.22

**

108

0.46

***

153

0.54

***

R1 Gross NH4+ (kg ha-1)

0-10
0-10

153

n.s

108

153

*

108

***

153

0.30
0.38

***

153

0.24
0.32

*

0-20

0.11
0.16

+

R1 Net NH4 (kg ha )

0-10

153

n.s

108

153

*

108

**

153

0.29
0.38

***

153

0.21
0.29

*

0-20

0.13
0.18

R2 Gross NH4+ (kg ha-1)

0-10

104

n.s

78

104

n.s

78

****

104

0.33
0.39

**

104

0.37
0.38

***

0-20

0.15
0.15

R2 Net NH4+ (kg ha-1)

0-10

104

0.16

n.s

78

0.35

**

104

0.33

***

0-20

104

0.16

n.s

78

0.35

**

104

0.38

***

Hot KCl Gross NH4+ (kg ha-1)

0-10

104

n.s

78

104

n.s

78

***

104

0.41
0.42

***

104

0.40
0.41

***

0-20

0.09
0.10

Hot KCl Net NH4+ (kg ha-1)

0-10

104

n.s

78

104

n.s

78

***

104

0.42
0.42

***

104

0.39
0.39

***

0-20

0.12
0.13

-1

1. n.a, not applicable

***
***
***

***
***
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3.5.2 Predictions of in-crop N mineralisation – correlations with the control plots at the N
response sites
Soil samples from the small-scale field experiments (i.e. using the control plots of the N fertiliser
experiments) underwent a wider range of testing. Soil test values for this dataset are presented in
Supplementary Table 1. Gross NH4+ from the anaerobic incubations (0-10 cm) ranged from 9 kg N
ha-1 (R2) to 158 kg N ha-1 (R1). Gross hot KCl values were within a similar range (12-108 kg N ha1

). The proportion of total soil N extracted by anaerobic and hot KCl tests was similar; both tests

extracted approximately 2.3 to 3.6 % of total soil N. The amount of N extracted by the SLAN
method (0-10 cm) was much higher, with values ranging from 56 to 394 kg N ha-1. This equated to
approximately 9% of the total soil N. The relative rankings of individual sites did not change greatly
between the soil tests.
When all years of data were combined, there was no significant relationships between net ICM and
any of the soil testing methods examined (Table 3.2). When the data were filtered by year,
correlations changed dramatically, but depending on the season. The data from 2014 did not
correlate with any predictor (R < 0.35), but net ICM data from 2015 significantly correlated with
all of the prediction methods, except the R1 anaerobic measures in the 0-10 cm, as mg kg-1. Hot
KCl net NH4+ (0-20 cm, kg N ha-1) was most strongly correlated with net ICM (R = 0.71, P <
0.001). SLAN gross NH3 (kg N ha-1) produced a correlation of 0.67 (P < 0.001) using 0-20 cm,
which was stronger than most of the correlations with the anaerobic methods. The Ridge model,
using measured rainfall, was also correlated with net ICM in 2015 (R = 0.63, P < 0.01). Correlations
between the Ridge model and net ICM declined slightly with the use of long-term average GSR (R
= 0.63 vs R = 0.53) but were still significant at 1% level. Several significant relationships were
noted in 2016, all of which were negative. The negative relationships were presumably due to above
average rainfall in the 2016 season, which lead to waterlogged conditions, increased N losses
(Wallace and Armstrong 2017) and hence lower than expected net ICM values, particularly in the
high rainfall zone.
Crop N uptake showed a significant correlation with each method of prediction, but for the anerobic
incubations the relationships were only significant for the 0-20 cm. For example, the correlation
between crop N uptake and R1 anaerobic data was only significant for the 0-20 cm prediction. Crop
N uptake was most strongly correlated with GSR (R = 0.63, P < 0.001), followed by the Ridge
model using the measured GSR (R = 0.47, P < 0.001). Of the soil testing methods, SLAN gross
NH3 (0-20 cm, kg ha-1) (R = 0.44, P < 0.001) achieved the strongest correlation with crop N uptake.
As with the whole dataset, correlations with crop N uptake were strengthened by inclusion of the
10-20 cm depth.
Correlations improved when only positive net ICM data from the control plots at the N fertiliser
response sites were used (Table 3.3). Significant positive correlations between ‘all years’ and
several prediction methods, particularly the hot KCl and SLAN were obtained. Use of the positive
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net ICM data strengthened correlations in 2014 and 2015 but weakened the correlations in 2016,
where no significant positive or negative correlation was observed with any of the prediction
methods.
Table 3.2 Correlation coefficients of the relationships between all net ICM data and crop N uptake
against soil properties and methods of predicting in-crop N mineralisation for the replicated dataset
only. This dataset underwent testing for all methods for predicting net ICM. Values are presented
as R with significance indicated by *** P < 0.001, ** P < 0.01 and * P < 0.05. Crop N uptake is
above ground N content only. The Ridge method is calculated as 0.15 × SOC (%) × GSR (AprilOctober). GSR, growing season rainfall; SOC, soil organic C; SLAN, Solvita Labile Amino N
Method

Depth

GSR (mm)
SOC (%)
Total N (%)
Pre-sowing profile nitrate (kg N ha-1)

All

Net ICM
2014
2015

0-10
0-10

0.23
-0.10
-0.15

0.21
-0.26
-0.15

0-120

-0.07

Ridge - Measured GSR (kg N ha )
Ridge - Long term average GSR (kg N ha-1)

-1

**
*
**

0.09

0.54
0.52
0.56
0.18

-0.05

-0.16

0.63

-0.10

-0.35

0.53

Crop N
2016
-0.30
-0.43
-0.44
-0.31

*
**

0.63
0.34
0.25

***
**
*

*

0.58

***

**

-0.41

*

0.47

***

**

-0.42

*

0.32

**

R1 Gross NH4+ + NO3- (mg kg-1)

0-10

-0.22

-0.21

0.39

-0.39

*

0.20

R1 Gross NH4+ (mg kg-1)

0-10

-0.22

-0.22

0.39

-0.40

*

0.19

R1 Gross NH4 (kg ha )

0-10
0-20

-0.20
-0.16

-0.24
-0.18

0.44
0.67

-0.38
-0.44

*

0.23
0.32

R1 Net NH4+ (mg kg-1)

0-10

-0.21

-0.15

0.36

-0.40

*

0.19

R1 Net NH4+ (kg ha-1)

0-10
0-20

-0.18
-0.15

-0.17
-0.12

0.42
0.67

*
***

-0.39
-0.45

*

0.23
0.33

R2 Gross NH4+ + NO3- (mg kg-1)

0-10

-0.11

-0.09

0.54

**

-0.32

0.21

R2 Gross NH4+ (mg kg-1)

0-10

-0.12

-0.09

0.54

**

-0.32

0.21

R2 Gross NH4 (kg ha )

0-10
0-20

-0.11
-0.09

-0.11
-0.08

0.56
0.69

**
***

-0.31
-0.41

0.24
0.31

R2 Net NH4+ (mg kg-1)

0-10

-0.08

0.02

0.52

*

-0.33

0.21

R2 Net NH4+ (kg ha-1)

0-10
0-20

-0.07
-0.06

0.00
0.01

0.55
0.68

**
***

-0.32
-0.41

0.25
0.31

*

Hot KCl Gross NH4+ + NO3- (mg kg-1)

0-10

-0.08

-0.12

0.54

**

-0.36

0.42

***

Hot KCl Gross NH4+ (mg kg-1)

0-10

-0.13

-0.17

0.62

**

-0.38

0.27

*

Hot KCl Gross NH4 (kg ha )

0-10
0-20

-0.13
-0.10

-0.17
-0.15

0.60
0.68

**
***

-0.37
-0.42

*

0.28
0.31

*
*

Hot KCl Net NH4+ (mg kg-1)

0-10

-0.09

-0.08

0.67

***

-0.41

*

0.29

*

-1

Hot KCl Net NH4 (kg ha )

0-10

-0.08
-0.07
0.05

0.66
0.71
0.61

***
***
**

-0.40
-0.45
-0.37

*
*

SLAN gross NH3 (mg kg )

0-20
0-10

-0.09
-0.07
-0.04

0.30
0.33
0.38

*
**
**

SLAN gross NH3 (kg ha-1)

0-10

-0.04

0.03

0.60

**

-0.36

0.40

***

0-20

-0.04

0.00

0.67

***

-0.42

0.44

***

65

18

22

+

-1

+

-1

+

+

-1

-1

No. of samples

*
***

25

*

*

*

65

**

**
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Table 3.3 Correlation coefficients of the relationships between positive net ICM data against soil
properties and methods of predicting in-crop N mineralisation for the replicated dataset only. This
dataset underwent testing for all methods for predicting net ICM. Values are presented as R with
significance indicated by *** P < 0.001, ** P < 0.01 and * P < 0.05. The Ridge method is calculated
as 0.15 × SOC (%) × GSR (April- October). GSR, growing season rainfall; SOC, soil organic C;
SLAN, Solvita Labile Amino N
Method

Depth

GSR (mm)
SOC (%)
Total N (%)

Positive net ICM
All
2014
0.48
0.29
0.21

***
*

2015

2016

0.84
0.54
0.61

***
*
*

0.49
0.61
0.70

0.72

**

0.43

**

0.68

**

-0.10

**

-0.08

*
**
***

-0.03
-0.13
-0.13

Pre-sowing profile nitrate (kg N ha-1)

0.26

Ridge - Measured GSR (kg N ha )

0.36

**

0.70

0.30

*

0.39

0.62
0.35

-0.07

-1

Ridge - Long term average GSR (kg N ha )
-1

-0.16

R1 Gross NH4+ + NO3- (mg kg-1)

0-10

0.09

0.51

R1 Gross NH4+ (mg kg-1)

0-10

0.08

0.54

*

0.35

-0.08

R1 Gross NH4+ (kg ha-1)

0-10

0.55
0.60

*

0-20

0.12
0.20

*

0.40
0.67

-0.07
-0.12

R1 Net NH4+ (mg kg-1)

0-10

0.05

0.55

*

0.30

R1 Net NH4+ (kg ha-1)

0-10

0.56
0.61

*

0-20

0.09
0.17

*

0.36
0.65

**

-0.10
-0.16

R2 Gross NH4+ + NO3- (mg kg-1)

0-10

0.23

0.58

*

0.58

**

0.08

R2 Gross NH4+ (mg kg-1)

0-10

0.22

0.58

*

0.57

*

0.08

R2 Gross NH4+ (kg ha-1)

0-10
0-20

0.25
0.28

0.59
0.56

*
*

0.59
0.73

**
***

0.09
-0.02

R2 Net NH4+ (mg kg-1)

0-10

0.21

0.60

*

0.55

*

0.04

R2 Net NH4+ (kg ha-1)

0-10

0.61
0.57

*

0-20

0.24
0.26

*

0.57
0.70

*
***

0.05
-0.06

Hot KCl Gross NH4+ + NO3- (mg kg-1)

0-10

0.38

0.66

**

0.73

***

0.02

Hot KCl Gross NH4+ (mg kg-1)

0-10

0.26

0.50

0.74

***

-0.03

Hot KCl Gross NH4 (kg ha )

0-10
0-20

0.27
0.31

0.50
0.53

0.72
0.79

***
***

-0.03
-0.02

Hot KCl Net NH4+ (mg kg-1)

0-10

0.25

0.51

0.79

***

-0.12

Hot KCl Net NH4+ (kg ha-1)

0-10

*

SLAN gross NH3 (mg kg )

0-20
0-10

0.26
0.29
0.31

*

0.51
0.54
0.70

*
**

0.77
0.81
0.82

***
***
***

-0.12
-0.12
-0.08

SLAN gross NH3 (kg ha-1)

0-10

0.32

*

0.69

**

0.80

***

-0.08

0-20

0.34

*

0.64

*

0.81

***

-0.07

n=

53

+

-1

-1

No. of samples

*

**
*
*

14

*

18

**

-0.11

21
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3.5.3 Correlations between testing methods
Correlations between the soil testing methods (anaerobic, hot KCl and SLAN) were all highly
significant (P < 0.001) (Table 3.4). Predictions of gross NH4+ (mg kg-1) production from the MIR
model were strongly correlated (R2 = 0.86) with the measured gross NH4+ values from R2 of the
anaerobic incubations (Figure 3.1). When two outliers were removed from the dataset, the strength
of the correlation between measured gross NH4+ and valued predicted by the MIR model increased
from R2 0.86 to 0.93.

Table 3.4 Correlation coefficients for the relationships between soil testing methods (0-10 cm, mg
kg-1), based on the replicated dataset only. Total number of observations was 65. Values are
presented as R. All correlations are significant at P < 0.001. SLAN, Solvita Labile Amino N; SOC,
soil organic
R1
gross
NH4+

R1
net
NH4+

R2
gross
NH4+

R2
net
NH4+

Hot KCl
gross
NH4+

Hot KCl
net
NH4+

SLAN
gross
NH3

SOC

0.98
0.90
0.89
0.92

0.89
0.85
0.88

0.89
0.90

0.94

R1 gross NH4+
R1 net NH4+

0.99

R2 gross NH4+

0.91

0.88

R2 net NH4+

0.90

0.89

0.99

Hot KCl gross NH4+

0.77

0.71

0.87

0.82

Hot KCl net NH4+
SLAN gross NH3
SOC
Total N

0.74
0.80
0.73
0.72

0.70
0.76
0.67
0.65

0.85
0.84
0.75
0.78

0.83
0.82
0.69
0.72
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Figure 3.1 Cross validation performance of Support Vector Machine (SVM) calibration for gross
NH4+ production from anaerobic incubation using Partial Least Squares (PLS) data compression
with 4 latent variables R2 = 0.93, Root mean square error of calibration (RMSEC) = 5.95 mg kg-1,
Root mean square error of cross validation (RMSECV) = 9.56 mg kg-1, Calibration bias = -0.77
mg kg-1, Cross validation bias = -0.98 mg kg-1. Grey dashed line is 1:1 and the black line is the
linear equation fit to the calibration data. The two outlying data points (surrounded by circles) were
removed from the calibration as outliers but were included when determining the predicted gross
NH4+. Measured data came from R2 anaerobic.

3.6 Discussion
3.6.1 Anaerobic incubations
Results from the anaerobic incubations were well correlated with the other soil tests examined in
this study, namely SOC, total N, hot KCl, SLAN and MIR. These findings are supported by previous
studies, predominately from overseas (north America and Europe), which showed good correlations
between anaerobic and aerobic incubations (Keeney and Bremner 1966; Lober and Reeder 1993;
Waring and Bremner 1964) and hot KCl extractions (Gianello and Bremner 1986; Soon et al. 2007;
Wang et al. 1996) as well as total N (Wang et al. 1996) and SOC (Wang et al. 1996). Curtin and
Campbell (2008), however, concluded that while there is a good correlation between aerobic and
anaerobic incubations, the amount of N mineralised in each of these methods is not always related.
Several of the anaerobic measures, presented in this study were significantly correlated with crop
N uptake and net ICM (all data and net positive data). Other studies have shown a good correlation
between anaerobically mineralised N and N uptake by ryegrass, under greenhouse conditions
(Keeney and Bremner 1966), but mixed results were observed in subsequent field work (Curtin and
Campbell 2008). A significant correlation with crop N uptake however, does not necessarily
translate into a good correlation with final GY, due to the potential effects of external factors such
as heat stress, frost or haying off. While significant correlations were found between the anaerobic
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incubations and net ICM or crop N uptake, correlations were often weaker than with the other soil
tests, including hot KCl and the SLAN method.
The poor performance of anaerobic incubations in this study may be due to several factors.
Kowalenko (2006) suggested that the poor performance of the anaerobic incubation in their study
may have been due to a feedback mechanism resulting from accumulation of NH4+ in the solution,
affecting the soil microbes. Anaerobic incubation studies strongly depend on experimental
conditions (Ros et al. 2011) and variations in pre-treatment and storage of samples can affect the
reproducibility of this method (Øien and Selmer-Olsen 1980).

Rayment and Lyons (2011)

recommend using field-moist soils for anaerobic incubations because air drying can kill part of the
microbial biomass involved in N mineralisation and lead to rapid mineralisation of microbial-N
upon re-wetting (Curtin and Campbell 2008). As such, the use of air-dried (and ground) soil in this
study may have inflated mineralisation values (Larsen 1999).
While most of the anaerobically mineralisable N was located in the top 0-10 cm, as observed in
previous studies (Gupta et al. 1994; Xu et al. 1996b), correlations between net ICM and the
anaerobically methods were generally stronger when the 10-20 cm soil layer was included. This
was in contrast to the findings of Murphy et al. (1998c) who found little value in sampling below
10 cm for estimating N mineralisation in the two soils they studied. The differences between
Murphy et al. (1998c) and the current study may be due to differences in the soil types being
examined (i.e. a dominance of clay soils from the Wimmera in the current study, compared to sandy
soils from Western Australia). Furthermore, the study by Murphy et al (1998c) utilised only 2 soils
and treatments were limited to either wet or dry incubation.

3.6.2 Hot KCl extraction
In this study, the results from the hot KCl extraction were strongly correlated with both the
anaerobic incubation and the SLAN method. Previous studies (Benbi and Haer 2007; Gianello and
Bremner 1986; Soon et al. 2007; Wang et al. 1996) also found good correlations between hot KCl
and biological (incubations) methods, suggesting that they extracted at least a proportion of N from
the same source. Ros et al. (2011) reported that hot KCl explained a greater variation in N
mineralisation than the use of total N (P < 0.05).
In this study, significant correlations were observed between several of the hot KCl indices and
crop N uptake or net ICM (all and positive data only). A range of previous studies have also reported
significant correlations between crop N uptake and hot KCl for perennial ryegrass (Lolium
perenne), barley (Hordeum vulgare), oats (Avena sativa) (Smith and Li 1993), wheat (Benbi and
Haer 2007) and rice (Oryza sativa) (Russell et al. 2006), with most of these studies being undertaken
under glasshouse conditions. Field results have generally shown weaker correlations compared to
the glasshouse (Jalil et al. 1996; Russell et al. 2006), but McTaggart and Smith (1993) observed a
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strong relationship between hot KCl extractable N (a.k.a. hot KCl net NH4+) and N uptake by barley
grown in the field in Scotland. This is most likely because crop biomass and N uptake would not
be limited by soil water and/or other environmental stresses in Scotland; whereas soil water and
environmental stresses can have a strong influence on crop production in Australia. Considering the
effects of growing season rainfall on N mineralisation (Sadras and Baldock 2003) and biomass
accumulation by the crop (Sadras and McDonald 2012), using crop N uptake may not be the best
way of validating net ICM data.
While the international literature includes numerous studies which have examined the use of hot
KCl extractions as a means of predicting in-crop N supply, there are few Australian studies using
this method. Previous Australian research explored the use of hot KCl extractions for predictions
in flooded rice crops (Russell et al. 2002; Russell et al. 2006) and forestry (Szota et al. 2014; Wang
et al. 1996). To the best of our knowledge there are no Australian studies on the use of hot KCl
extraction for predictions of N mineralisation in dryland cereal cropping systems. Russell et al.
(2002) found a good correlation between N uptake of rice growing in the glasshouse (r = 0.74), but
results were not significant (r = 0.08) when studies were conducted in the field. Results from the
current study suggest hot KCl may provide better predictions of N mineralisation in the field than
the anaerobic incubation, and hence it could be a promising method for predicting in-season N
mineralisation in Australian cropping soils. Further investigation of this method under Australian
conditions is warranted.
The amounts of ammonium released by hot KCl extraction are not significantly affected by the use
of air-dried soils (Gianello and Bremner 1986; Øien and Selmer-Olsen 1980). This makes the hot
KCl method a more attractive option for commercial laboratories, because no special preparation
of the soil is required. Ros et al. (2011) reported that variations in the method in terms of temperature
(35 - 120 oC), soil to solution ratios and duration (60 - 1200 minutes) had little impact on the
relationship between hot KCl extractable N and mineralisable N from biological methods, including
anaerobic and aerobic incubations. While the amount of N extracted increased with duration,
temperature and changes in soil-to-solution ratio, this did not affect the predictive ability of this
method (Ros et al. 2011). The standard method for hot KCl extraction requires a 16-hour extraction
time at 95⁰C, however studies such as Gianello and Bremner (1986), found a shorter extraction time
(4 hours) at 100oC obtained results that were well correlated with the biological methods. While
variation on this method would need to be tested on Australian soils, hot KCl extractions could
provide a robust and rapid method for predicting in-crop N mineralisation. Further research is
needed to confirm the results of this study on a wider range of Australian cropping soils.
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3.6.3 SLAN
At present, there is limited literature on the SLAN test. For this dataset the SLAN test showed good
correlation with crop N uptake and net ICM. Previous research conducted in the United States
reported a significant relationship between SLAN and ISNT (R2 = 0.61) (Moore 2018) and PreSidedress Nitrate Test (PSNT) (R2 = 0.712) (Brinton and Hutchinson 2013), a field-based measure
of mineralisation. The SLAN test was able to detect differences in ammonia production, which
corresponded to differences in yield and N uptake by Maize (Brinton and Hutchinson 2013). Moore
(2018) reported that SLAN could be used to predict N response of turfgrass, Kentucky bluegrass
and tall fescue, however relationships varied between seasons and were affected by plant species.
One of the limitations of the SLAN method is the ability to detect mineralisation in soils with low
organic matter. Rogers (2017) attempted to use SLAN for predictions of potentially mineralisable
soil N on a range of irrigated field soil from southern Idaho, but experienced issues with detection
limits and low organic matter in soil (< 10 mg g-1). In the current study, SOC ranged from 6.6 to 53
mg g-1 in the 0-10 cm depth (data not presented). Issues of detection generally appeared to be limited
to samples from the 10-20 cm depth, where SOC levels where 4.7 and 39 mg g-1. Previously
discussed, however inclusion of the 10-20 cm depth was important for enhancing correlations with
field estimates of mineralisation.
The SLAN test is thought to extract a more labile fraction of organic amino-groups (Woods End
Laboratories 2016), compared to the ISNT, but the results from the current study showed that the
SLAN test extracted much larger amounts of N compared to the other methods. In one case the
SLAN test extracted equivalent to 394 kg N ha-1; exceeding the maximum ICM measured by a
number of Australian studies (Bell et al. 2016; Heenan and Chan 1992) as well as the net ICM
values reported in Chapter 2. The SLAN test was extracting far more of the total soil N compared
to the anaerobic incubation and hot KCl methods. As a result, predictions from the SLAN test may
be unrealistic for direct incorporation into N budgeting for most cropping soils of southern
Australia. In previous studies the SLAN test has been used to indicate the likelihood of a crop
responding to inputs of N fertiliser and hence the results do not necessarily imply that all the N will
be available for the crop (W Brinton pers. comm. April 2018). While the SLAN method is a simple
and rapid method for predicting in-crop N mineralisation, which shows promise, further
investigation and potential correction of predictions may be necessary for Australian soils/cropping
systems before it can be utilised by growers and advisors.

3.6.4 MIR
Predictions of gross NH4+ from anaerobic incubations made by the MIR method were well
correlated with the results of the R2 anaerobic incubations (R2 = 0.928). Murphy et al. (2009) also
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found a strong relationship (P < 0.001) between IR predictions and the results of anaerobic
incubations on a range of Western Australia cropping soils. Russell et al. (2002) also found good
correlation between NIR predictions of mineralisable N against gross mineralisation after 21 days
of anaerobic incubation. However Russell et al. (2002) questioned whether MIR predictions could
be used to directly measure N availability to the crop (i.e. net ICM). Instead they suggested that
other soil testing would be the best means for developing a calibration because they are quicker and
less expensive than field based measurements of N mineralisation (Russell et al. 2002).
For this method to be used as a tool for predicting in-crop N mineralisation, it will require
acquisition of a varied and comprehensive dataset; larger than the one presented in this study.
Russell et al. (2002) was concerned about over-fitting of the model due to an insufficient dataset.
This may also be an issue in the current study; the dataset was not large enough to divide the samples
into a calibration and test dataset. So, while MIR may offer a valuable method for predicting incrop N mineralisation, further research is needed.
Portable MIR equipment has already been developed and is being tested under field conditions.
Soriano-Disla et al. (2014) reported that despite the presence of soil water, reasonably accurate
calibrations become available for clay content, SOC and total N. In the current study, SOC and total
N were found to be well correlated with the laboratory predictions of mineralisation (Table 3.4) and
field-based estimates of net ICM (Table 3.1). It is possible that in the near future rapid predictions
of a range of soil properties, including predictions of potential N mineralisation could be made in
the field. Again, further investigation and development of appropriate calibrations is required.

3.6.5 Ridge model
The Ridge model is a quick and simple tool, which requires very little input information to use.
Moodie (2012) point out that the method was developed when soils were still being cultivated,
generally after a period of legume-based pasture, and carbon rich cereal residues were burnt prior
to sowing. Consequently, the method may require some changes to maintain its relevance in modern
cropping systems. In this study, predictions of N mineralisation using the Ridge method ranged
from 7.2 to 325 kg N ha-1, and showed strong positive correlations with net ICM. Moodie (2012)
compared the Ridge method against laboratory incubations and stated it could be a useful predictor
of potential N mineralisation for the Victorian and South Australian Mallee region. Moodie (2012)
noted that mineralisation, predicted by a laboratory-based method was 2.5 times greater than the
prediction from the Ridge model, but further work was needed to confirm how well predictions
relate to data measured in the field. The results of the current study suggest the Ridge model overpredicted mineralisation compared to field-based measurements. This result is consistent with
recent changes in farming systems and resulting decreases in net ICM (Angus and Grace 2017).
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Correlations between the Ridge method and net ICM were stronger when predictions were based
on actual rainfall. The use of long-term average GSR, slightly reduced the accuracy of the Ridge
method. In the current study, analysis of the individual years showed that the Ridge method is less
accurate when GSR is vastly different from the long-term average. It is very difficult however to
accurately predict GSR at the start of the season. There may be merit predicting a potential range
of N mineralisation or combining predictions with a percentage likelihood of a certain rainfall
decile. Any alterations, however would need to be done under the proviso that they do not make the
method overly complicated, as the appeal of the Ridge method is its simplicity. This may not be
necessary, however given that the Ridge method did not offer a large or consistent improvement
over the GSR or SOC alone.

3.7 Conclusions
Significant correlations were found between each of the soil testing methods and net ICM;
correlations were generally stronger when compared to hot KCl or SLAN. The Ridge model still
appears to have merit as a tool for predicting in-crop N mineralisation under current farming
systems, but correlations were often not superior to GSR or SOC alone.
Inclusion of soil from the 10-20 cm depth generally improved correlations with net ICM and crop
N uptake. This finding suggests that it may be necessary to sample soils beyond the top 10 cm in
dryland cropping systems of south-eastern Australia. MIR was able to predict gross NH4+
production from the anaerobic incubation method, but the model requires further testing against a
larger and more diverse dataset.
The results of this study warrant further research into the utility of the hot KCl, SLAN and MIR as
a means of predicting net ICM over a wider range of seasons, soil types and cropping systems
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Chapter 4 Explaining seasonal declines in wheat biomass response
to phosphorous fertiliser: interactions between phosphorous and
water
4.1 Abstract
The mechanisms responsible for declining response of spring wheat (Triticum aestivum) to P
fertiliser over the growing season are poorly understood. Previous research indicates an interaction
between water, root growth and soil P supply as a primary cause. To investigate this issue initially,
two field experiments with similar soil P characteristics but with contrasting rainfall and soil water
were established in the Wimmera region of Victoria in 2012 (Vectis) and 2015 (Horsham). Next a
glasshouse study examined how increasing depth of wetting influences relative grain yield (GY)
responses to fertiliser labelled with 33P, through its effect on root growth and P uptake from both
soil and fertiliser. Finally, another glasshouse experiment explored differences in pattern of P uptake
and changes in rate of P accumulation by different varieties of wheat putatively varying in P
response from sowing to maturity. Early biomass responses to P fertiliser were observed in all 4
experiments, but the response to P fertiliser disappeared completely in only one season of the field
study. A decline in the magnitude of response to P fertiliser during crop growth was common
(observed in all 4 experiments). Growth and yield responses to P fertiliser disappeared completely
in the wet season, while a significant response to P was still evident in the dry year. Increasing the
depth of wetting reduced crop reliance on P fertiliser, but the volume of water and temporal
variation in soil water appear to drive this response, more than the depth of wet soil per se.
Phosphorus-deficient plants accumulate a greater proportion of their total P uptake later than plants
supplied with adequate P. An increased rate of P uptake, by P deficient wheat appeared to be
responsible for reducing the difference in P uptake between the P-fertilised and non-P fertilised
wheat. Further work is necessary to confirm this as the primary mechanism responsible for the
diminished yield response of wheat to P fertiliser.

4.2 Introduction
Early biomass responses to phosphorus (P) fertiliser are commonly observed in spring wheat
(Triticum aestivum) (Grant et al. 2001; Piper and DeVries 1963). In many cases, early biomass
responses continue through development to increased grain yield (GY) (Elliott et al. 1997a; Grant
et al. 2001). Several published studies from semi-arid environments in Australia (Armstrong et al.
2008; Colwell 1963a; Dann 1969; Mason et al. 2010b; McDonald et al. 2015; Piper and DeVries
1963; Smith 1965) and Canada (Tomasiewicz 2000), in predominately neutral to alkaline soils,
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reported that early biomass responses either decline or disappear during the season, such that by
maturity there are no differences in the GY.
This decline in crop response to P has been likened to the “haying off” phenomenon that occurs
with N (Armstrong et al. 2008; Colwell 1963a; Dann 1969; Mason et al. 2010b; Smith 1965). A
luxurious supply of N to the wheat crop early in the season leads to large amounts of vegetative
growth and a rapid depletion of soil water, which ultimately results in unfulfilled GY potential (van
Herwaarden et al. 1998). “Haying off” is characterised by low harvest index (HI: ratio of harvested
grain to total shoot biomass) and small kernel weights (van Herwaarden et al. 1998), but most
studies did not report these classic symptoms of haying off. McDonald et al. (2015) observed a
small, but significant increase in HI and kernel weight from P application. This suggests that
excessive biomass production from high rates of P fertilisation and depletion of soil water was not
responsible for the decline in crop response to P fertiliser. Furthermore, several studies observed
that poor GY responses to P fertiliser occurred in seasons with good rainfall. Piper and DeVries
(1963) remarked growth responses to P fertilisation were not observed in years where excess rain
fell during critical periods. McDonald et al. (2015) similarly noted that differences in crop growth
due to P fertiliser narrowed when rainfall, crop growth and yields were high. Colwell (1963a) also
remarked that a “less obvious” decline in crop response to P was present at most sites in his study,
even at a site which received 35 inches (889 mm) of rain during the growing season. These results
suggest that poor GY responses to P fertiliser are less likely in seasons where water supply is
adequate.
Grain yield is a function of many abiotic, biotic and management factors, of which P is only one.
Any one of these factors, if present during a critical development phase, may affect GY sufficiently
to override the influence of P (Piper and DeVries 1963). In dryland cropping systems of Australia,
water is almost always the most limiting factor to crop growth and GY (Kirkegaard and Hunt 2010;
Sadras and McDonald 2012) so that water availability will determine whether GY potential, set up
by early nutrition, will be realised. Phosphorus uptake in the field is not an independent process
(Asher and Loneragan 1967). Because P is relatively immobile in soil, plant uptake depends on
water for diffusion of orthophosphate and root growth to intercept new sources of P (Richardson et
al. 2009). Phosphorus acquisition is therefore sensitive to the interplay between timing and
placement of fertiliser, seasonal rainfall distribution, and root length density distribution throughout
the soil profile (Dunbabin et al. 2009). Sutton et al. (1983) suggested that the inability of crops to
absorb P late in the growing season may explain why visual responses to P fertiliser sometimes did
not result in GY increases. Phosphorus deficiency during grain filling is thought to affect GY
through its effect on adenosine triphosphate regeneration for the formation of sucrose (the main
carbohydrate used for starch formation in grain) and processes which affect translocation of
nutrients, such as phloem loading (Sutton et al. 1983). Since most of the P in soil is vertically
concentrated in the topsoil (Singh et al. 2005; Wang et al. 2007), under dry soil conditions,
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particularly late in the season during grain fill, P uptake may be restricted (Cornish 1987; Piper and
DeVries 1963; Singh et al. 2005). Applications of foliar P have been advocated to avoid P becoming
unavailable in dry topsoil, allowing P supply to continue during grain filling (Grant et al. 2001;
McBeath et al. 2011; Sutton et al. 1983). However, recent field studies in South Australia found
that application of foliar P failed to increase GY when dry conditions occurred late in the season
(Facelli et al. 2016).
There is a strong interaction between soil water content, root biomass and P uptake by plants that
may affect the responsiveness of crops such as wheat to P supply. Recently-applied P fertiliser is
concentrated in localised bands in the topsoil, and during early stages of growth wheat will derive
more of its P from fertiliser which is placed close to the seed (Mitchell 1957). As the root system
develops and grows into a larger volume of soil however, plants will rely less on fertiliser to provide
their P requirements (Mitchell 1957). Under certain conditions, plants can source significant
quantities of P from the subsoil (Wang et al. 2007), so the distribution of roots, as well as water in
the soil profile, may be important in explaining the decline in crop response to P fertiliser. The
distribution of roots within the soil is strongly affected by soil water content (Man et al. 2016).
Changes in root distribution in turn will affect the plants ability to acquire P from the soil; in a dry
season root growth will be concentrated in the topsoil and overall root mass will be smaller,
compared to in a wet season when more root growth and deeper root penetration would enable it to
accumulate more P from the soil (Dunbabin et al. 2009). Phosphorus addition can stimulate root
growth into the subsoil and increase use of subsoil P (McBeath et al. 2012). Under P deficient
conditions however, plants can utilise a range of adaptations, including allocation of assimilates to
the roots leading to development of a larger root system with a greater surface area, to more
efficiently capture water and nutrients (Ramaekers et al. 2010; Wissuwa et al. 2005). It is possible
that when the soil profile is increasingly filled with water, P deficient plants are able to produce
roots that penetrate deeper into the subsoil, enhancing their access to soil P. As the depth of wet soil
increases, the P deficient plants may be able to absorb more P from the soil and this supply may be
sufficient and achieve similar GY to the P-fertilised crop.
To better understand how water supply affects the GY response of wheat to P fertiliser, a field
experiment was conducted in two seasons (2012 and 2015, respectively) where the amount and
pattern of rainfall during the growing season varied markedly. We hypothesised that a GY response
to P fertiliser was less likely when the soil profile was wet. A glasshouse study (experiment II)
examined how increasing depth of wetting of the soil profile influences relative GY responses of
wheat to P fertiliser, through its effect on root growth and P capture. Our hypotheses were (i) that
the crop would rely less on P fertiliser as the watering depth, and hence soil volume available for P
supply, increased and (ii) that increased supply of P from the soil explains the decline in crop
response to fertiliser. Finally, a glasshouse experiment III was then conducted to explore variation
in patterns of P uptake and accumulation by different cultivars of wheat that had previously been
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reported to vary in the responsiveness of GY to P fertiliser. We hypothesised that a P-deficient
wheat crop would increase its rate of P accumulation and accumulate more of its P later in its
development, so that total P uptake would be similar between P treatments.

4.3 Methods
4.3.1 Field experiments Ia and Ib
Experimental design
Field experiments were conducted over two seasons in the Wimmera region of Victoria. In 2012
the experiment was located at Vectis (36°40'04.2"S 141°59'46.4"E), approximately 15 km west of
Horsham, on a Calcarosol (Isbell 1996). In 2015 the experiment was located 5 km north-west of
Horsham (36°40'25.3"S 142°10'03.0"E), on a Grey Vertosol (Isbell 1996). Both experiments were
factorial designs with P fertiliser and irrigation as factors (Table 4.1). In both seasons, plots were
split into subplots and were subjected to either seasonal rainfall alone (control) or supplementary
irrigation (irrigated). The irrigation treatments were designed to simulate two different seasonal
rainfall conditions. In both seasons the experiment was a completely randomised split plot design.
Both sites showed similar soil P characteristics to depth (Figure 4.1) and similar soil physical and
chemical properties (Table 4.2).
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Table 4.1 Management details from the two field experiments
Site

Vectis

Horsham

Year

2012

2015

Soil type

Calcarosol

Vertosol

Trial design

±P ×±N × ± irrigation

±P × ± irrigation × 2 varieties

Replicates

5

4

P fertiliser

24 kg P ha-1 as Double super

20 kg P ha-1 as triple super

50 kg N ha-1 as urea at sowing
N fertiliser

50 kg N ha-1 as green urea
(containing a urease inhibitor)

50 kg N ha-1 as urea

at GS 30
Wheat variety &
sowing rate

EGA Gregory at 100 kg ha-1

Mace at 78 kg ha-1
Yitpi at 82 kg ha-1

Row spacing

26 cm

30 cm

Sowing date

17 May

28 May

222 mm

125 mm

Annual rainfall

290 mm

230 mm

Previous crop

Faba beans (2011)

Growing season rainfall
(April- October inclusive)

Emergence counts

26 June (irrigated)
13 August (rain-fed)

Wheat (2013) and
fallow (2014)
30 June

Mid tillering cuts

28 August

24 August

Anthesis cuts

22 October

12 October

Harvest date

6 December

1 December
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Figure 4.1 Concentrations of Colwell P (a) and total P (b), phosphorus-buffering index (PBI) (c) and DGT P (d) in the 120 cm soil profiles from samples collected prior
to sowing at Vectis (2012) and Horsham (2015). Horizontal bars represent one stand error either
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Table 4.2 Physicochemical characteristics of the 120 cm soil profile for the two field trial sites
located at Vectis and Horsham, Victoria. Values presented as site means with standard errors
presented in brackets. EC, electrical conductivity measured in 1:5 water suspension; SOC, Soil
organic carbon
Pre-

Soil

Bulk

depth

density

(cm)

(g cm-3)

Vectis

0-10

1.22

21 (2.1)

8.3 (0.11)

2012

10-20

1.29

4 (0.6)

20-40

1.28

40-80

Site

sowing

EC
pHH2O

Total N

SOC

(mg g-1)

(mg g-1)

0.20 (0.01)

1.3 (0.09)

11.5 (0.4)

8.6 (0.08)

0.16 (0.02)

0.7 (0.09)

5.9 (0.4)

3 (0.4)

9.1 (0.04)

0.21 (0.01)

0.5 (0.04)

4.6 (0.4)

1.34

2 (0.2)

9.4 (0.04)

0.45 (0.04)

0.3 (0.04)

3.2 (0.1)

80-120

1.5

3 (0.3)

9.6 (0.04)

0.67 (0.06)

0.2 (0.04)

1.6 (0.1)

Horsham

0-10

1.21

52 (2.8)

7.5 (0.07)

0.24 (0.04)

1.4 (0.06)

14.4 (1.7)

2015

10-20

1.33

16 (1.6)

8.3 (0.12)

0.14 (0.03)

0.7 (0.05)

6.3 (0.6)

20-40

1.16

13 (1.1)

8.6 (0.12)

0.19 (0.02)

0.7 (0.05)

5.8 (0.6)

40-80

1.2

6 (0.6)

9.2 (0.11)

0.35 (0.06)

0.3 (0.02)

3.3 (0.4)

80-120

1.24

2 (0.4)

9.4 (0.09)

0.6 (0.11)

0.2 (0.00)

2.2 (0.7)

nitrate

(dS m-1)

(mg kg-1)

In 2012 the irrigation treatment was applied using a rectangular irrigation manifold (2.7 m long by
1.6 m wide) of 13 mm poly pipe and Turbo key drippers (Toro, 2 L h-1). The system was gravityfed from a 200 L tank. A total of 186 mm of water was applied, spread over 5 dates. In 2015,
irrigation was applied using system made up of 40 mm blue Layflat (Sunnyhose) and 15mm T-tape
systems (AgroGreen). In 2015 a total of 169 mm of irrigation was applied over 6 events of variable
size (ranging from 16 to 36 mm). Due to the severe drought conditions in 2015, the whole trial
received 36 mm of supplementary irrigation, over 2 events, to ensure the plants developed through
to grain maturity.

Soil data
Prior to sowing, three 42 mm diameter soil cores were collected to 120 cm depth and divided into
0-10, 10-20 and 20 cm increments for the remainder of the profile. Samples were pooled by depth
increment and by block. Soil water was determined gravimetrically by weighing samples before
drying at 105°C for 4 days and reweighing to determine water loss. In 2012, soil bulk density was
determined using a wet sump which had been wetted several times during the season to obtain soil
water content close to field capacity. A large diameter core (12 cm) was collected using a hydraulic
soil sampler to minimise soil compaction. In 2015, bulk density was estimated from the pre-sowing
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soil water samples. Soil water was measured at 4 different times during 2012, coinciding with
sowing and biomass sampling times (see below). During 2015 soil water (to 100 cm) was monitored
using PR2 profile probes (Delta-T Devices) placed into the Yitpi cultivar plots. Probe access tubes
were inserted into the plot, between the 3rd and 4th crop row, 14 days after sowing (DAS) (just
after crop emergence). Readings were taken at 9 times (14, 62, 67, 89, 111, 125, 135, 148 and 187
DAS). Values are presented in their raw form (mV) because an adequate calibration was not able
to be obtained (R2 < 0.2).
Additional soil cores were taken prior to sowing for physicochemical analysis. In 2012, three cores
were collected per block. In 2015 only two cores were collected per block, but additional soil from
the 0-10 cm depth was also collected. Cores were taken to 1.2 m depth and were divided into 0-10,
10-20, 20-40, 40-80 and 80-120 cm increments and dried at < 40°C, before being ground < 2 mm
and analysed for Colwell P (0.5M NaHCO3), Total P (ICP-AES), phosphorus buffering index (PBI)
(Burkitt et al. 2002), DGT-P (Mason et al. 2010b), nitrate (2M KCl), total N (Leco), soil organic C
(Walkley Black, 1934), pH and electrical conductivity (1:5 soil: water extract) (Figure 4.1, Table
4.2).

Plant data
Plant density was assessed by counting three rows by 1 m for each plot. In 2012 plants were counted
on two different days (40 and 88 DAS) due to delayed emergence of the non-irrigated control plots.
In 2015, plant establishment was measured 33 DAS, at approximately 2 leaf stage.
Aboveground biomass was measured at GS25 (mid tillering), GS65 (anthesis) and GS90 (grain
maturity) (Zadocks et al. 1974). Mid-tillering and anthesis cuts were taken by cutting 50 cm of the
4 internal crop rows. At grain maturity, the length of the cuts was increased to 1 m. All plots were
harvested on the one day, despite some delays to crop development due to differences in P nutrition.
Plant samples were dried at 70°C until constant weight before being weighed. Maturity samples
were threshed to obtain GY. Biomass (DM) and GY data was used to calculate the response to P
fertiliser using Equation 1:
Response to P fertiliser (%) =

(DM or GY+P)−(DM or GY−P)
(DM or GY of+P )

× 100 …. Eq 1
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Weather data
Rainfall data were obtained from the Bureau of Meteorology weather station which was located at
the Horsham aerodrome (Station Number 079100) approximately 0.5 km and 15.5 km from the
Horsham and Vectis sites respectively. Monthly rainfall and irrigation are presented against the
long-term average rainfall at Horsham (1900-2017) (Figure 4.2).

Figure 4.2 Cumulative annual rainfall for 2012 and 2015 against the long-term average (LTA;
1900- 2017) at Horsham Aerodrome. Data was obtained from the Bureau of Meteorology. *In 2015,
the whole site received an additional 16 mm in August and 20 mm in September via irrigation.

4.3.2 Glasshouse experiment II- Interaction of soil water and P fertiliser in determining wheat
grain yield responses to P fertiliser
Experimental design
The first glasshouse experiment was designed to examine the effect of depth of wetting and crop
response to P fertiliser and was a partial factorial randomised block design comprising two soil
types (Vectis and Horsham), two P treatments (0 or 80.5 mg P core-1) and 4 watering depths (0-20,
0-40, 0-60 and 0-80 cm) with 4 replicates of each treatment. The soil water treatments were not
balanced with only two water treatments (20 and 80 cm) for the Horsham soil.
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Soil
Both the topsoil (0-10 cm) and subsoil (10-40 cm), were collected from close by each of the 2012
and 2015 field experiments. Soil was dried at < 40°C. Large pieces of organic matter were removed
by passing the soil through a barrel sieve. Soil was broken down into aggregates (< 2.5 cm) and
homogenised ready for core construction. Subsamples of soil were ground to < 2 mm and underwent
physicochemical analysis (Table 4.3). Soil pH (0.01 M CaCl2) and electrical conductivity (EC)
were measured in a 1:5 soil: water extract (Rayment and Lyons 2011). Soil P status was determined
by Colwell P (0.5M NaHCO3 extracted at pH 8.5) (Colwell 1963b; Rayment and Lyons 2011), total
P (Allen and Jeffery 1990) and phosphorus buffer index (PBI) (Allen and Jeffery 1990; Bolland and
Windsor 2007). Soil mineral N (nitrate and ammonium) (Rayment and Lyons 2011), total N (Leco)
and soil organic carbon (SOC) (Walkley and Black 1934) was also determined.

Table 4.3 Physicochemical characteristics for the soils used in the glasshouse experiment. Topsoil
was collected from 0-10 cm and subsoil collected to 10-40 cm. EC; electrical conductivity, PBI;
Phosphorus buffering index, SOC; soil organic carbon.
Vectis

Horsham

Soil characteristics

Units

Topsoil

Subsoil

Topsoil

Subsoil

EC (1:5 water)

dS m-1

0.12

0.14

0.06

0.12

7.0

7.2

6.6

6.7

20

6

30

12

90

131

110

106

187

116

250

167

31

27

28

59

5

3

4

3

pH (1:5 0.01 M CaCl2)
Colwell P

mg kg

-1

PBI
Total P

mg kg-1

Nitrate concentration

mg N kg-1
-1

Ammonium concentration

mg N kg

Total N

mg g-1

1.7

1.1

1.7

1.3

SOC

mg g-1

15

9

15

10

Field capacity

%

34

39

35

43

Permanent wilting point

%

11

16

19

18

Before core construction, basal nutrients (16 mg N kg-1 soil as NH4NO3, 10 mg K kg-1 soil as K2SO4,
4 mg Cu kg-1 as CuSO4.5H2O, 5 mg Zn kg-1 soil as ZnSO4.7H2O and 11 mg Mg kg-1 soil as
MgSO4.7H2O) were applied to both the topsoil and subsoil. Application rate per core varied slightly
between soils due to differences in bulk density.
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The cores were constructed from PVC pipe (85 cm long by 15 cm in diameter), with plastic caps
screwed onto the bottom and the housing for a PR2 tube positioned vertically in the centre of the
core. Each core was lined with a thick plastic bag.
Field capacity (FC) and permanent wilting point (PWP) of the soils were determined using the filter
paper method (Fawcett and Collis-George 1967) (Table 4.3). To construct the cores soil was added
in 20 cm layers. Where necessary, the soil was carefully watered to 90% of field capacity using
three 120 ml vials with 5 pin holes in the bottom to allow for slow wetting of the soil. This water
was allowed to soak into the soil, over approximately an hour, before the next layer of soil was
applied. In the 20 cm treatment, enough water was added to the top 20 cm to effectively only wet
up this depth. For the 40 cm treatment, 40 cm of dry soil was initially added to the core; water was
only applied to the top two layers of 20 cm each to obtain a wetting front to 40 cm. This process
was repeated to the appropriate depths for the 60 and 80cm cores. The 80 cm treatment initially
contained wet soil throughout the profile. During the experiment, soil cores were watered up to 60%
of plant available water capacity (PAWC), when the water content of the soil dropped to 30 % of
the PAWC. At the beginning of the experiment the aim was for all cores to receive the same amount
of water, so that their water-limited GY potential would be similar. Initially calculations were based
on providing enough water to the plant to achieve a GY of 4 t ha-1, assuming a transpiration
efficiency for grain of 18 kg mm-1 ha-1, but this GY potential was adjusted up to 7 t ha-1, 94 DAS
due to water stress symptoms in the 60 and 80 cm cores. Over the duration of the experiment, the
40, 60 and 80 cm treatment were supplied with 8172 g of water, while the 20 cm cores received an
average 3059 g (or 37% of the total water) in the Horsham soil and 3809 g (or 47% of the total
water) in the Vectis soil. Water use in the 20 cm treatment did not drop down to 30% of the PAWC,
which was the trigger point for watering. Upon noticing water stress symptoms in this treatment
(around 30 DAS), the issue was rectified with more frequent additions of water (Figure 4.3).
Labelled 33P fertiliser was made up by mixing carrier free 33P with KH2PO4 and applied at 2.6 MBq
of activity per core. The solution was applied in two lots of 1.25 mL (totalling 2.5mL), into 2 slits
in the soil surface. Each fertilised core received 80.5 mg of P, equivalent to an application of 46 kg
P ha-1. Cores were sown with six seeds of wheat (Triticum aestivum cv. Yitpi); 3 in each slot and
covered over with moist soil. At the 2-leaf stage, plants were thinned to 3 seedlings per core and a
2 cm layer of alkathene granules were added to the surface of the cores to reduce soil evaporation.
Cores were placed in a glasshouse which was naturally lit, and plants were grown between August
and December 2016. Temperatures were set to 25°C during the day and 10°C at night.
Profile soil water was monitored using the PR2 tubes. Soil water was measured on 9 occasions over
the experiment. Data from the PR2 was calibrated using gravimetric data from harvest and
theoretical/target soil water content (i.e. 90% of field capacity or air-dry soil water content) in
respective depth layers at sowing.
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Figure 4.3 Soil water of the Vectis soil at various soil layers with watering to 20, 40, 60 and 80 cm, measured throughout the experiment. Vertical bars represent ±
standard error of the mean. DAS, days after sowing
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Plant measurements
Early crop responses to P fertiliser was assessed by measuring plant height and number of tillers
per plant at 34 and 60 DAS. Plant height was measured to the tip of the tallest leaf. At maturity
plant height and GY components including number of tillers (fertile and non-fertile) and spikelets
were recorded. Plant height at maturity was measured at the tip of the tallest spike excluding awns.
Shoots were cut just above the surface of the soil. Samples were oven-dried at 70⁰C to constant
weight before being weighed, threshed and the grain weighed to determine yield. The total number
of grains were counted to determine weight per grain. Biomass and GY response to P fertiliser (%)
was calculated as per the field experiments. Grain and straw (consisting of stem, leaf and chaff)
were ground for total P and 33P analysis. This data was used to calculate the percentage of P derived
from fertiliser (Pdff) using the following equation:
Pdff (%) =

SA of the plant �Bq 33P mg P−1 �

SA of the fertiliser (Bq 33P mg P−1 )

× 100 ….Eq 2

Where SA is the specific activity of the plant and fertiliser, which is calculated as the amount of
33P in Bq core-1 divided by 31P in mg P core-1.
Fertiliser utilisation (%) by the grain, straw and total plant was calculated as:
P fertiliser utilisation (%) =

Yield of P fertiliser (mg P core−1 )
P applied in fertiliser (mg P core−1 )

Where the yield of P fertiliser is calculated as:
Yield of P fertiliser (mg P core−1 ) =

Pdff (%)
100

× 100 ….Eq 3

× P uptake (mg P core−1 ) ….Eq 4

After harvest the cores were kept at 4⁰C until the 33P had undergone more than 4 half-lives, at
which point soil was excavated from the cores and divided into 3 depths: 0-10, 10-20 and >20 cm.
Root samples were obtained by washing the sample over a 1-mm sieve, using tap water. Clean
samples were oven-dried at 70⁰C to constant weight and dry weight determined.
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4.3.3 Glasshouse experiment III– Patterns of P uptake and changes in rate of P accumulation
by wheat plants
Experimental design
The second glasshouse experiment examined differences in temporal patterns of P uptake and
consisted of four wheat cultivars (Mace, Yitpi, Correll and Halberd), two P fertiliser treatments (No
added P and 30 kg P ha-1), and four harvest times (50, 70, 84 and 151 DAS, which are roughly
aligned with the end of tillering, booting, anthesis and grain maturity, respectively). Wheat varieties
were chosen based on observed differences in response to P fertiliser (McDonald et al. 2015;
McDonald et al. 2010). Halberd, Yitpi and Correll were all classified as non-responsive to P
fertiliser, while Mace was classified as P-responsive. No varietal differences in biomass (P = 0.62)
or GY (P = 0.30) were observed, so results have been combined and presented as the mean of each
P treatment. The development stage at each harvest was slightly different between the varieties, and
P deficiency appeared to slow crop development (data not presented).
Topsoil (0-10 cm) was collected from an area adjacent to the 2015 field site at Horsham. Again,
soil was dried at < 40°C and sieved to less than 2 cm. A subsample of soil was ground to < 2 mm
and underwent physiochemical analysis. The soil had a pH (CaCl2) of 6.8 and an electrical
conductivity of 0.09 dS m-1. The concentration of Colwell P in the soil was 27 mg kg-1 and the PBI
was 111 implying that plants grown in the soil would be responsive to P fertiliser (Moody 2007).
The total P content of the soil was 242 mg kg-1 and the organic C and total N content was 1.54 %
and 0.18%, respectively. The soil contained 33 mg kg-1 of nitrate and 5 mg kg-1 of ammonium prior
to sowing.
Basal nutrients of K (2.72 mg K kg-1 soil as K2SO4), Zn (0.68 mg Zn kg-1 soil as ZnSO4.7H2O,); Cu
(0.68 mg Cu kg-1 soil as CuSO4.5H2O) and Mg (3.40 mg Mg kg-1 soil as MgSO4.7H2O) were applied
to the soil and mixed to achieve homogeneity throughout the entire soil column. Basal N (6.8 mg
N kg-1 soil, equivalent to 50 kg N ha-1 on a surface area basis) was applied as NH4NO3, after sowing.
An additional 3.4 mg N kg soil-1 was applied 63 DAS.
Soil cores were constructed from PVC pipe (15 cm diameter × 65 cm long). A cap was secured on
the bottom of the core and each core was lined with a plastic bag. The cores were constructed by
adding the soil in layers. For each layer, cores were tapped against the ground 4 times with even
pressure to achieve a natural bulk density (1.23 g cm-3). Water was applied to each soil layer, with
the final application being made after sowing to bring the cores to 80% of field capacity.
Phosphorus fertiliser was applied at 30 kg P ha-1 using triple superphosphate (20% P) which had
been ground to < 2 mm and spread evenly onto the surface of the core at a depth of 5 cm, before
the remaining soil was placed on top. Cores were sown with six pre-germinated seeds, before the
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N solution and remaining water was applied. At the two-leaf stage, seedlings were thinned to 3
plants per core. Due to poor emergence, some cores which were sown with cv. Correll required reseeding or seedlings were transplanted from other replicates of the same treatment to obtain the
right number of plants per core.
Cores (three replicates per treatment) were arranged in a completely randomised design in a
naturally-lit glasshouse. Temperature in the glasshouse were regulated to 20 ⁰C during the day and
6⁰C during the night. Temperatures were increased to 30⁰C during the day and 10⁰C at night in midDecember, during grain filling.
Cores were maintained at 80% of field capacity (FC), which equated to 26% water on a gravimetric
basis. Cores were initially watered weekly, and then twice weekly 68 DAS due to increased water
use. From 123 to 132 DAS, the cores received 900 ml over three applications. Watering ceased 132
DAS at completion of grain filling.
Plant shoots were harvested and processed, and root and shoot dry weights were determined as
outlined in Experiment 1. Shoot P concentration was measured using ICP-OES after the materials
were digested in concentrated HNO3 (Zarcinas et al. 1983; Zarcinas et al. 1996). Total P uptake was
calculated for each harvest and P accumulation over time and relative differences in plant P uptake
(% response to P fertiliser) were calculated.
Relative differences in total root biomass (per core), as affected by P fertiliser, were calculated at
each harvest. Rate of P uptake per unit root biomass was determined using the following equation:

Rate of P uptake (ug P g root biomass
4.3.4 Statistical analysis

−1

day

−1 )

=

P uptake during period �ug P core−1 �
root biomass (g core−1 )

period between harvests (days)

…. Eq 5

The two field experiments were analysed separately. Plant data from both seasons was analysed
using split plot analysis of variance (ANOVA) in Genstat Version 18 (VSN International,
Rothamsted, UK). Soil water data was analysed using repeated measures ANOVA to determine the
change in soil water, at each depth over time.
Data from the first glasshouse experiment was analysed as two experiments, the first being the
Vectis soil only with the 4 watering depths and the second a comparison of the two soils (Horsham
and Vectis) by the two watering depths (20 and 80), a 2 or 3-way ANOVA. Soil water over time
was analysed for each depth using repeated measured ANOVA.
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For the second glasshouse experiment, shoot and root biomass, P uptake, % total P accumulation
and rate of P uptake per unit root dry weight from the successive harvests was analysed using
repeated measures analysis of variance (ANOVA). Grain yield was analysed using 2- way ANOVA.
Data transformations were performed where required to normalise the distribution of the residuals.
Treatment means were compared using least significant differences (LSD) at P = 0.05. Outliers
were excluded from analyses, where necessary, when they significantly affected the distribution of
the residuals.

4.4 Results
4.4.1 Field experiment Ia and Ib
2012 – Response to P fertiliser
Plant establishment in 2012 was not affected by N (P = 0.23) or P fertiliser (P = 0.78), but significant
differences were observed between watering treatments (P = 0.03). Irrigated plots had an average
plant density of 114 plants m-2, while the control plots only averaged 100 plants m-2. Emergence of
the irrigated plots occurred earlier than the control plots. Count were taken on the irrigated plots 40
day after sowing. Wheat in the control plots began shortly after (within 7 days), but counts were
not taken until later (88 DAS) when the crop was at least 2leaf stage.
Early biomass production measured 103 DAS (approximately GS 25), was affected by water and P
fertiliser (P = 0.005). In the irrigated plots, more biomass was produced where P fertiliser was
applied compared with the no-P fertiliser control. The least biomass was produced when neither
irrigation nor P fertiliser was added. At this time, the average biomass response to P fertiliser,
between the two watering treatments was 44% (Figure 4.4). The interaction between N fertiliser
and water was also significant (P = 0.036) (data not presented). When no irrigation was added, N
fertiliser did not significantly increase biomass production (0.27 t ha-1 compared to 0.36 t ha-1), but
when irrigation added, N fertiliser significantly improve biomass production (1.01 t ha-1 versus 0.75
t ha-1).
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Figure 4.4 Biomass and grain yield response to the application of P fertiliser measured at the Vectis
(2012) and Horsham (2015) sites. Vertical bars represent ± standard error of the mean.

By anthesis (158 DAS), P fertiliser had no effect on biomass production (P = 0.063). Biomass
production was still affected by the interaction between N fertiliser and water (P = 0.014). As
observed at day 103, anthesis biomass was highest in the irrigated treatment with N fertiliser (10.6
t ha-1) and decreased if no N fertiliser was added (7.2 t ha-1). Again, there was no difference between
N treatments when no irrigation was applied; 4.7 t ha-1 in the plus N treatment compared to 4.3 t ha1

where no N fertiliser was added.

The treatment effects on shoot biomass and GY at maturity (203 DAS) follow the same trend as
those at anthesis. The P fertilisation did not affect shoot biomass (P = 0.209) or GY (P = 0.63).
Both maturity biomass and GY were affected by the interaction between N and water (P = 0.014,
0.021, respectively). Grain yields ranged from 1.7 t ha-1 for the plus P fertiliser, no N fertiliser,
treatment with no irrigation, through to 5.4 t ha-1 for the irrigated treatment with both N and P
fertiliser applied. Harvest index was not affected by P (P = 0.057) or N fertiliser (P = 0.72), but was
increased when irrigation was applied (0.39, compared to 0.36 for the non-irrigated treatment, P =
0.002).
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2015 – Response to P fertiliser
In 2015, there was no significant difference in plant establishment between the varieties (P = 0.51),
but the plant density was higher (P = 0.019) in the P-fertilised (164 plants m-2) than in the non-P
fertilised plots (151 plants m-2).
The aboveground biomass was significantly increased by the application of P fertiliser and irrigation
at all harvests (P < 0.05). At the first sampling (88 DAS, GS 25), the no-P treatment produced 0.3
t ha-1 of biomass, compared to 0.9 t ha-1 in the P-fertilised treatment. At anthesis (135 DAS), a
significant interaction between P fertiliser and water (P = 0.029) was observed. When P and
irrigation were applied, crop biomass was 6.5 t ha-1, compared to 4.2 t ha-1 produced under P
application without irrigation. Irrigation, without added P fertiliser, increased biomass production
at anthesis (3.3 t ha-1 versus 2.4 t ha-1).
At grain maturity (187 DAS), biomass production was 4.4 t ha-1 for the no-P treatment and
6.5 t ha-1 for the P-fertilised treatment (P < 0.001). Irrigation increased crop biomass by 57% at
grain maturity; 4.2 t ha-1 for the non-irrigated treatment compared to 6.6 t ha-1 with irrigation (P <
0.001). Although overall grain yields were low, P fertiliser increased final GY (P < 0.001) by 41%
from 1.7 t ha-1 where no P fertiliser was added to 2.4 t ha-1 where P was applied.
Variety had no significant effect on biomass production at any harvest (P = 0.15, 0.71 and 0.81,
respectively). There was no difference in GY between the varieties in non-irrigated plots, but Mace
yielded significantly more (22%) than Yitpi, under the irrigated conditions, leading to a significant
water by variety interaction (P = 0.012).
Harvest index was affected by an interaction between P fertiliser and variety (P = 0.009). The
application of P fertiliser did not affect the HI of Yitpi (both 0.37) but decreased that of Mace from
0.43 for the no-P treatment to 0.39. Irrigation had no effect on the HI of Mace (0.41) but decreased
that of Yitpi from 0.39 in the non-irrigated plots to 0.35 (P = 0.009).
A response to P application was present throughout the season (Figure 4.4). The biomass response
to P fertiliser was strongest at the first harvest, where there was a 69% increase; by anthesis the
response had declined to 45%. At grain maturity, the biomass response was 33% and the response
of GY was 29%. While this response was still significant, Figure 4.4 shows that there was still a
decline in the relative magnitude of response to P fertiliser over the growing season.
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Similarities and differences between the field experiments
Both sites were sown around the same time (17th of May 2012 and the 28th of May 2015) and the
timing of crop measurements indicated similar rates of crop development in the two seasons (Table
4.1). The sites were very similar in terms of the soil P characteristics (Figure 4.1). Colwell P, DGT
and total P showed that P was highly stratified in the topsoil (0-10 cm) and declined rapidly with
depth. The Horsham soil appeared to have slightly higher levels of available P, compared to the
Vectis soil. Other soil parameters (Table 4.2) showed both soils were alkaline and had similar
electrical conductivities throughout the profile, with no obvious physicochemical constraints to
plant growth. Soil organic C (SOC) in the topsoil was slightly higher in the Horsham than in the
Vectis soil, but otherwise the two soils were very similar in SOC and total N. The Horsham soil had
higher concentrations of nitrate prior to sowing.

Rainfall
In both seasons, cumulative rainfall was slightly lower than the long-term average (Figure 4.2). In
2012, additional water from irrigation meant that water input in the irrigated treatments exceeded
the long-term average rainfall, whereas the irrigation in 2015 increased rainfall to the long-term
average. Total annual rainfall was 290 mm in 2012 and 230 mm in 2015, but there were large
differences in growing season rainfall (GSR; April to October inclusive). The GSR was 222 mm in
2012 and 125 mm (including 36 mm of irrigation) in 2015.
Between October 2010 and March 2011, the Bureau of Meteorology site at the Horsham aerodrome
recorded 255 mm of additional rainfall above the long-term average (1900 - 2017). Some residual
water was still present at the start of the 2012 season (Figure 4.5). The 2015 experimental site was
fallowed in the previous season and had been cultivated at least once during the season. The 2014
season was also a very dry year (decile 1, annual rainfall 256 mm) and hence the potential for
accumulation of soil water was minimal.
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Figure 4.5 Gravimetric water contents in the 120 cm soil profiles at 0, 103, 158 and 203 days after sowing (DAS) (pre-sowing, mid tillering, anthesis and grain maturity)
at Vectis in 2012. Horizontal bars represent ± standard error of the mean.
92

Soil water
In 2012, soil water contents differed at various development stages and between the irrigation
treatments at all depths except 10-20 cm (P = 0.20) (Figure 4.5). In most cases, this relationship
between irrigation treatment and development stage was highly significant (P < 0.001), except at
20-40 cm (P = 0.037). Significant differences between the irrigation treatments were observed at
all depths, 103 DAS, after 110 mm of irrigation had been applied. By 158 DAS (coinciding with
anthesis), differences in soil water were still significant at all depths, except 110 cm.
At grain maturity (203 DAS), there was no difference in soil water between the irrigation treatments
at any depth, except in the topsoil (5 cm) and the bottom of the soil profile (90 cm and 110 cm). At
each depth, the control contained more water than the irrigation treatment.
In 2015, irrigation did not affect soil water, as indicated by PR2 readings, beyond 50 cm (P = 0.24)
(Figure 4.6). Above 50 cm, the interaction between time and irrigation was highly significant (P <
0.001 for all depths). Significant differences in soil water, between irrigation treatments, were not
present until day 67, after 36 mm of irrigation had been applied, in one event 4 days prior to the
PR2 readings being taken. At this time, soil water content differed significantly between water
treatment, at each depth to 35 cm. Differences in topsoil (5 cm) water content disappeared between
irrigation treatments by day 111. By day 135, there were no longer differences at 15 cm. At 25 and
35 cm, differences between irrigation treatments persisted from day 67 to grain maturity (187 DAS).
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Figure 4.6 Soil water in the 100 cm soil profiles throughout the 2015 growing season at the Horsham site. Measured using a PR2 probe, presented as mV. Horizontal
bars represent ± standard error of the mean.
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4.4.2 Glasshouse experiment II
Assessing the early response to P fertiliser
Plant height and tillering were used as non-destructive measurements to establish whether the plants
were responding to the P fertiliser during early growth. Tiller numbers for plants grown in the Vectis
soil were not affected by an interaction between P fertiliser and water at 34 and 60 DAS (P = 0.14
and 0.239, respectively) (data not presented). Phosphorus fertiliser alone however did increase the
number of tillers per plant at both times, from 3.1 to 3.5 at 34 days (P < 0.001) and from 5.6 to 6.8
at 60 days (P < 0.001). The average response to P fertiliser at 34 days was 14%, and 17% at 60
days. Depth of watering increased the tillers per plant in the order of 20 < 40 ≤ 60 ≤ 80 cm watering
depths at days 34 (P < 0.001). By 60 days, the number of tillers per plant was significantly different
between treatments (P < 0.001).
When the two soils were compared, there was no significant three-way interaction between soil, P
fertiliser and water on the number of tillers per plant (P = 0.206 at 34 days and 0.193 at 60 days)
(data not presented). Phosphorus fertiliser and watering to 80 cm increased the number of tillers per
plant at 34 days (P < 0.001 for both). Plants grown in the Vectis soil had more tillers than those
grown in the Horsham soil (3.1 versus 2.1, P < 0.001). The number of tillers per plant measured at
60 DAS showed the same trend as observed at 34 DAS, and was also affected by interactions
between P fertiliser and soil (P = 0.006) and soil and watering depth (P = 0.034).
Plant height at 34 DAS was significantly increased by P application in the Vectis soil (P = 0.024)
for the water treatments of 40, 60 and 80 cm but not of 20 cm (Table 4.4). The effects were greater
as the depth of watering increased. By 60 days however, the interaction between P fertiliser and soil
water had disappeared (P = 0.255) and addition of P fertiliser had no effect on plant height (P =
0.63). At grain maturity (117 days), plants were taller (P < 0.001) where no P was applied (70 cm
compared to 65 cm).
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Table 4.4 Effect of P fertiliser on plant height (cm) of wheat grown in the Vectis soil, watered to 4
different depths (20, 40, 60 and 80 cm) and grown with (P fert) or without (No P) P fertiliser.
Measurements were taken 34, 60 and 117 days after sowing (DAS). Only data from the Vectis soil
is presented. *The treatment of 20 cm watering depth did not receive the same amount of water as
the other three treatments. Plant height at 117 days was measured from top of the tallest head, at all
other times plant height was measured by extending the tip of the tallest leaf.
Wetting
depth
(cm)
20*
40
60
80
Mean

No P
39
41
41
41
41

34
P fert
40
43
44
45
43

P value (LSD, P = 0.05)
P fert
< 0.001 (1)
Water
< 0.001 (1)
P fert × Water
0.02 (2)

Mean
39
42
42
43

No P
41
49
50
57
49

DAS
60
P fert
42
48
51
55
49

0.63
< 0.001 (2)
0.26

Mean
49
49
50
56

No P
68
76
69
66
70

117
P fert
61
72
65
61
65

Mean
64
74
67
64

< 0.001 (2)
< 0.001 (3)
0.73

When the two soils were compared, plants were taller at 34 days when P fertiliser was applied (P <
0.001) and the interaction between soil, water and P fertiliser was significant (P = 0.001) (Table
4.5). Wheat grown in the Vectis soil with a full profile of water (80 cm) and P fertiliser were the
tallest. Plants grown in the Horsham soil without P fertiliser and only topsoil water (20 cm) were
the shortest. Plants grown on the Vectis soil were generally taller, except for the 20 cm treatment
where P fertiliser was applied. The three-way interaction between soil, water and P fertiliser was
no longer significant at 60 days (P = 0.24), but other interactions between P fertiliser and water (P
< 0.001) and P fertiliser and soil (P < 0.001) were still present. Plants were shortest with no P
applied and watered to 20 cm and were tallest when watered to 80 cm regardless of P treatment (P
< 0.001). At maturity (117 days), this situation had reverse so that plants grown without P fertiliser
were taller than those with P fertiliser (P = 0.001).
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Table 4.5 Response to P fertiliser shown by differences in plant height of wheat grown in the Vectis and Horsham soils, with watering to the depth of 20 or 80 cm,
measured at 34, 60 and 117 days after sowing (DAS). Plant height at 117 days was measured from top of the tallest head, at all other times plant height was measured
by extending the tip of the tallest leaf.
DAS
Soil

Wetting depth (cm)

No P

34
P fert

Mean

No P

60
P fert

Mean

No P

117
P fert

Mean

Horsham

20
80
Horsham Mean

34
40
37

41
43
42

37
42
40

43
56
50

51
58
54

47
57
52

64
66
63

61
61
62

63
64
63

Vectis

20
80
Vectis Mean

39
41
40

40
45
42

39
43
41

41
57
49

42
55
48

42
56
49

62
66
66

62
61
61

62
64
63

Mean

39

42

40

49

51

50

65

61

63

P value (LSD, P = 0.05)
Soil
0.002 (1)
P fert
< 0.001 (1)
Water
< 0.001 (1)
Soil.P fert
0.02 (2)
Soil × Water
0.96
P fert × Water
0.70
Soil × P fert ×Water
0.001 (2)

< 0.001 (1)
0.002 (1)
< 0.001 (1)
< 0.001 (2)
0.004 (2)
< 0.001 (2)
0.24

0.25
0.001 (2)
0.65
0.09
0.83
0.36
0.52
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Soil water
Measurements of soil water for the Vectis soil are presented in Figure 4.3. Peaks in water content
of the topsoil (0-10 cm) coincided with recent water application. The decline in the topsoil water
content of the 20 cm treatment, was rectified 30 DAS and was then maintained closer to the other
treatments from than onwards. At maturity, the 60 cm treatment contained the most water (16%) in
the topsoil (0-10 cm), while the 20 cm treatment the least (11%). The addition of P fertiliser had no
effect on water content in the topsoil (P = 0.802).
Differences in soil water content of the 20-40 cm layer between water treatments were greatest
during early vegetative growth stages and diminished with time (P < 0.001). Throughout the
experiment, soil water content in the 20-40 cm layer was highest in the 80 cm treatment and lowest
in the 20 cm treatment. The soil water content of the 20-40 cm layer increased in the 20 cm
treatment, so that by grain maturity, there was significantly more water at 20-40 cm in the 20 cm
treatment compared to the other watering treatments (14% versus 12.5%). Phosphorus fertiliser had
a significant effect on soil water at this depth: the no-P treatments contains more water (P = 0.036),
but the interaction between P fertiliser, time and water was not significant (P = 0.077).
Soil water in the 60-80 cm layer was below 9% in the 40 and below 7.7% in the 20 cm treatments
and highest in the 80 cm treatment throughout the experiment (P < 0.001). The air-dried water
content of the Vectis subsoil was 5%, suggesting there was some downward movement of water in
the 20 and 40 cm treatments. Differences in soil water content between the 60 and 80 cm watering
treatment narrowed over time, so that by day 75 they were not significantly different.

Biomass, yield, response to P fertiliser and grain yield components
Vectis soil only
Adding P fertiliser increased shoot biomass by 5% (P < 0.001) (Table 4.6). Watering to 80 cm
produced the highest biomass and watering to 20 cm had the smallest biomass production, but the
40 cm treatment produced significantly more biomass than watering to 60 cm (P < 0.001). The
interaction between P fertiliser and watering depth was not significant (P = 0.15)
Grain yield was not significantly different between P treatments at any depth of watering, except at
40 cm, where no P treatment yielded more (P = 0.013) (Table 4.6). Depth of watering affected GY
in the same way as it affected biomass. Grain yield was lowest for cores watered to 20 cm (6.4 g
core-1) followed by the 60 cm watering treatment (11.8 g core-1). The highest GY was obtained
where the full profile (80 cm) was wet (14.0 g core-1). Overall, GY showed no response to P fertiliser
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(-0.9%), however there was a larger response to P fertiliser in the 20 cm watering treatment (12%)
compared to watering to 80 cm (3.5%). Harvest index was reduced by P fertiliser application (0.37
versus 0.40, P < 0.001) and was highest for the 20 cm watering treatment (0.43) (P < 0.001), but
there was no significant interaction between P fertiliser and watering treatment (P = 0.055). Harvest
index was lowest in the cores that were watered to 60 cm (0.36). There was no difference in HI
where cores were watered to 40 and 80 cm (both 0.37).
Phosphorus fertiliser increased the number of tillers per plant from 3.4 to 7.4 tillers per plant (P <
0.001) (Table 4.7). The number of tillers per plant increased significantly as the depth of watering
increased (P < 0.001). The percentage of fertile tillers was not affected by P fertiliser addition (P =
0.73), but decreased significantly as the depth of watering increased (P < 0.001).
Spikelet number per head was significantly higher when no P was applied and tended to increase
with depth of watering (P = 0.031) (Table 4.7). Grains per spikelet was not affected by any factor
(P > 0.05, data not presented). The number of grains per head was higher when no P fertiliser was
applied (P = 0.004), but there were less grains per core in the no-P treatments (P = 0.05).
Increasing depth of wetting increased the number of grains per head (P = 0.007), but differences
were not significant between the 60 and 80 cm watering treatments. The number of grains per core
was highest in the 40 cm watering treatment (431) followed by the 60 (374) and 80 cm (358), and
least in the 20 cm watering treatment (229) (P < 0.001). Phosphorus fertiliser did not affect kernel
weight in any watering treatment, except 40 cm, where kernel weight was higher in the no P
treatment compared to the P-fertilised treatment (32.4 vs 27.2 mg grain-1) (P = 0.028). Overall
kernel weights were highest when no P fertiliser was applied (P = 0.01) and were heaviest in the 80
cm watering treatment.
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Table 4.6 Shoot biomass, grain yield, grain yield response to P fertiliser (%) and harvest index (HI) of wheat grown in the Vectis soil, watered to 4 different depths (20,
40, 60 and 80 cm) and grown with (P fert) or without (No P) P fertiliser. *The treatment of 20 cm watering depth did not receive the same amount of water as the other
three treatments.

Wetting depth (cm)

Shoot biomass

Grain yield

(g core-1)

(g core-1)

Response to P

No P

P fert

Mean

No P

P fert

Mean

20*

13.6

16.3

14.9

6.0

6.8

6.4

40

33.4

34.9

34.2

13.2

12.3

60

32.5

33.7

33.1

12.2

80

37.1

38.0

37.6

Mean

29.2

30.7

29.9

fertiliser (%)

HI
No P

P fert

Mean

11.8

0.44

0.42

0.43

12.8

-7.8

0.40

0.35

0.37

11.4

11.8

-7.1

0.38

0.34

0.36

13.8

14.3

14.0

3.5

0.37

0.38

0.37

11.3

11.2

11.3

0.1

0.40

0.37

0.38

P value (LSD, P = 0.05)
P fert

< 0.001 (0.6)

0.64

< 0.001 (0.01)

Water

< 0.001 (0.8)

< 0.001 (0.6)

< 0.001 (0.02)

P fert × Water

0.15

0.01 (0.9)

0.06
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Table 4.7 Grain yield components of wheat grown in the Vectis soil watered to 4 different depths (20, 40, 60 and 80 cm) and grown with (P fert) and without (No P) P
fertiliser. *The treatment of 20 cm watering depth did not receive the same amount of water as the other three treatments. Grains per head and grain per core were
transformed to achieve normality in the residuals. Back transformed data are presented in brackets
Wetting
depth (cm)

20*
40
60
80
Mean

Fertile
Tillers per plant

Spikelets per head

Grains per head

Grains per core

Weight per grain (mg)

tillers (%)
No P

P fert

Mean

No P

P fert

Mean

2.9

4.2

3.5

89.4

16.1

15.1

15.6

5.5

6.8

6.1

87.6

19.2

17

18.1

7.3

8.4

7.8

52.4

21.8

19.3

20.6

9.8

10.1

10.0

39.7

22.5

20.5

21.5

3.4

7.4

6.9

67

19.9

18.0

18.9

No P

P fert

Mean

No P

P fert

Mean

3.27

3.15

3.21

14.5

15.8

15.1

(26.4)

(23.2)

(24.8)

(210)

(249)

(229)

3.39

3.21

3.30

20.2

21.3

20.8

(29.7)

(24.8)

(27.1)

(409)

(452)

(431)

3.50

3.35

3.42

19.3

19.4

19.4

(33.0)

(28.6)

(30.7)

(372)

(377)

(374)

3.49

3.36

3.42

18.9

19.0

18.9

(32.7)

(28.8)

(30.7)

(358)

(359)

(358)

3.41

3.27

3.34

18.2

18.9

18.5

(30.3)

(26.2)

(28.4)

(332)

(355)

(348)

No P

P fert

Mean

28.5

27.4

28.0

32.4

27.2

29.8

33.0

30.4

31.7

38.6

39.8

39.2

33.1

31.2

32.2

P value (LSD, P = 0.05)
P fert

< 0.001 (0.53)

0.73

< 0.001 (0.4)

0.004 (0.09)

0.038 (0.6)

0.01 (1.4)

Water

< 0.001 (0.74)

< 0.001 (8.4)

< 0.001 (0.5)

0.007 (0.13)

< 0.001 (0.8)

< 0.001 (2.0)

P fert × Water

0.44

0.6

0.031 (0.7)

0.97

0.32

0.028 (2.9)
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Comparison of soils
Biomass production was not affected by an interaction between soil, P fertiliser and watering depth
(P = 0.26) (Table 4.8). The addition of P fertiliser increased crop biomass (25 versus 27.1 g core-1,
P < 0.001). When the whole profile was wet (80 cm), biomass production was higher in the
Horsham soil compared to the Vectis soil, but the opposite was observed when only the topsoil (20
cm) was wet; biomass production in the Vectis soil averaged 14.9 g core-1 compared to 12.6 g core1

in the Horsham soil (P < 0.001).

Grain yield was also unaffected by the three-way interaction between soil, P fertiliser and depth of
watering (P = 0.75) (Table 4.8). Grain yield increased 5.5% with P fertiliser (P = 0.038). The
response to P fertiliser in the 20 cm watering treatment was 13.1% compared to 2.1% in the 80 cm
treatment (2.1%), but the interaction between P fertiliser and water was not significant (P = 0.32).
Grain yield was affected by an interaction between soil and watering depth (P < 0.001); when the
whole profile was wet (80 cm), GY was higher in the Horsham soil compared to the Vectis soil, but
when only the topsoil (20 cm) GY was higher in the Vectis soil. Harvest index was not affected by
P treatment (P = 0.075) (Table 4.8). Harvest index was higher in the 20 cm watering treatment
(0.43) compared to the 80 cm treatment (0.38) (P < 0.001). Soil type had no significant effect (P =
0.54).
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Table 4.8 Shoot biomass, grain yield, grain yield response to P fertiliser and harvest index (HI) of wheat grown until maturity in two different soils (Horsham and
Vectis), watered to either 20 and 80 cm, with (P fert) or without (No P) P fertiliser.
Soil

Horsham

Wetting

Shoot biomass
(g core-1)

depth (cm)

Grain yield
(g core-1)

Response to P
(%)

No P
11.4
37.9
24.7

P fert
13.8
40.2
27.0

Mean
12.6
39.0
25.8

No P
5.0
14.9
10.0

P fert
5.8
15.0
10.4

Mean
5.4
15.0
10.2

20
80

13.6
37.1
25.3

16.3
38.0
27.2

14.9
37.6
26.2

6.0
13.8
9.9

6.8
14.3
10.5

Mean

25.0

27.1

26.0

9.9

10.5

20
80
Horsham mean

Vectis
Vectis mean

P value (LSD, P = 0.05)
< 0.001 (0.8)
0.038 (0.5)
P fert
0.26
0.96
Soil
<
0.001
(0.8)
<
0.001
(0.5)
Water
0.51
0.65
P fert × Soil
0.22
0.32
P fert × Water
< 0.001 (1.1)
< 0.001 (0.8)
Soil × Water
P fert × Soil × Water interaction was not significant for any parameter

HI

13.6
0.7
7.15

No P
0.44
0.39
0.42

P fert
0.42
0.37
0.40

Mean
0.43
0.38
0.41

6.4
14.0
10.2

12.6
3.5
8.05

0.44
0.37
0.41

0.42
0.38
0.40

0.43
0.37
0.40

10.2

5.4

0.41

0.40

0.40

0.075
0.54
< 0.001 (0.02)
0.5
0.45
0.41
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The number of tillers per plant was not different between the two soils, when only the topsoil was
watered, but when the whole profile was wet, plants grown in the Vectis soil produced more tillers
than in the Horsham soil (9.96 versus 8.4 tillers per plant, P = 0.033) (Table 4.9). Adding P fertiliser
increased the number of tillers per plant from 5.9 to 6.7 (P = 0.008), averaged across the two soils.
The percentage of fertile tillers was higher in the 20 cm than 80 cm watering treatments (P < 0.001)
and in the 20 cm treatment, the percentage of fertile tillers was higher without P addition (90%
compared to 81% for P-fertilised, averaged across the two soils) (P = 0.01). Although this trend
was reversed for the 80 cm watering treatment, the difference between P treatment was not
significant.
When averaged across the soils, the average number of spikelets per head was higher where no P
was applied and increased with depth of watering (P = 0.009) (Table 4.9). The number of grains
per head was higher when no P was applied (P = 0.002) and increased with deeper wetting (P <
0.001). Grains per spikelet (data not presented) was not affected by any treatment factor (P > 0.05).
The total number of grains per core was highest in the 80 cm watering treatment and declined as
the depth of watering was reduced, especially in the Horsham soil (P < 0.001). Adding P fertiliser
did not affect either the number of grains per core (P = 0.11) or kernel weight (P = 0.48). Kernel
weight was affected by an interaction between soil and water (P = 0.022). There was no difference
in kernel weight between soils watered to 80 cm, but when cores were only watered to 20 cm, grain
weight were heavier in the Horsham soil (32 mg grain-1) compared to the Vectis soil (28 mg
grain-1).
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Table 4.9 Grain yield components of wheat grown until maturity in two different soils (Horsham and Vectis), watered to either 20 and 80 cm, with (P fert) or without
(No P) P fertiliser.
Wetting depth
(cm)

Soil

Fertile tillers (%)

Spikelets per head

Grains per head

Grains per
core

Weight per
grain (mg)

No P

P fert

Mean

No P

P fert

Mean

No P

P fert

Mean

No P

P fert

Mean

20

2.6

3.8

3.2

86

74

80

15.3

14.3

14.8

25

21

23

168

32.2

80
Horsham mean

8.3
5.4

8.6
6.2

8.4
5.8

46
66

55
64

50
65

22.1
18.7

19.9
17.1

21.0
17.9

37
31

30
26

33
28

411
289

36.6
34.4

20
80
Vectis mean

2.9
9.8
6.4

4.2
10.1
7.1

3.5
10.0
6.7

94
38
66

89
41
65

92
40
66

16.1
22.5
19.3

15.1
20.5
17.8

15.6
21.5
18.5

26
33
30

23
29
26

25
31
28

230
359
294

28.0
39.2
33.6

5.9

6.7

6.3

66

65

65

19.0

17.5

18.2

30

26

28

292

34.0

0.11
0.57
< 0.001 (19)
0.61
0.42
< 0.001 (26)

0.48
0.40
< 0.001 (2.0)
0.49
0.56
0.002 (2.8)

Horsha
m

Vectis

Tillers per
plant

Mean

P value (LSD, P = 0.05)
P fert
0.008 (0.5)
0.57
Soil
0.001 (0.5)
0.84
Water
< 0.001 (0.5)
< 0.001 (6)
P fert × Soil
1.00
0.90
P fert × Water
0.09
0.01 (8)
Soil × Water
0.03 (0.8)
< 0.001 (8)
P fert × Soil × Water interaction was not significant for any parameter

< 0.001 (0.4)
0.003 (0.4)
< 0.001 (0.4)
0.82
0.009 (0.6)
0.50

0.002 (3)
0.71
< 0.001 (3)
0.46
0.48
0.15

105

P content, concentration, Pdff and fertiliser utilisation
Vectis only
Grain and straw P concentration was increased by P fertiliser (P < 0.001 and P = 0.002, respectively)
(data not presented). Depth of watering also affected grain P concentration (P < 0.001) with values
decreasing in order of 60 ≥ 40 ≥ 20 > 80 cm. Grain P concentrations were between 3259 and 4376
mg kg-1, which is within the adequate range (Reuter and Robinson 1997). Straw P concentration
was highest in the 40 cm watering treatment and lowest in the 20 cm treatment but was not different
between the 60 and 80 cm treatments (P < 0.001).
Phosphorus uptake in the Vectis soil was highest where P fertiliser was applied regardless of
watering depth (P = 0.009) (Figure 4.7). Phosphorus uptake was highest in the 40 cm watering
treatment, and lowest in the 20 cm watering treatment. Plant P uptake was not different between
watering to 40 cm or 80 cm when P was added, but was significantly lower in the 80 cm watering
treatment when P was not applied. Phosphorus harvest index (PHI: ratio of P in the harvested grain
to total P uptake in the shoot biomass) was higher when no P fertiliser was applied (P = 0.004) and
was greater when cores were wetted to 20 cm compared to the other watering depths (P < 0.001)
(data not presented).

Figure 4.7 P uptake of wheat grown until maturity in the Vectis soil and watered to 4 different
depths (20, 40, 60 and 80 cm) and grown with (P fert) and without (No P) P fertiliser. Vertical LSD
bars represent the interaction between P fert and Water for total P uptake (P = 0.009). *The
treatment of 20 cm watering depth did not receive the same amount of water as the other three
treatments.
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In the Vectis soil, wheat derived more P from fertiliser when only the topsoil (20 cm) was watered.
Phosphorus derived from fertiliser (Pdff) was affected by watering depth (P < 0.001), but it did not
consistently decrease with increasing depth of watering (Figure 4.8a). When cores were watered to
60 and 80 cm, plants derived more P from applied fertiliser than the 40 cm. The Pdff in the grain
averaged 46% for grain and 45% for the straw; when averaged across watering treatments.
Utilisation of P fertiliser however varied between the straw, grain and total plant (Figure 4.8b).
Utilisation in the grain was highest in cores watered to 60 and 80 cm (P = 0.008) and was lowest in
the 20 cm treatment. In the straw, fertiliser P utilisation was also lowest in the 20 cm treatment
(2.6%) but there was no difference between the 40, 60 and 80 cm treatments (average 6.7%). Total
utilisation (grain + straw) of P was lowest in the 20 cm treatment and then increased as the depth
of watering increased (P < 0.001).

Figure 4.8 Phosphorus derived from fertiliser (Pdff) and fertiliser utilisation (%) by wheat grown
until maturity in the Vectis soil and watered to 4 different depths (20, 40, 60 and 80 cm) and grown
in the presence of P fertiliser. LSD bars represent the effect of water (P < 0.05). *The treatment of
20 cm watering depth did not receive the same amount of water as the other three treatments.
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Comparison of soils
Addition of P fertiliser in the 20 cm watering treatment, increased grain P concentration for the
Horsham soil only (P = 0.038) (Figure 4.9). Conversely, when the whole profile was wetted, P
addition only increased grain P concentration in the Vectis soil. There was no difference in grain P
concentration between watering treatments in the Horsham soil when no P was added, but for all
other treatments, the concentration of P in the grain was significantly higher in the topsoil watering
treatment compared to the full profile watering. Straw P concentration was also affected by a threeway interaction between soil, depth of wetting and P fertiliser (P = 0.009). In contrast to the grain,
straw P concentration was highest in the 80 cm treatments, particularly when P fertiliser was
applied. There was only one treatment (P-fertilised with watering to 80 cm) where a significant
difference between the two soil types was recorded. Straw P concentrations were increased by P
fertiliser application, but differences were only significant for the Horsham soil watered to 20 cm
and the Vectis soil watered to 80 cm.
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Figure 4.9 Concentration of P in the grain (a) and straw (b) of wheat grown until maturity in the
two soils (Horsham and Vectis), watered to either 20 and 80 cm, with (P fert) or without (No P) P
fertiliser. Vertical bars represent the 3-way interaction between soil, water and P fertiliser for grain
(P = 0.038) and straw (P = 0.009).

Phosphorus uptake was highest in the Vectis soil with a full profile of watering and P addition (P <
0.001) (Figure 4.10). In the Horsham soil, P addition did not affect P uptake where the full profile
was watered. When only the top 20 cm was wet, P uptake was highest in the Vectis soil with added
P, but differences between P treatment was only significant in the Horsham soil. Adding P decreased
the PHI (P = 0.04). Phosphorus HI was greater when only the topsoil was watered (P < 0.001) (data
not presented).
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Figure 4.10 P uptake of wheat grown until maturity in the two soils (Horsham and Vectis), watered
to either 20 and 80 cm, with (P fert) or without (No P) P fertiliser. Vertical LSD bars represent the
interaction between P, water and soil for total P uptake (P < 0.001).

The Pdff was affected by soil type and wetting depth: it was higher in the Horsham soil than the
Vectis soil (P = 0.007) and where only the topsoil (0-20 cm) was wet (65 versus 46%, P < 0.001).
Fertiliser utilisation in the grain was highest in the Horsham soil watered to 80 cm, but it did not
differ between watering treatments in the Vectis soil (P = 0.033) (data not presented). There was
no difference in utilisation between the soils for the 20 cm watering. In the straw, fertiliser
utilisation increased with depth of watering (average 2.8% for 20 cm compared to 6.9% for 80 cm,
P < 0.001). Total P fertiliser utilisation (grain + straw) was also increased by depth of watering (P
< 0.001), but the interaction with soil was not significant (P = 0.058).

Root biomass
Vectis only
Root biomass was not affected by an interaction between watering depth and P fertiliser in any soil
layer (P > 0.05). Adding P fertiliser increased root biomass in subsoil (20-80 cm) layers (P = 0.025),
but not in the 0-10 cm or 10-20 cm soil layers. Wheat grown in the 20 cm watering treatment
produced the least root biomass in each soil layer (0-10, 10-20 and 20-80 cm) (P < 0.001) (Figure
4.11) and had the smallest total root biomass (sum of all depths) (P < 0.001). In the other watering
treatments, root biomass varied depending on depth. In the 0-10 cm layer, watering to 80 cm
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produced the largest amount of root biomass, followed by the 40 cm and 60 cm. In the 10-20 cm
layer, however the 40 cm watering treatment had significantly more root biomass than the 60 and
80 cm treatments. Root biomass below 20 cm was highest in the 80 cm watering treatment but did
not differ in the 40 and 60 cm treatments. Total root biomass was highest in the 80 cm watering
treatment and was not significantly different to total root biomass in the 40 cm treatment.

Figure 4.11 Root biomass in different soil layers of wheat grown until maturity in the Vectis soil,
watered to 4 different depths (20, 40, 60 and 80 cm). Effect of P fertiliser excluded as it had no
significant effect on root biomass in the 0-10 (P = 0.13) and 10-20 cm layer (P = 0.54), but increased
root biomass between 20-80 cm (P = 0.04). Horizontal LSD bars represent the effect of watering
(P < 0.05) at each depth. *The treatment of 20 cm watering depth did not receive the same amount
of water as the other three treatments.

Comparison of soils
Root biomass in the 0-10 cm layer was increased by P fertiliser (P = 0.023) and watering to 80 cm
(P < 0.001) (data not presented) but was not affected by soil type (P = 0.074). In the 10-20 cm layer
root biomass was increased by watering to 80 cm (P < 0.001) and there was a greater mass of roots
in the Vectis than the Horsham soil (P < 0.001), but there was no effect of P fertiliser (P = 0.97).
Below 20 cm, there were far more root biomass in the 80 cm treatment (P < 0.001) and more root
biomass was present below 20 cm in the Vectis than the Horsham soil (P = 0.039). Phosphorus
fertiliser had no significant effect on root biomass below 20 cm (P = 0.073). Total root biomass was
higher where P fertiliser was applied (P = 0.024) and where cores were watered to 80 cm (P <
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0.001). Plants grown in the Vectis soil produced more root biomass than those grown in the
Horsham soil (P = 0.024).

4.4.3 Glasshouse experiment III
Shoot biomass and grain yield
Adding P fertiliser increased biomass production at each harvest (P = 0.032) and GY (P < 0.001)
(data not presented), but as with the previous experiments, there was a notable decline in the relative
crop response to P over the duration of the experiment (Figure 4.12). At the first harvest (50 DAS),
biomass was increased by 65% by P fertiliser but by grain maturity (151 DAS), there was only a
27% difference in biomass and a 25% difference in GY. Variety had no significant impact on
biomass production (P = 0.617) or GY (P = 0.162).

Root biomass
Root biomass was increased by application of P fertiliser (P < 0.001) and with successive harvests
(P < 0.001). Differences in root biomass between varieties depended on sampling time (P = 0.008,
data not presented). There was no difference in root biomass between the varieties for the first three
harvests (50, 70 and 84 days), but at grain maturity; Halberd and Yitpi produced significantly more
root biomass than Mace and Correll. When averaged over the 4 varieties, the response of root
biomass to P fertiliser was largest at the first harvest (56%) and smallest at grain maturity (28%)
(Figure 4.12). There was a strong correlation between P responses in root biomass and aboveground biomass (R2 = 0.91, data not presented).
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Figure 4.12 Response to P fertiliser (%) for (a) shoot biomass and grain yield, (b) root biomass and
(c) shoot P uptake at 4 harvests (terminal spikelet, booting, anthesis and grain maturity) in
glasshouse experiment III. Values are presented as averages of the four wheat varieties. Vertical
bars represent ± standard error of the mean.
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P uptake and accumulation
Total P uptake was affected by an interaction between P fertiliser and time (P < 0.001, data not
presented), as well as a three-way interaction between time, P fertiliser and variety (P = 0.025, data
not presented). At the first harvest, 50 DAS, there was no difference in total P uptake between
varieties or P treatments: all varieties and P treatments had accumulated a similar proportion of their
maximum total P uptake by the 50-day harvest (Figure 4.13). At booting (70 DAS), P fertiliser
significantly increased P uptake of Yitpi and Correll but not of Mace and Halberd. By anthesis (84
DAS), P fertiliser significantly increased P uptake for all varieties except Yitpi, where there was no
difference between P treatments. The P-fertilised plants had accumulated a greater proportion of
their total P uptake at booting and anthesis. At anthesis both the P-fertilised and non-P fertilised
treatments had accumulated less than 50% of the total P present at grain maturity. Total P uptake at
grain maturity was increased by P fertiliser for all varieties except Mace. The response of P uptake
to P fertiliser declined over time from 67% at the first harvest (50 DAS) to 18% at grain maturity
(151 DAS) (Figure 4.12) and were well-correlated with shoot biomass response to P fertiliser (R2 =
0.96, data not presented).

Figure 4.13 Percentage total P accumulation over time for glasshouse experiment III. Dotted grey
line indicated 50% total P accumulation. Analysed using a repeated measures ANOVA. Vertical
bar represents the LSD for the significant interaction between P fertiliser and harvest (P = 0.002).
The effect of variety not significant at any harvest (P = 0.07). DAS, days after sowing.
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Rate of P uptake
Rate of P uptake per unit root dry weight was significantly affected by a three-way interaction
between P fertiliser, variety and harvest (P < 0.001, data not presented). At the end of tillering (GS
30, 50 DAS), P fertiliser did not significantly affect the rate of P uptake. By booting the rate of P
uptake was higher where no P fertiliser was applied, however this effect was only significant for
Mace. By anthesis, the rate of P uptake was faster in the no-P treatment for Halberd and Yitpi, but
not for Mace, where differences were not significant. The no P treatment continued to have higher
rate of P uptake, than the P-fertilised treatments, through to grain maturity (P < 0.001, Figure 4.14).
This response was significant for Correll and Mace. Overall, the rate of P uptake per unit root dry
weight was differed at each sampling (P < 0.001), being fastest between booting and anthesis,
followed by the period between the end of tillering to booting and was slowest between germination
and the end of tillering.

Figure 4.14 Rate of P accumulation per unit root biomass per day of wheat with (P fert) or without
(No P) P fertiliser at 50, 70, 84 and 151 days after sowing (DAS). Analysed using a repeated
measures ANOVA, with one outlier removed. Vertical LSD bar represents the significant
interaction between time and P fertiliser (P = 0.013)
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4.5 Discussion
Early vegetative growth responses to P fertiliser were evident in both seasons of field
experimentation, but responses at grain maturity differed. In the 2012 season, P fertiliser did not
affect either GY or shoot biomass at maturity. In comparison, P fertiliser addition increased shoot
biomass by 33% and GY by 29% at maturity in 2015. While there are a range of possible
explanations for the different responses of GY to P fertiliser in the field, this study focused on the
potential interaction between soil water and P supply. It was hypothesised that a GY response to P
fertiliser was less likely when the soil profile was wet. The results of the field experiments partly
support this hypothesis. Despite similar annual rainfall, there were clear differences in the amount
and timing of rainfall received during the 2012 and 2015 growing seasons and this in turn affected
the distribution of water in soil profiles. The poor response to P fertiliser in 2012 coincided with
average growing-season rainfall (but nearly double the amount received in 2015), coupled with the
presence of residual soil water due to high rainfall in the previous season. Irrigation increased water
content down to 120 cm of the soil profile in 2012 but increased it only to 35cm depth in 2015. In
2015, if roots were present below 50 cm, they did not significantly affect soil water, as no changes
in soil water content were observed throughout the season. Several other studies also noted a decline
in GY response to P application in wet seasons (e.g. Colwell 1963a; McDonald et al. 2015; Piper
and DeVries 1963).
A positive GY response to P fertiliser in a dry growing season (2015) was in contrast to general
expectations. Previous studies have reported that crops are most responsive to N fertiliser
application in a wet season (e.g. McDonald 1989; Asseng et al. 2001). McBeath et al. (2012)
reported that the application of P fertiliser together with high rainfall increased the availability of P
in the soil, and stimulated root growth and P uptake by the crop particularly from subsoils. Yet at
one of the 7 sites, crop biomass response to P was stronger in the decile 2 treatment, compared to
the decile 7 treatment (McBeath et al. 2012). In a dry season, such as 2015 in the present study,
small rainfall events make an important contribution to annual rainfall in dryland cropping systems
of southern Australia (Sadras and Rodriguez 2007). Small rainfall events provide water in the
topsoil (Sadras and Rodriguez 2007), that has an important impact on biological processes and
nutrient availability, while also affecting root growth (Dunbabin et al. 2009). A simulation study by
Dunbabin et al. (2009) reported that overall uptake of P (and N) by wheat in a Calcarosol and a
Vertosol was reduced in a dry season, but that P application had a larger relative effect on P uptake
on both soils in dry than wet seasons. This was supported by the data from previous field
experiments (Mitchell 1957; Piper and DeVries 1963). Mitchell (1957) observed that despite low
grain yields, P fertiliser significantly increased GY on a medium textured brown soil in
Saskatchewan, under severe and continued drought. Piper and DeVries (1963) likewise noted that
GY responses to P fertiliser were much stronger in a dry than wet years despite extremely poor
grain yields (0.08 - 0.46 t ha-1) in the dry year. Dunbabin et al. (2009) however cautioned that this
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response may be sensitive to rainfall distribution and soil type. The results from the current
glasshouse experiment (II) back up the findings of Dunbabin et al. (2009); when only the topsoil
(20 cm) was wet, the GY response to P fertiliser was stronger and the crop derived more of its P
from the fertiliser, compared to the deeper wetting treatments.
The glasshouse experiment (II) was conducted to test the hypotheses that a crop relies less on P
fertiliser as the wetting depth increases and hence soil volume available for P supply becomes
greater. The increased supply of P derived from the soil would be responsible for the decline in crop
response to fertiliser P. The results of the glasshouse experiment however only partially support this
hypothesis. As the volume of wet soil increased, P uptake also increased, but the Pdff declined. In
contrast to the hypothesis, however, the decline in Pdff was not proportional to the decline in crop
response to P fertiliser as wetting depth increased. While the 20 cm wetting treatment derived far
more of its P from the fertiliser compared to the other treatments, but this treatment also used less
water than the cores watered to 40, 60 and 80 cm. The 40, 60 and 80 cm watering treatments, which
all received the same amount of water, showed relatively small differences in Pdff. This suggests
that the volume of water, rather than the depth of wet soil per se, may determine the source of P
utilised and the response to P fertiliser by the crop. Furthermore, the Pdff in the 40 cm watering
treatment was significantly lower than the 60 cm and 80 cm watering treatments. Hence it is likely
that temporal variations in soil water may also affect plant P uptake from the fertiliser.
The pattern of P uptake during the growth cycle differed between the P-fertilised and non-P
fertilised plants. It was hypothesised that P-deficient wheat would accumulate more of its P during
the later stages of development. Wheat would normally be expected to accumulate approximately
50 % of its total P uptake by the start of stem elongation (Batten and Khan 1987; Rose et al. 2007).
Data from the field (2015 and 2012) and glasshouse experiment (III) confirmed that P-fertilised
plants accumulated a greater percentage of their total P uptake during early stages of development.
In 2012, the plants in the no-P treatment had accumulated 13% of total P uptake and the P-fertilised
plants had accumulated 22% of their P uptake by mid-tillering (103 DAS) (P < 0.001, data not
presented). In 2015 the percentage of total P uptake by the plant was 10% and 31% in the non-P
fertilised and P-fertilised treatments, respectively (P < 0.001, data not presented) by the end of
tillering (88 DAS). The percentage of total P uptake at mid tillering reported by this study are similar
to those reported by McDonald et al. (2015), where 25-30 % total P uptake was accumulated by the
start of stem elongation. Therefore, a considerable proportion (approximately 70%) of crop P uptake
occurred after the start of stem elongation, particularly in the P-deficient crop (approximately 90%).
In the 2012 field experiment, the biomass response to P fertiliser diminished/disappeared between
mid-tillering and anthesis, and coincided with a period of significant P uptake; approximately 80%
of the total P uptake was accumulated by the P-deficient crop between mid-tillering and anthesis.
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Elliott et al. (1997a) observed significant increase in P uptake by wheat after start of stem
elongation. By anthesis in 2012, the average percentage of P uptake was 93%. In the 2015 field
experiment, however only 65% of total P had been accumulated by anthesis. A wheat crop would
normally be expected to accumulate 100% of P by anthesis. Rose et al. (2007) noted that wheat
grown in the glasshouse, with adequate water, reached maximum P content prior to anthesis (Z59,
73 DAS). In the current study, the percentage P uptake after anthesis was significant in both the
2015 field experiment (35%) and the glasshouse experiment (III) (maximum 74%). Previous studies
have also observed significant P uptake after anthesis (Jones et al. 1992; Manske et al. 2000; Miller
et al. 1994). Manske et al. (2000) suggested that when soil water is present, roots can remain active
late in the growing season and continue P uptake. Other studies however suggest late P uptake is
not important for GY (Batten et al. 1986; Boatwright and Viets 1966; Piper and DeVries 1963).
Jones et al. (1992) however reported one cultivar accumulated over 70% of P after anthesis and
yielded similarly to another cultivar which acquired more its P earlier in the season. Jones et al.
(1992) suggested this late P uptake may have been necessary for carbohydrate production.
Different patterns of P accumulation could be explained by changes in the rate of P uptake per unit
root weight of the P-deficient crop. The uptake of P by plant roots does not occur at a constant rate
(Römer and Schilling 1986). During the initial stages of growth, when the largest relative
differences in crop biomass response to P fertiliser were observed, the rate of P uptake was higher
in the P-fertilised treatment (measured between day 0 and day 50). A concentrated supply of P
fertiliser near the roots of the developing plant would have allowed for rapid P uptake. Mitchell
(1957) found that during the early stage of growth, wheat obtains most of its P requirements from
fertilisers placed close to the seed. During the following stages of growth (50 to 70 DAS), there was
a dramatic increase in the rate of P uptake in the non-P fertilised treatment, so that the rate of P
uptake was higher than for the P-fertilised plants. Phosphate deprivation has been shown to increase
the rate of P uptake in barley (Hordeum Vulgare) (Clarkson and Scattergood 1982; Lefebvre and
Glass 1982), tomato (Clarkson and Scattergood 1982) and potato (Cogliatti and Clarkson 1983) in
solution culture experiments. Increased P uptake under P deprivation was not related to a decreased
internal P concentration but to changes in the organic P fractions in the roots signalling to the
transport system (Lefebvre and Glass 1982). Lefebvre and Glass (1982) reported that the increased
P uptake was not immediately expressed but observed 11 DAS (Lefebvre and Glass 1982). This
initial delay could partially explain the initially lower rate of P uptake by the P-deficient wheat.
The maximum rate of P uptake, in the non-P fertilised crop, was 1.4 mg P g-1 root d-1 (or 11 µg P
m-1 root d-1). This is similar to the maximum rate of 18 µg P per m root at the end of tillering reported
by Römer and Schilling (1986). In the current study, however the maximum rate of P uptake was
observed later, between booting and anthesis (70 to 84 DAS). Lefebvre and Glass (1982) reported
that at its maximum rate, the rate of P uptake by P-deficient barley was 6 times greater than that of
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the plants receiving P. In the current study, the maximum difference observed between anthesis and
maturity was far smaller (only 1.6 times greater). Smaller differences in the rate of P uptake in this
experiment may be due to less severe P deficiencies in a soil environment as opposed to solution
culture. Römer and Schilling (1986) reported the rate of P uptake decreases after the end of tillering.
In this present study, the rate of P uptake decreased between anthesis and grain maturity, but the
rate of P uptake remained higher in the non- P fertilised plants compared to the P-fertilised plants.
This meant that by grain maturity differences in total P uptake between the P treatments became
smaller.
The size and efficiency of the root system, through its effect on P accumulation, is likely to be an
important factor in the decline of crop biomass response to P fertiliser observed in above-ground
plant parts. Mitchell (1957) found that as plants develop they begin to rely more on P from the soil.
This is because fertiliser is generally placed close to the seed and concentrated within a small
volume compared to the volume ultimately exploited by plant roots (Mitchell 1957). Phosphorus
fertiliser had a strong effect on root growth in the glasshouse experiment (III), especially during
early growth, but differences in root growth due to P fertiliser also became smaller over time. Jones
et al. (1992) observed that the cultivar which took up most of its P after anthesis, also noticeably
increased the relative size of its root system (weight and length) late in the season. In glasshouse
experiment II, we hypothesised that soil water deep in the profile would allow roots to penetrate
further into the soil and hence allow greater access soil P and reduce crop reliance on the fertiliser.
It was evident that P fertiliser increased root growth in the 20-80 cm layers but had no significant
effect on root growth from 0 to 10 and 10 to 20 cm in the Vectis soil. McBeath et al. (2012) noted
that when sufficient P was present in the subsoil, P fertiliser stimulated the use of subsoil P.
Presumably, stimulated use of subsoil P would have been due to increased root growth. Root
biomass generally increased with increased wetting depth, but differences between the 40 cm and
60 cm watering treatments were small and were strongly related to above-ground biomass and GY.
Again, this may be a consequence of differences in the timing of soil water application.
The plants grown in 20 cm watering depth produced the least root biomass, had lower grain yields
and used far less water than the other treatments. Soil water content can affect photosynthesis and
biomass production (Christmann et al. 2007) due to root to shoot signalling by the plant. Plant roots
sense when the soil is drying and send signals to the shoots to trigger stomatal closure and reduce
water use by minimising transpiration (Christmann et al. 2007; Saradadevi et al. 2017). Reduced
transpiration decreases crop growth and hence lowers potential GY (Saradadevi et al. 2017). Blum
et al. (1990) observed that wheat can recover from early drought stress during early tillering, but
the extent of recovery depends on the number of kernels formed and ears produced upon recovery.
When drought stress occurred later into tillering, plants were less able to recover yield. Early water
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stress observed in the 20 cm watering treatment, limited biomass production and lowered the GY
potential of the crop.
While the GY response to P fertiliser was significant in the dry season (2015), the magnitude of
crop biomass response to P fertiliser still weakened over the life cycle of the crop. Colwell (1963a)
commented that in every instance, GY responses to P fertiliser were smaller than early vegetative
responses. This occurred in spite of changes in soil water only utilised from the upper layers of the
soil. Availability of soil water, due to irrigation, late in the season would have allowed plants to
continue P uptake, assuming that labile soil P supply was not depleted, and potentially narrowed
the crop biomass response to P fertilise. We hypothesise that if sufficient soil water had been
available, the magnitude of crop biomass response to P may have decreased further and without this
late season irrigation, a “haying off” type response noticed by Mason et al. (2010b) and Armstrong
et al. (2008), may have been observed.
The two glasshouse experiments (II and III) of this study showed that a reduction in crop biomass
response to P as the crop progressed to maturity was common, yet differences in GY responses to
P fertiliser were observed for the Horsham soil (used in both experiments). The Vectis soil,
however, behaved similarly to observed in the field. Further field experimentation in 2017, on the
Vectis site, showed a positive early biomass response to P fertiliser that disappeared over the
growing season (K Price, pers comm. 2017). In the 2017, GSR was 299 mm, with above average
rainfall in August and October, suggesting there would have been soil water available late in the
season. The two soils used in this study displayed similar soil P characteristics, suggesting that they
had a similar ability to supply P to the crop and would (most likely) respond to P fertiliser in a
similar way. However, given the contrasting GY responses to P fertiliser observed for the Horsham
and Vectis soils, it is possible that differences in the soil’s ability to supply P were not identified by
the soil P tests used in this study to characterise the soil. Further analysis of the two soils, i.e. using
sequential P fractionation (Guppy et al. 2000) or by more sophisticated methods such as XRD
(Werner and Prietzel 2015) or nuclear magnetic resonance spectroscopy (Sparks et al. 1996) may
be necessary to confirm in the nature of P compounds in the soils.
There are several possible explanations for the contrasting crop responses on the Horsham soil. The
Horsham soils used for the two glasshouse experiments were collected at different times and depth,
and hence their analysis is different (refer to Table 4.3 and experiment III method). The soil cores
were different lengths (85 cm and 65 cm), which affected the volume of soil for root exploration
and hence P uptake. The experiments were also run at different time (2016 and 2015) and over
different time frames; one experiment lasted for 126 days (depths of watering) and the other was
run for 151 days. In one experiment cores were watered frequently from the surface and application
was continued until close to maturity. The presence of soil water around the fertiliser may have
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sustained P uptake and maintained the stronger GY response to P. In the other glasshouse
experiment cores were only supplied with a certain amount of water, which may have hampered
late P uptake and hence GY response to P. Different responses may have been observed if high soil
water availability was maintained throughout the experiment. From this it is suggested that crop
responses to P fertiliser and whether they translate through to GY, are the result of a complex
interaction between the amount and (spatial and temporal) distribution of soil water, P source and
root growth.

4.6 Conclusions
Overall the results of this study show that the early biomass response to P fertiliser disappeared
completely in one of two seasons in the field, but a decline in the magnitude of crop biomass
response to P fertiliser was common (observed in all experiments). The season when the response
disappeared completely coincided with the wettest conditions, while a strong biomass and GY
response to P was still evident in the dry year. The decline in crop response to P appears to be driven
by the relationships between soil water, root growth and P. Response to P fertiliser appear to
diminish more in a wet growing season, compared to a dry year during which P fertiliser is an
important source of P to the crop.
We propose that the mechanism behind the decline in crop response to P fertiliser relates to depth
of soil wetting and consequently root growth and access to soil P. As depth of wetting increased,
the crop relied less on P fertiliser, but the volume of water and temporal variation in soil water may
be driving this response more importantly than the depth of wetting per se. These factors appear to
influence where the plant derives its P from and may influence how plants respond to P fertiliser
and produce GY. When subsoil water was present the crop relied less on the fertiliser for its P
uptake.
As hypothesised the P-deficient plants accumulated more of their total P uptake later in the season.
An increased rate of P uptake, by P-deficient plants, appears to be responsible for reducing the
difference in P uptake between the P-fertilised and non-P fertilised plants. Further work is necessary
to confirm this as the mechanism responsible for the diminished GY response to P fertiliser.
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Chapter 5 Sparingly soluble phosphorus sources can be used by
different crop species: implications for soil phosphorus testing
5.1 Abstract
This study examined (i) the ability of spring wheat (Triticum aestivum) to use a range of ‘model’
sparingly soluble phosphorus (P) sources, namely Christmas Island rock phosphate (Ca-P), iron
phosphate (Fe-P) and aluminium phosphate (Al-P) as compared to labile H3PO4, and (ii) whether
canola (Brassica napus), chickpea (Cicer arietinum) and wheat, differed in their ability to use FeP and (iii) evaluated the accuracy of soil tests for measuring P supply from sparingly soluble P
sources. In two pot experiments, using the 33P isotopic dilution technique, plants were grown for 35
or 45 days in a Vertosol to which different P sources had been applied. Soil P tests were evaluated
by comparing the specific activity (ratio of 33P to 31P) (SA) of the soil extracts against the SA of the
plant shoot. Wheat was able to access Fe-P and Al-P to varying degrees but did not use the Ca-P
source. Canola was superior to wheat and chickpea in accessing the Fe-P source. DGT and Bray-1
methods provided a good estimate of P availability to wheat but were not as accurate for canola and
chickpea. The findings of this study however may only be valid for neutral to alkaline Vertosol
soils; the P sources used in this experiment are likely to behave differently in other soil types.
Because different crops appear to vary in their ability to access different soil P pools, no one soil
test was able to accurately measure plant available P from all P sources to all three crop species.
5.2 Introduction
Historically, agricultural production systems in Australia have been nutrient-limited, with
phosphorus (P) often the most limiting nutrient, in both pastoral and arable agriculture (McLaughlin
et al. 2011; Schefe et al. 2015). Despite a long history of P fertiliser application to Australian
agricultural soils (Bertrand et al. 2003), only a small proportion of soil P is considered to be
‘available’ or ‘readily-available’ for plant uptake (Armstrong et al. 1993). The remaining P
compounds in soil, both organic and inorganic, are held in a continuum of bonding energies with
varying degrees of reversibility (Syers et al. 2008), ranging from labile to sparingly soluble to highly
stable forms (Holford 1997). Residual P from inorganic P fertilisers principally accumulates as
inorganic P (McLaughlin et al. 2011) and its effectiveness as a P source decreases over time due to
P adsorbing to soil particles (Barrow et al. 2018). Organic P fractions are not thought to be
significant contributors to plant-available P in soils that have a long history of inorganic P fertilisers
(Guo et al. 2000). Previous studies have found that plants can use inorganic P forms to varying
degrees (Armstrong and Helyar 1993; Armstrong et al. 1993; Pearse et al. 2007; van Ray and van
Diest 1979; Vu et al. 2008) and sparingly soluble P sources may supply significant amounts of P to
crops (Wang et al. 2007).
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Soil testing is a key strategy for Australian grain growers to assess the potential supply of P for
plant growth. However, a range of studies report that some commercially available soil P tests are
poor predictors of GY response to P fertiliser (Bertrand et al. 2003; Holford et al. 1985; Mason et
al. 2010b; McBeath et al. 2005) either due to under-estimation (Wang et al. 2007) or over-estimation
(Holloway et al. 2001; Mason et al. 2013) of soil P supply. Most of the current soil P tests measure
‘labile’ pools i.e. P ions in soil solution and P which can be easily desorbed from the soil (Holford
1997). Hence many soil P tests may fail to account for the contribution from sparingly soluble P
sources. Conversely, soil P tests that use chemical extractants and/or wide soil-to-solution ratios,
solubilise P compounds that would not normally be readily accessible to crops under field
conditions. For example, the bicarbonate extractant used in the Colwell method is believed to
solubilise P from Ca-P forms in alkaline soils (Bertrand et al. 2003) and Fe-P and Al-P forms in
acidic soils, which are not readily available for crop uptake (Mason et al. 2010b). However, the
work by Wang et al. (2007) and McLaren et al. (2014) suggests that the Colwell extract fails to
account for replenishment of the soil solution via other P pools. While the accuracy of Colwell P
can be improved by considering the buffering capacity of the soil (Moody 2007), inconsistencies
remain a weakness of the test. The recently developed method of diffusive gradients in thin films
(DGT) has been shown to more accurately estimate plant-available P on a range of Australian soils
because it more closely mimics the conditions experienced by plant roots (Mason et al. 2010b;
Mason et al. 2013; Six et al. 2012; Speirs et al. 2013).
Crop species differ in their capacity to access different types of sparingly soluble P (Pearse et al.
2007; van Ray and van Diest 1979; Vu et al. 2010). There are a range of mechanisms by which
plants access sparingly soluble P and these mechanisms further complicate and affect the accuracy
of soil testing when predicting soil P supply to a crop. Six et al. (2012), for example, found that
DGT was a better predictor of crop P supply to maize (Zea mays) than rice (Oryza sativa), due to
differences in the uptake mechanisms of those two crop species.
Radioactive isotopes have been widely used to measure soil P supply. By measuring the specific
activity (SA) [ratio of radioactive (33P or 32P) to total P (31P)] of P in a plant that is grown in soil
uniformly labelled with radioactive tracer, we can determine the amount of plant-available P (i.e.
L-value) (Larsen 1952). This technique relies on the principle that radioactive P only exchanges
with ‘readily-labile’ P (Fardeau 1996). Over time, as the concentration of readily-available P in the
soil declines due to plant P uptake, it is expected that crop uptake from the non-labile pools, which
are not readily exchangeable with 33P, and hence the L-value will increase (Probert 1972). Since the
L-value is a measure of the plant’s access to soil P pools, values vary between soil types, depending
on the size of the soil P pools, and between plant species, particularly if they use different
mechanisms to solubilise or access soil P (Di et al. 1996; Vu et al. 2010). Radioactive tracers can
also be used to assess the accuracy of current soil P tests, as demonstrated by Six et al. (2012) and

123

Mason et al. (2013) who compared the ratio of radioactive P to total P from plant and soil P tests to
verify whether the soil tests were measuring P in plant-available pools.
This study used the isotopic dilution technique to firstly investigate whether spring wheat (Triticum
aestivum) was able to use a range of ‘model’ sparingly soluble P sources. We hypothesised that
wheat would be able to use the P sources, but to varying degrees, and that the relative contribution
from the sparingly soluble P sources to plant P uptake would increase over time. A second
experiment used the isotopic dilution procedure to compare the ability of three contrasting crop
species (canola- Brassica napus, chickpea – Cicer arietinum and wheat) to use one sparingly soluble
P (Fe-P) and one labile P (H3PO4) source. Finally, we compared the specific activity (SA) of plant
and soil P tests to assess how accurately the soil tests were able to measure plant-available P pools.
5.3 Methods
5.3.1 Experiment 1. Assessment of different soil tests to account for sparingly soluble P sources
The experiment was a randomised complete block design, with three harvests (17, 31 and 45 days
after sowing, DAS) and five P sources (including a control of carrier-free 33P), replicated four times.
The five P treatments were a control of carrier-free 33P and P applied as FePO4.4H2O (Fe-P) (Sigma
Aldrich, 13.5% P), AlPO4 (Al-P) (Sigma-Aldrich, 19.3% P), Christmas Island rock phosphate (CaP) (Incitec Pivot, 12.7% P) and H3PO4 (Chem supply, 26.9% P w/w). X-Ray diffraction (XRD)
analysis, using a PANAnaltyical AERIS X-Ray diffraction scanner and peak-fit program (X'Pert
High Score), confirmed that the Al-P source comprised berlinite (64%), high quartz (24%),
analcime (9%) and gibbsite (3%). The Ca-P source was predominately apatite (69%), but also
contained crandallite (27%) and zeolite (4%). The Fe-P source was not able to be analysed using
XRD, indicating that this P source was amorphous. Each P source was mixed throughout the soil at
a rate of 33 mg P kg-1 soil, which was equivalent to an application rate of 16 kg P ha-1, selected
from a preliminary response experiment. Two unplanted pots of each P source were also included
and were sampled for the comparison of the soil P tests.

Soil
Topsoil (20 cm) was collected 10 km west of Horsham, Victoria (36°44'19.6"S 142°06'45.0"E).
The soil was a grey Vertosol (Isbell 1996), containing approximately 46% clay and had no history
of P fertiliser or cultivation (see Table 5.1). The soil was air-dried at < 40⁰C and sieved to obtain
aggregates < 2 cm.

124

Table 5.1 Physicochemical characteristics of the Grey Vertosol used in the study
ECa
(dS m-1)

pH
(H2O)

pH
(CaCl2)

Colwell P
(mg kg-1)b

Phosphorus
buffering
index (PBI)b

Organic C
(mg g-1)

Total N
(mg g-1)

Experiment 1

0.21

8.6

7.8

7

162

10.8

1.3

Experiment 2

0.34

7.7

7.2

11

114

16.6

2.0

a

EC, Electrical conductivity measured in 1:5 water suspension.
Colwell-P and PBI were measured according to the method outlined in Colwell (1963b) and
Rayment and Lyons (2011), respectively.
b

A solution of carrier-free 33P was applied to the soil using a battery-powered hand sprayer, while
the bulk soil was agitated in a cement mixer to ensure thorough mixing. A total of 10% (by weight)
of water was added to the soil during the 33P application. The bulk soil was sealed in a thick plastic
bag and incubated for 14 days to allow the 33P to equilibrate in the soil. The 33P-spiked soil was airdried and being divided into 5 lots before application of each unlabelled P source. The unlabelled
P sources were applied 4 days prior to potting. The average measured spike, ascertained from the
unplanted cores, was 1.85 MBq kg-1 soil.
Basal nutrients (0.113 mg N g-1 soil as NH4NO3, 0.045 mg K g-1 soil as K2SO4, 0.011 mg Cu g-1 soil
as CuSO4.5H2O, 0.011 mg Zn g-1 soil as ZnSO4.7H2O) were applied in solution to the soil and
mixed thoroughly. The soil was then placed into small rectangular pots [15.8 cm (height) × 6.5 cm
(width) × 6.5 cm (depth)], which had been lined with plastic bags. Each pot contained 380 g of airdried soil, which was watered to a gravimetric water content of 38% (80% of field capacity). Three
pre-germinated seeds of wheat (cv. Yitpi) were sown and after emergence seedlings were thinned
to two per pot. The pots were placed in a growth chamber with 12 hours of light and ‘day’
temperature of 25°C and ‘night’ temperature of 15°C. Pots were watered to weight and rerandomised daily. Additional N (NH4NO3) was added 24 and 42 DAS at a rate of 0.056 mg N g-1
soil for each application.
Data collection
Plants were harvested 17, 31 and 45 DAS. Shoots were cut above the soil surface and dried at 70°C
for 3 days before being weighed, ground (< 2 mm) and analysed for total P (31P) and radioactive P
(33P) content.
Soil samples were collected from the unplanted pots 21 days after application of the P sources. The
soils were air-dried (< 40oC) and sieved through 2 mm before being analysed for ‘available P’ using:
Colwell P (0.5M NaHCO3) (Colwell 1963b), BSES P (0.005M H2SO4) (Rayment and Lyons 2011),
Bray-1 P (Rayment and Lyons 2011), Resin P (Saggar et al. 1990) and DGT P (Mason et al. 2010b).
The 31P and 33P concentrations of each extract were determined and the 33P SA of each soil extract
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calculated (as described below). The radioactivity from the unplanted cores was used to calculate
the actual 33P dose (Bq kg-1), which had been applied to the soil (see calculation below).
5.3.2 Experiment 2. Comparative ability of crop species to use different P sources
The experimental design was randomised complete block, consisting of 3 crop species, 3 P sources
and 4 replicates. The experiment was conducted in a naturally-lit glasshouse at Horsham
(36°43'15.6"S 142°10'25.4"E) between October and December 2012. Temperatures were set at
24°C during the day time and 15°C at night. Pots (16 cm high by 8.8 cm diameter) were constructed
using PVC tubes lined with plastic bags which contained 850 g of a grey Vertosol soil, collected
from the same location as the soil used in Experiment 1 (refer to Table 5.1).
The soil was spiked with a solution of 33P, watered to 50% of field capacity, and incubated for 14
days. The average spike rate achieved on this soil was 1.5 MBq kg -1. Spike rates for the individual
pots were used in the calculations. After 14 days of incubation, the soil was air-dried and mixed
with basal nutrients as described in Experiment 1. The exception was that 0.005 mg Mg g-1 soil and
0.002 mg Mn g-1 soil were also applied as MgSO4.7H2O and MnSO4.H2O, respectively. Additional
N (NH4NO3) was added 19 and 26 DAS at a rate of 21 µg N g-1 soil for each application. The bulk
soil was divided into three lots and the P sources (control, H3PO4 and Fe-P) were added, at the same
rate as Experiment 1, and thoroughly mixed throughout the soil before potting.
Pots were watered to field capacity and incubated for 4 days. Sub-samples of soil were then
collected at this time from each pot before sowing. The sub-samples were placed in sealed plastic
vials for further 10 days (for a total incubation time of 14 days after application of the P sources
with soil water at field capacity) before drying at 40°C and grinding (< 2 mm). Soil samples were
then analysed for plant-available P using Bray-1 (Rayment and Lyons 2011), Colwell P (Colwell
1963b), and DGT P (Mason et al. 2010b). Extracts for each soil test method were analysed for 33P
and 31P, to determine the SA of each soil test.
Three contrasting crop species were canola (cv. Beacon), chickpea (cv. Slasher) and wheat (cv.
Yitpi),. Five seeds of each species were sown and seedlings thinned to 3 per pot at the 2-leaf stage.
Pots were watered to field capacity every 2 days or daily before to harvest, and re-randomised after
each watering.
Plants were harvested 35 DAS, dried at 70°C before being ground and analysed for 33P and 31P as
described below.
5.3.3 Plant and soil analysis
Soil and plant materials were analysed for 33P/31P concentrations by digesting 0.5 g of material in 5
ml of HNO3 for plant material and aqua regia for soil in open-topped glass tubes. The acid was
allowed to boil down to 1 ml and then made up to 20 ml with 0.1% HNO3. Digests were then mixed
on a vortex mixer and filtered through a Whatman No. 42 filter paper. To measure 33P, 2 ml of
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digest was pipetted into scintillation vials and 10 ml of scintillation cocktail was then added. The
sample was mixed thoroughly and allowed to settle for at least 2 hours before being measured for
33

P on a Rack Beta II Liquid Scintillation Counter. The total P content (31P) of the digest was

measured either by ICP-OES (plant and soil total P) (Zarcinas et al. 1983; Zarcinas et al. 1996) or
auto-analyser (soil extracts) (Rayment and Lyons 2011). Seeds of each crop species were also
digested for total P determination (ICP-OES).
The L-value effectively represents the fraction of soil P that is isotopically exchangeable as
measured by plant uptake (Di et al. 1996). The L-value (mg kg-1) was calculated using the formula
below (Bertrand et al. 2006):
L = R(Bq kg −1 )/ Sap (Bq mg −1 )

where R is the dose rate of 33P applied to the soil, and SAp is the specific activity of the plant, which
is calculated as
𝑆𝑆𝑆𝑆𝑝𝑝 =

33

Pshoot (Bq)
[Puptake (mg) − Pseed (mg)]

where 33Pshoot and Puptake represent the total amounts of 33P and total P (31P) in the shoot material,
respectively. Seed P (Pseed) contribution to the shoots was estimated to be 50% of the P contained
in the seed (Mason et al. 2013).
By comparing the SA of the plant against the SA of the soil P, we can determine whether the plant
and soil P tests were accessing similar P pools. The ideal soil test should measure P forms that are
available to the plant (Mason et al. 2008). A ratio of 1 signifies that the soil test had extracted the
same pool of P as that accessed by the plant. A ratio greater than 1 indicates that the soil P test was
measuring P that was not fully available to the crop whilst a value less than 1 indicates that the plant
was accessing P that was not extracted by the soil P test.
5.3.4 Statistical analysis
The data were analysed using Genstat Version 18 (VSN International, Rothamsted, UK).
Experiment 1 was analysed using repeated measures, analysis of variance (ANOVA). A two-way
ANOVA was used to analyse data from the second experiment. Data were transformed where
necessary to meet assumptions of normality. Treatment means were compared using the least
significant difference (LSD) at P = 0.05. Mitscherlich curves were fitted to show the relationship
between soil P tests and plant biomass using Sigmaplot. R2 values were used to determine how
much of the variation in the response variate could be explained by the explanatory variate.
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5.4 Results
5.4.1 Experiment 1
Shoot biomass increased over time, however the magnitude of change varied with P source (P <
0.001) (Table 5.2). The H3PO4 treatment produced the highest shoot biomass at each harvest. At the
final harvest, the Al-P and Fe-P treatments produced 64% and 73% of the shoot biomass produced
by the H3PO4 treatment, respectively. Shoot biomass production from the Ca-P treatment was not
significantly different from the no-P control at any harvest, which was 15% of that in the H3PO4
treatment at 45 days.

Table 5.2 Shoot biomass, shoot P content, shoot P concentration and L-value of wheat grown for
17, 31 or 45 days in soils amended with different model P sources at a rate of 33 mg P kg-1 (Exp 1).
Control, carrier free 33P only; Ca-P, Christmas Island rock phosphate; Fe-P, iron phosphate; Al-P,
aluminium phosphate; and H3PO4, orthophosphoric acid. The data were analysed by repeated
measures ANOVA after square-root transformations. Means not followed by a common letter
represent significant differences (P ≤ 0.05) between treatments. #Letters on L-value denote the main
effect of P source, pooled across harvests. DAS; days after sowing.
Harvest
(DAS)
17

31

45

P value

(mg P pot-1)
0.15i
0.15hi
0.46f
0.63e
1.69c
0.23g
0.23gh
1.11d
1.29d
3.09b
0.44f
0.44f
1.81c
1.9c
4.54a

Shoot P
concentration
(mg g -1)
1.23d
1.12de
1.99c
2.46b
4.01a
0.81f
0.78fg
1.06e
1.02e
1.89c
0.72fgh
0.71gh
0.69gh
0.63h
1.10e

(mg kg-1)
8.0d
10.2d
43.3b
34.6c
55.4a
9.5
10.6
30.7
22.2
45.2
7.9
9.4
37.3
28.0
45.2

< 0.001
< 0.001
< 0.001

< 0.001
< 0.001
< 0.001

< 0.001
0.021
0.191

Shoot biomass

P content

Control
Ca-P
Fe-P
Al-P
H3PO4
Control
Ca-P
Fe-P
Al-P
H3PO4
Control
Ca-P
Fe-P
Al-P
H3PO4

(g pot-1)
0.12k
0.14k
0.23j
0.26ij
0.42h
0.29ij
0.30i
1.04f
1.26e
1.64d
0.62g
0.63g
2.62c
2.99b
4.12a

P source
Harvest
Harvest × P source

< 0.001
< 0.001
< 0.001

P source

L-value#

Shoot P content followed a similar pattern to shoot biomass (P < 0.001) (Table 5.2). The control
and Ca-P treatments accumulated the lowest and the H3PO4 treatment the highest amount of P at all
harvests. Despite a greater biomass produced in the Al-P treatment, the plants in the Fe-P and Al-P
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treatments contained similar amounts of P at the second and third harvest. This was due to a slightly
(but not significantly) higher P concentration in the plants grown in the Fe-P source (0.69 versus
0.63 mg P g-1)
Shoot P concentrations declined steadily over time (Table 5.2). Shoot P concentrations at 17 days
were in the order of H3PO4> Al-P > Fe-P > Control ≥ Ca-P. The P concentration was similar in the
control and Ca-P treatment throughout the experiment. At 45 days, shoot P concentrations was
significantly higher in the H3PO4 compared to the other P sources.
The L-values varied with P source (P < 0.001) and time (P = 0.021), but there was no significant
interaction between P source and time (P = 0.191) (Table 5.2). Generally, L-values were highest at
the first harvest, and were similar between the second and third harvests. The L-values did not differ
between the control and the Ca-P treatment or change over time. The L-value of wheat grown in
the presence of Fe-P was significantly higher than wheat grown in the presence of Al-P. Overall
wheat supplied with H3PO4 had the highest L-values.
Table 5.3 presents the concentrations of available P estimated using the five soil tests. All soil tests
recorded the lowest quantity of available P for the control and Ca-P treatment. The Bray-1 soil test
reported the lowest concentration while the BSES the highest concentration of plant-available P for
all of the P sources, particularly Ca-P. The DGT P did not increase in response to added Ca-P but
increased markedly following the application of Al-P and Fe-P and even more so from the H3PO4
treatment. The total P had recoveries between 76% (Ca-P) and 118% (Fe-P) of the P added in the
various P sources.
Table 5.3 The concentrations of available P in soils amended with various P sources 21 days after
application (Exp 1). Control, carrier free 33P only; Ca-P, Christmas Island rock phosphate; Fe-P,
iron phosphate; Al-P, aluminium phosphate; and H3PO4, orthophosphoric acid. Values are means
of two replicates and standard error in brackets
P source
Control
Ca-P
Al-P
Fe-P
H3PO4

Colwell P
(mg kg -1)
2.8 (0.02)
3.1 (0.2)
11.7 (0.05)
44.9 (4.4)
26.6 (0.8)

Bray-1 P
(mg kg -1)
1.7 (0.07)
1.8 (0.05)
6.2 (0.01)
6.9 (0.1)
13.0 (1.8)

Resin P
(mg kg -1)
4.2 (0.4)
3.8 (0.05)
10.9 (0.2)
10.4 (0.2)
22.7 (0.5)

DGT P
(µg L-1)
4.8 (0.6)
4.8 (0.6)
19.2 (0.0)
16.9 (0.0)
49.6 (1.7)

BSES P
(mg kg -1)
9.9 (0.2)
28.3 (3.0)
18.1 (0.3)
47.2 (2.5)
34.2 (2.7)

Total P
(mg kg -1)
95.5 (0.7)
120.9 (1.4)
132.9 (2.7)
135.4 (9.1)
129.2 (1.4)

Figure 5.1 presents the ratios of plant-to-soil SA for the plants harvested 31 day after sowing and
the soil samples collected from the unplanted pots. The BSES method overestimated the plantavailable P (ratio > 1) for to the greatest extent, for all P sources, especially Ca-P source. The
Colwell P method showed variable results depending on the P source. It over-estimated the plantavailable P from the Fe-P source but under-predicted plant-available P in the control and Ca-P
treatments. The Colwell method, however extracted mainly plant-available P (ratios close to 1) for
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the Al-P and H3PO4 treatments. The DGT method extracted non-labile P from the Ca-P and Al-P
treatments but provided the SA ratio close to 1 for the Fe-P and H3PO4 treatments. In comparison,
Bray-1 and resin methods accurately estimated plant-available P for the H3PO4 treatment but
extracted non-labile P from the other treatments.

Figure 5.1 Ratio of plant specific activity (SA) (measured 31 DAS) to the SA of the soil P test
(unplanted cores sampled 21 days after application of the P sources) in soil amended with different
P sources (Exp 1). Control, carrier free 33P only; Ca-P, Christmas Island rock phosphate; Fe-P, iron
phosphate; Al-P, aluminium phosphate; and H3PO4, orthophosphoric acid. Vertical error bars
represent the standard error. Grey dashed line is the 1:1 ratio. A ratio greater than 1 indicates that
the soil P test was measuring P that was not fully available to the crop whilst a value less than 1
indicates that the plant was accessing P that was not fully measured by the soil P test

When shoot biomass was plotted against the initial soil P tests for all treatments, there were strong
relationships between shoot biomass and DGT P (R2 = 0.95 - 0.99), Resin P (R2 = 0.94 - 0.98) and
Bray-1 P (R2 = 0.93 - 0.97) for all harvests (Figure 5.2). The relationship between biomass and
Colwell P was weaker (R2 = 0.64 - 0.87). BSES P had no relationship with shoot biomass at any
harvest (R2 = 0.33).
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Figure 5.2 Relationships between shoot biomass (g pot-1) harvested at 17, 31 and 45 DAS and the
initial test results of BSES P, Bray-1 P, Colwell P, DGT P and Resin P (Exp 1)

5.4.2 Experiment 2
In the control soil, chickpea produced the greatest while canola produced the smallest shoot biomass
(P < 0.001) while in the H3PO4 treatment, three species produced similar biomass (Table 5.4).
However, chickpea was the least responsive crop species to P addition. Shoot biomass was not
significantly increased by Fe-P addition and increased by 25% by H3PO4 addition. Wheat produced
similar biomass for both Fe-P and H3PO4 P sources. Canola shoot biomass responded strongly to
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the addition of both P sources. Compared to the control, adding Fe-P and H3PO4 produced 2.5- and
3.6-fold increase in biomass production, respectively.
Shoot P content of all crop species increased with P application, regardless of the source (P < 0.001)
(Table 5.4). Canola was the most responsive crop, with the lowest P content in the control and the
highest in the H3PO4 treatment. Both wheat and canola accumulated significantly more P with the
H3PO4 treatment, compared to the Fe-P source. There was no significant difference in shoot P
content however between the two P forms for chickpea.
There was no significant interaction between crop species and P source for shoot P concentration
(P = 0.41) (Table 5.4). The lowest shoot P concentrations were found in the control. As a main
effect, adding Fe-P significantly (P < 0.001) increased the concentration of P in the shoots from
1.85 to 2.83 mg g-1 and adding H3PO4 lead to a further significant increase (3.23 mg g-1). There was
a significant main effect of species (P < 0.001), with shoot P concentration being higher in canola
(3.05 mg g-1) than in chickpea (2.30 mg g-1) and wheat (2.41 mg g-1).
The addition of either Fe-P or H3PO4 increased the L-value for all crop species (P = 0.011) (Table
5.4), and L-values were 20-49% higher in the H3PO than in the Fe-P treatment. The smallest Lvalue (23.0 mg kg-1) was recorded for wheat grown in the control, however this was not significantly
different from the canola and chickpea for this treatment. The largest L-value (105.4 mg kg-1) was
observed in canola grown in the H3PO4 treatment.
The results of the three available soil P tests, plus total P of each soil are presented in Table 5.5.
The control soil had 127 mg kg-1 of total P and 6 mg kg-1 of plant-available P as measured by the
Bray-1 method. The amount of P measured with each soil P test increased with the addition of P
sources, particularly with the addition of H3PO4. Total P analysis indicated that the recoveries of
the added P sources were between 85% and 103%.
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Table 5.4 Shoot biomass, shoot P content, shoot P concentration and L-value of canola, chickpea
and wheat grown for 35 days in the presence of three different P sources (Control, Fe-P and H3PO4)
added at a rate of 33 mg P kg-1. Values presented as treatment averages. Data were analysed using
2-way ANOVA (Exp 2). Data transformations were required for shoot biomass and shoot P
concentration. Values followed by a common letter indicate no significant differences (P > 0.05)
between treatments. #The letter on the shoot P concentration denotes the main effect of P source,
pooled across crop species.

Crop Species
Canola
Chickpea
Wheat

P value

P source
Control
Fe-P
H3PO4
Control
Fe-P
H3PO4
Control
Fe-P
H3PO4

Shoot
biomass
(g pot-1)
0.59a
1.48c
2.13d
1.43c
1.75cd
1.92d
0.80b
1.75cd
2.12d

Shoot P
content
(mg P pot-1)
1.34f
4.58d
8.81a
2.25e
4.73cd
5.47bc
1.44f
4.81cd
6.00b

Shoot P
concentration
(mg g-1)#
2.25a
3.03b
4.17c
1.57
2.73
2.85
1.80
2.75
2.83

L value
(mg kg-1)
28.1d
88.0b
105.4a
28.4d
49.2c
73.2b
23.0d
57.1c
74.5b

Crop species
P source
Crop species × P source

< 0.001
< 0.001
< 0.001

< 0.001
< 0.001
< 0.001

< 0.001
< 0.001
0.41

< 0.001
< 0.001
0.01

Table 5.5 Concentrations of available P in soil without (Control) or with the addition of Fe-P and
H3PO4 sources (Exp 2). Samples were collected from individual pots and were incubated for 18
days after application of the P sources. Values are means of twelve replicates and standard error in
brackets
P source
Control
Fe-P
H3PO4

Bray-1 P
(mg kg-1)
6.0 (0.1)
17.4 (1.4)
25.2 (1.0)

Colwell P
(mg kg-1)
8.2 (0.1)
38.1 (2.8)
32.7 (1.4)

DGT P
(µg L-1)
11.1 (0.5)
32.5 (1.7)
72.5 (4.2)

Total P
(mg kg-1)
126.6 (2.6)
154.8 (2.8)
161 (2.6)

The ratio of plant-to-soil SA (Figure 5.3) was generally lower than 1.0 for canola for all 3 P
treatments; the exception was for DGT in the control and Colwell for the Fe-P treatment, both of
which had the ratio close to 1. The Colwell method extracted P from the Fe-P treatments that
chickpea and wheat did not access (non-labile P) but extracted P from a pool similar to that accessed
by wheat and chickpea on the control soil and in the presence of H3PO4 (ratios close to 1). Prediction
with Bray-1 was close to 1 for chickpea and wheat, but under-estimated soil P supply for canola.
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Figure 5.3 Ratio of plant specific activity (SA) (harvested 35 DAS) to the SA of Bray-1 P, Colwell
P and DGT P. Canola, chickpea and wheat plants were grown in control, carrier free 33P only; FeP, iron phosphate and H3PO4, orthophosphoric acid. Soil samples were incubated for a total of 18
days after application of the P sources before being analysed. Vertical bars represent standard error.
Grey dashed line is the 1:1 ratio. Values above 1 indicate non-labile P which the plant cannot access.
Below 1 indicates the plant-accessible P that the soil test does not measure

5.5 Discussion
5.5.1 Ability of wheat to use different P sources
Wheat appeared to effectively use all the model P sources provided in this study to varying degrees,
with the exception of the Ca-P. As anticipated, the water-soluble H3PO4 source was most available
for plant uptake, producing the greatest shoot biomass and P uptake.
Wheat was able to use P derived from both the Al-P and Fe-P forms when added to the neutral to
alkaline Vertosol topsoil used in this study. Plants grown in the presence of the Al-P and Fe-P
sources produced more than 50% of the biomass of those plants supplied with H3PO4. The high
plant availability of these P forms probably reflects the rapid dissolution of the P sources under
alkaline conditions (McLaren et al. 2014). Supply of Al-P resulted in significantly (P < 0.001)
greater shoot biomass, while the L-values suggested that wheat grown in the presence of added FeP accessed more non-labile P. The L-value results contrast with previous studies where Al-P was
more available than Fe-P to a range of plant species (Armstrong and Helyar 1993; Armstrong et al.
1993; Otani and Ae 1996; Wang et al. 2010), including wheat (Pearse et al. 2007). The amorphous
nature of the Fe-P source may explain why it was more available to the crop than the crystalline AlP source. Armstrong et al. (1993) previously found crystalline forms of Fe and Al-P to be less
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available to the plant compared to amorphous sources. The behaviour of the P forms used in this
study is likely to differ on other soil types.
The rock phosphate (Ca-P) form used in this study was included as a poorly soluble calcium-P
source. In the neutral to alkaline soil used in this study, wheat was unable to access any P from the
Ca-P source over the timeframe of this experiment and crop biomass and the L-value were not
significantly different from the control at any time. Previous studies have reported poor
effectiveness of rock P materials, including Christmas island rock phosphates, in most Australian
soils (Bolland et al. 1988; Bolan et al. 1990; McLaughlin et al. 2011). The solubility and hence
availability of this P source, increases as soil pH declines (Bolan and Hedley 1990; Kanabo and
Gilkes 1987; Robinson et al. 1992). The effectiveness of this Ca-P form, as a source of P to the
plant, is limited in neutral to alkaline conditions and it is potentially only able to provide P to the
plants in acid soils in the high-rainfall zone (Yeates et al. 1986; Bolan et al. 1990; McLaughlin et
al. 2011). The particular Ca-P compound used in this study was not as soluble as other Ca-P
compounds in soil such as dicalcium phosphate dihydrate or octocalcium phosphate which are
products of interactions between soil and P fertiliser (Lombi et al. 2006). Different results would
have been expected using a more soluble Ca-P source.
5.5.2 Change in contribution of sparingly soluble P over time
It is hypothesised that the L-value would increase over time, as readily-available P in the soil is
progressively depleted via plant P uptake, and mobilisation of P from less labile (non-isotopically
exchangeable) P pools is increased. Instead, our results showed that the highest L-value, for all
treatments, was obtained at the first harvest (17 days). A likely explanation for the initially high Lvalues is due to seed P contribution. Probert (1972) observed a decline in the L-value between the
first and second harvests by clover (Trifolium spp.) (23 - 36 DAS) and suggested that it was due to
poor early growth coupled with the contribution of seed P affecting the calculation of L-value. The
wheat seed used in the current study contained 122 µg P seed-1. It was assumed that 50% of seed P
was allocated to the shoots. This equates to 61 µg P per wheat seed. This percentage is in line with
previous reported values which range from 40% (Wang et al. 2011) to 79% (Six et al. 2012) of seed
P being partitioned to the shoot. If we assume that the control and Ca-P treatment did not absorb
any P from the soil and were supplied solely by seed P at the first harvest, then approximately 60%
of the plant P was translocated to the shoots. This suggests our value of 50% might have been too
low at this time. However, the relative importance of seed P declines over time as total P uptake
increases (Mason et al. 2013) and hence L-values from the later harvests were likely to be less
affected by seed P contribution. Mason et al. (2013), who assumed a seed P contribution of 50%,
for their plants harvested at 31 days, found seed P constituted < 5% of total P in the shoots. In the
present study seed P constituted less than 11% of total P in the shoots of the Al-P, Fe-P and H3PO4
treatments at Day 31. By 45 days, this value had declined to ≤7%. Seed P, however might still have
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been a major contributor to P content in the shoots of the control and the Ca-P treatment, with seed
P accounting for approximately 27% of shoot P at Day 45.
The absence of a significant increase in L-value over the duration of the experiment disagrees with
Probert (1972). Probert (1972) suggest that plant uptake of readily-labile P could lead to a
dissolution of P from sparingly soluble P sources, leading to increases L-values. Several differences
between the study by Probert (1972) and the current one may explain the differing results. Probert
(1972) study was conducted over a longer timeframe (121 days versus only 45 days in the current
study). In the current study, increases in the L-values may have been observed if the experiment
was conducted over a longer timeframe. Test species (clover and ryegrass (Lolium spp.) versus
wheat) also differed. Differences in mechanisms used to absorb P by wheat and the pasture species
used by Probert (1972) are likely. Furthermore differences between the soil types and the amount
and type of P compounds they contained were evident: Probert (1972) used two acidic soils; a sandy
loam and loamy sand (pH below 6.4 and 5.9, respecitvely) which contained much higher backgound
levels of P compared to the current study. In other studies, such as Vu et al. (2010) reported
(generally) constant L-values for wheat over 56 days of growth using a range of soils, including a
similar soil type to the present study.
5.5.3 Species differences in ability to use sparingly soluble P
The second experiment examined three contrasting crop species: an oilseed (canola), a pulse
(chickpea) and a cereal (wheat)and. Not surprisingly, we observed distinct differences in response
to the different P sources. The addition of H3PO4 or Fe-P enhanced shoot growth and P uptake of
all three species, but canola and wheat responded more strongly than chickpea. Bolland et al. (1999)
observed the same trend using the same three crop species in response to freshly applied P.
Chickpea produced more biomass than canola and wheat in the control soil. This most likely
reflected differences in seed size and hence variation in the supply of seed P and carbohydrates for
early growth and development (Bolland et al. 1999; Grant et al. 2001; Vu et al. 2010). Seed P
content was determined as 559, 128 and 20 µg P seed-1 for chickpea, wheat and canola, respectively.
The relatively small biomass response of chickpea might be due to its large seed P reserves (Vu et
al. 2010), which delayed P uptake from applied and soil P sources (Wang et al. 2011). However, by
examining the three species in the control soil, seed P constituted about 5%, 27% and 75% of P in
the shoots of canola, wheat and chickpea, respectively. No differences in L-values were observed
between the species in the control soil. This suggests that all three crop species were accessing a
similar pool of P in the control soil.
When supplied with either Fe-P or H3PO4, canola was able to access the more non-labile P
compared to the other species, as indicated by the higher L-value. Canola is known to be efficient
at accessing NaOH-extractable P, associated with Al and Fe oxides (Rose et al. 2010), through its
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ability to acidify the rhizosphere via alteration of the ratio of anion to cation absorption and
subsequent release of H+ from roots (Grinsted et al. 1982; Hedley et al. 1982a). Rhizosphere
acidification increases the solubility of some P forms (e.g. Ca or Mg phosphates), which are not
isotopically exchangeable (Hedley et al. 1982b) and hence may enhance the L-value. Hedley et al.
(1982b) observed that the onset of rhizosphere acidification coincided with an increase in L-value.
Given this, it may be expected that canola should have accessed more non-labile P even in the
control soil. However, the L-values suggest that canola was not accessing more non-labile P than
the other crop species in the control soil. Vu et al. (2010) suggested the poor growth of canola on a
P-deficient soil was, at least in part, due to its small seed size and hence low P and carbohydrate
reserves for growth. This may explain the observations of our study; the control soil had very low
background P levels (Cowell P 8.2 mg kg-1, total P 127 mg kg-1) and hence seed P reserves would
be a major determinant of early growth.
Chickpea and wheat accessed significantly more P from H3PO4 than from Fe-P. Sinegani et al.
(2011) reported that Fe-P could be used by a range of crop species, including cereals, legumes and
oilseeds, although legumes are generally considered better able to access P from sparingly soluble
P sources (Bolland et al. 1999). This is attributed to an ability to release significant amounts of
carboxylates through the roots (Pearse et al. 2006b; Vu et al. 2010) and their ability to acidify the
rhizosphere via release of protons during N2 fixation (Tang and Rengel 2003). In the current study,
inorganic N supply was sufficient to prevent nodulation in chickpea, thus preventing N2 fixation
and hence this effect on rhizosphere pH. Pearse et al. (2007) however stated that chickpea was
inefficient at mobilising Fe- and Al-bound P sources. Wheat on the other hand does not exude
significant amounts of carboxylates (Pearse et al. 2006b), but can use Fe-P to varying degrees,
depending on the genotype (Osborne and Rengel 2002). The ability of wheat to access the Fe-P
source might be related to its extensive root system to exploit a greater soil volume (Vu et al. 2010).
The form of N supply and plant N uptake can also affect soil pH (Tang and Rengel 2003) and hence
affect the availability of sparingly soluble P sources in soil. Nitrate uptake leads to an increase in
soil pH; conversely, ammonium uptake leads to a decline in soil pH (Liu et al. 2016; Tang and
Rengel 2003; Wang et al. 2011). In the present study, N was supplied as NH4NO3. Liu et al. (2016)
found a substantial decline in the pH of rhizosphere soil for plants supplied with NH4NO3,
indicating preferential uptake of N in the ammonium form. Rhizosphere conditions were not
assessed in this study and therefore the effects of N form on soil pH cannot be confirmed. However,
the relatively small amounts of N applied and the potentially strong pH-buffering capacity of this
clay soil suggest that it is unlikely that N source had a large effect on rhizosphere soil pH.
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5.5.4 Accuracy of ‘available’ soil P tests in relation to P sources and crop species
All of the soil P tests investigated in this study were unable to accurately predict the plant-available
P pool for all the various P sources and crop species assessed. This result agrees with the statement
made by Moody et al. (2013) that there is no universal soil P test for all conditions. This study did
however identify some soil tests, such as DGT and Bray-1, which were better able to predict early
crop P supply than Colwell and BSES methods in this neutral to alkaline Vertosol. Speirs et al.
(2013) showed that the predictive ability of DGT continued through to maturity with stronger
relationships (R2) with relative GY than a range of other P soil tests, including Colwell P.
The P concentrations measured using the DGT, Bray-1 and Resin methods were all strongly
correlated to early biomass growth of wheat. All three tests had a similar SA to that of the plant.
The SA of DGT was closely related to that of wheat for all P sources, except Al-P, where a ratio of
1.6 indicated that the DGT test over-estimated P availability. Using the same technique as the
current study, Mason et al. (2013), Six et al. (2012) and Six et al. (2013) observed that DGT closely
matched the SA of wheat on a range of agricultural soils from southern Australia, Madagascar,
Vietnam and Kenya. The Resin method was slightly less accurate than DGT in the study by Mason
et al. (2013), where the SA of the Resin test corresponded to that of wheat for 10 out of 14 soils, as
opposed to 12 out of 14 soils for DGT. Six et al. (2012) however found that resin extracted a
significant amount of P which was not accessible to maize, on two acid soils from western Kenya.
In the present study, Bray-1 extracted a similar P pool as wheat for all P sources, except for Al and
Fe-P, where it tended to over-predict plant-available P. Six et al. (2012) also reported overestimation of plant-available P by Bray-1, on an acid soil, which contained high levels of
ammonium oxalate-extractable Al and Fe. Kumar et al. (1991) examined the recovery of pure P
compounds and found Al-P was almost completely soluble but Fe-P was poorly soluble in Bray-1.
This is because the F ion in the Bray-1 reagent complexes with Al, hence solubilising Al oxides and
desorbing P (Jones 2001). Bray-1 did not however, over-estimate available P from the Ca-P source
in this study. Holford and Doyle (1992) however suggested that Bray-1 preforms poorly on alkaline
soils because the acidity is neutralised, reducing its extraction power and underestimating plant
available P. Kumar et al. (1991) found that Bray-1 recovered around half of the P in apatite in the
absence of soil, but this value decreased when the compound was added to soil and the recovery
varied between soil types. This suggests that interactions between the added P compounds and the
soil may have affected extraction of these P sources, but overall Bray-1 generally extracted P which
was plant available P under the conditions of this study.
Colwell P showed a significant, but poorer relationship with early crop biomass of wheat than DGT,
Bray-1 or Resin. Previous studies reported that Colwell P was a poor predictor of grain yield (GY)
across a range of soil types, from moderately acidic to alkaline (Holford and Doyle 1992; Holford
et al. 1985; Mason et al. 2010b; McBeath et al. 2005), because it extracts P which is not available
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to the crop (Mason et al. 2013; Six et al. 2012). The quantity of ‘unavailable P’ solubilised by
Colwell extractant depends on soil type and form of solid-phase P (Mason et al. 2010b). Colwell P
greatly over-predicted the availability of the Fe-P source, but did not that Al-P or Ca-P. The
bicarbonate extractant (pH 8.5) in the Colwell method may dissolve Al and Fe-P forms in acid soils
and solubilise Ca-P forms in alkaline soils by depressing the Ca-ion activity in the extracting
solution (Kumar et al. 1992; Mason et al. 2013). In this study, Colwell P did estimate the availability
of the Ca-P source, most likely due to the poor solubility of this P source (McLaughlin et al. 1992),
however Colwell P may overestimate the availability of other (more soluble) Ca-P compounds in
soil (Mason et al. 2013).
The BSES procedure extracted the largest amounts of P and was poorly correlated with early
biomass production of wheat across all three harvests (R2 < 0.35). Previous work has shown that
BSES is poorly correlated with biomass production of faba bean and cotton over a single growing
season (McLaren et al. 2013). The BSES method greatly over-estimated P availability from most P
sources, but especially Ca-P, in this alkaline soil. The acid (0.005M H2SO4) extractant used in BSES
dissolves Ca-P forms (McLaren et al. 2013), which theoretically represent a slowly-available P pool
to the crop (McLaren et al. 2014). Moody et al. (2013) previously used BSES as a measure of
mineral P supply. McLaren et al. (2014) however suggested that when BSES values were below 61
mg kg-1, as observed in the present study, this slowly-available P source was unlikely to affect resupply of the readily-available P pools. While BSES greatly over-estimated plant available P in the
timeframe of this study, the utility of this test for monitoring soil P supply over a longer time frame
was not determined.
The performance of the different soil P tests assessed in this study also depended on the crop species,
in agreement with previous studies (Bolland et al. 1989; Kumar et al. 1992; Mason et al. 2010a; Six
et al. 2013). The crop species examined in this study were selected for their differing ability to
access different types of sparingly soluble P. All soil tests examined in the second experiment were
unable to correctly match the SA of the plant in all situations. As observed in the first experiment,
Colwell P over-predicted the availability of Fe-P to wheat and chickpea. Conversely, Colwell P
provided a satisfactory estimate of P uptake by canola for the control or Fe-P source. Using data
from a range of field trials across southern Australia, Mason et al. (2010a) showed some correlations
between Colwell P and relative GY of canola (R2 = 0.46). The correlations however were weaker
than those for barley (Hordeum Vulgare) (R2 = 0.87) or field peas (Pisum sativum) (R2 = 0.59)
(Mason et al. 2010a). Bell et al. (2013) reported a similar correlation between GY of field pea (R2
= 0.52-0.55) and Colwell P. This result highlights the fact that Colwell P may require different
calibrations for different crop species (Bolland et al. 1989). Bell et al. (2013) however found that
most crop species had similar critical Colwell P values to winter cereals; the only differences in
critical values were reported for peanut (Arachis hypogaea) and field pea. However, the study by
Bell et al. (2013) had limited data available to make direct comparisons between crop species (e.g.
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most direct comparisons between canola and wheat were from Western Australia on light-textured
soils).
The DGT and Bray-1 methods more closely matched the SA of wheat for all P sources, but results
were variable for chickpea and wheat. Despite being a weak acid extractant, Bray-1 under-estimated
plant-available P to canola for all P sources, suggesting the extracting power of Bray-1 was not
sufficient to match the (potential) acidification of the rhizosphere by canola. The DGT was the only
test to accurately measure P availability to canola (in the control) but it appeared to over-predict P
availability to chickpea in the control soil. As previously suggested, chickpea may rely heavily on
its seed P reserves, during early growth under P-deficient conditions. Six et al. (2013) showed that
DGT explained the relative biomass yield of maize (Zea mays) (harvested after 4 weeks), but found
that Bray-1 and Resin, were more accurate in rice (harvested after 7 weeks). They suggested this
was because P uptake by rice is not determined by diffusional supply and DGT was not able to
account for plant-induced changes in the rhizosphere which may have affected P supply (Six et al.
2013). The results of this study generally support this finding; soil tests are not always able to
measure the same pool of P as those accessed by the crop, particularly when plants change their
root morphology or alter the rhizosphere properties to enhance P availability.
Differences in the L-values and SA ratios of wheat, for comparable treatments, were observed
between the two experiments. Several differences between the two experiments may have affected
the results, including experimental conditions (growth cabinet vs glasshouse) and timing of the
experiment (studies were not simultaneous) and the background soil physicochemical properties
(soils were collected from the same site at different times). Furthermore, results will be affected by
influence of isotopic exchange reactions (Mclaughlin and Alston 1986). There were also differences
in the incubation time after the addition of 33P and after the unlabelled sparingly soluble P sources
were applied. Using 32P labelled sparingly soluble P sources, Armstrong et al. (1993) suggested that
upon release from the labelled P compound, the 32P is potentially liable to isotopic exchange with
nonlabelled P within the soil. This would lead to decreases in the specific activity of P in solution
and an underestimation of availability (Armstrong et al. 1993). Hence results may be influenced by
the period of time which 33P can undergo exchange with P in the soil and added P sources.
It should be acknowledged that the findings of this study are limited to early crop growth and one
soil type, a neutral to alkaline Vertosol. The results of the current study do not necessarily
demonstrate the availability of these sparingly soluble P sources and the accuracy of different soil
P tests over the whole growing season. Further work is needed to extend the results to grain
maturity/GY which would provide a more accurate assessment of the contribution of the sparingly
soluble P sources to crop P uptake and GY in the field. Unfortunately, the short-life of the
radioactive tracer (33P half-life of 25 days) and the large volume of soil required to grow plants to
maturity, prevent the use of isotopic dilution technique on wheat plants growing to maturity. While
it is possible to irradiate sparingly soluble P sources, this process is costly and can lead to the
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labelling of accompanying cations (Armstrong et al. 1993; Wang et al. 2011). The use of isotopic
approaches provide major advantages over traditional rate response curves approaches including:
(1) use of 33P allows for a more accurate assessment of the direct contribution of the P source to
plant uptake and (2) due to the poor solubility of the P compounds, growth mediums with unusually
low background concentrations of plant available P are usually used to enable detection of growth
responses and (3) adding large amounts of the compounds can potentially disrupt the soil P
equilibrium and depending on the nature of the compound may have negative effects on plant
growth (e.g. release of toxic concentrations of Al) (Armstrong et al. 1993).
5.6 Conclusions
This study used a range of ‘model’ sparingly soluble P sources differing in P solubilities, as a
representation of the sparingly soluble P sources present in agricultural soils. Wheat was able to use
P derived from the Al-P and Fe-P to varying degrees but was not that from a sparingly soluble CaP source. The results however are limited to the neutral to alkaline soil used in this experiment and
different results may be observed on different soil types. Crop species varied in their utilisation of
Fe-P in the order of canola > wheat > chickpea and most likely reflect plant-induced changes in the
rhizosphere that were not assessed as part of this study.
No single soil P test was able to accurately predict P supply under all circumstances (crop and P
source combinations) of this study. DGT, Resin and Bray-1 P were better correlated with early crop
growth compared to Colwell P and BSES and accessed similar P pools to wheat on the neutral to
alkaline Vertosol used in this study. However, none of the soil P tests accurately measured plantavailable P for the three different crop species under all conditions. Assuming that plant species
were potentially altering rhizosphere conditions, most of the soil P tests under-estimated the pool
of soil P which the plant could access. Further work is needed to verify these results with plants
grown to maturity.
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Chapter 6 General discussion
Fertilisers, primarily those supplying Nitrogen (N) and Phosphorus (P), are the single largest
variable input cost for Australian grain producers (IPNI 2013). When poor responses to fertiliser
are coupled with low commodity prices and rising production costs (Bell et al. 2016), there may be
a significant financial penalty for the grain producer. Poor grain yield (GY) responses to N and P
fertilisers have been observed in numerous studies. This thesis aimed to improve our understanding
of the causes of poor GY responses to N and P fertilisers, by exploring the potential contribution of
P and N supply from the soil.

6.1 Quantifying the magnitude of in-crop N mineralisation (ICM) in current cropping
systems of south-eastern Australia
The first experimental chapter (Chapter 2) focused on the quantifying the magnitude of in-crop N
mineralisation (ICM) in current cropping systems of south-eastern Australia. Grain growers in this
region currently base their N management decisions on either assessment of mineral N in the soil
profile prior to sowing or assumptions of likely soil N supply contributed by the previous phase in
the rotation. Whereas there is a recognition that mineralisation of N from organic matter during the
growing season can meet some of the crop demand for N (with the remainder provided by N
fertilisers), the ‘rules of thumb’ or simple calculators that many growers and advisers use have not
been accurately assessed on the soils of this region nor under the current farming practices used
(Bell et al. 2016). Using a dataset collected from 73 farmer paddocks (including 4 irrigated
paddocks) as well as two long-term experiments in the low (< 400 mm annual rainfall), medium
(400- 550 mm) and high (> 550 mm) rainfall zones of south-eastern Australia, between 2013 and
2016 this thesis quantified the relative importance of ICM in terms of the overall N balance of the
crops as well as assessing several factors which may influence the amount of N supplied.. The
dataset was dominated by clays with neutral to alkaline pH topsoils, which were relatively low in
soil organic carbon C (SOC) concentration (3 to 53 mg g-1) and inputs of N fertiliser were generally
modest (< 20 kg N ha-1), but ranged from 0 to 137 kg N ha-1. The median positive net ICM value
was 33 kg N ha-1 (maximum 116 kg N ha-1), which is similar to values presented in other recent
studies from south-eastern Australia (Dunsford et al. 2015; Officer et al. 2009; Sadras and Baldock
2003; Xu et al. 1996b). Net ICM was well correlated with growing season rainfall (GSR) and SOC,
but previous crop was not found to be a good indicator of net ICM in this dataset. The previous crop
appeared to have a greater effect on mineralisation over the fallow period preceding sowing. Higher
mineral N values were noted after a long fallow or a pasture (principally a vetch green manure
crop). We suggest that the increased pre-sowing mineral N was due to additional soil water and
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prolonged fallow period. A more robust analysis, with a larger and more balanced dataset, is
necessary.
This study found that N supply from ICM has the potential to supply cereal crops with a substantial
proportion (median value of 45%, range 0.5 to 335%) of their N requirements, across a diverse
range of sites throughout the low, medium, high and irrigated cropping regions of north western
Victoria. Pre-sowing soil nitrate, however had the capacity to supply a much larger portion of crop
N requirements; with a median value of 104%, compared to 45% for net ICM. When this value was
compared against data from previous studies late last century from southern New South Wales
(NSW), the results showed a narrower range for the magnitude of potential supply 34 and 242%,
but a higher median value (76%) (Angus et al. 1998). The differences in proportions of crop N
potentially supplied by net ICM suggest some decline in supply of N from net ICM, but the studies
used as comparisons where were all based in the southern region of NSW where rotations include
greater use of legume pasture phases, soils and rainfall are very different to those in Victoria. The
NSW studies also used the raison tubes to measure mineralisation. The soil within the tubes is not
subject to the influence of uptake by plant roots, potentially contains more water and may reduce N
leaching losses because tubes are commonly capped. The technique used by this present study did
not prevent such N losses or crop water use, and hence may better represent the conditions
experienced by the crop.
It is generally acknowledged that the concentrations SOC and total N in Australian cropping soils
are declining due to increased cropping intensity, despite increased rates of stubble retention (Angus
and Grace 2017). Studies have advocated that legume-based pasture and phased wheat-pasture
systems are the best ways of replenishing soil N and C. As the area under continuous cropping
continues to increase, at the expense of legume pasture production, a shift away from continuous
cropping back into pasture seems unlikely unless declining soil fertility (soil C and N levels),
changes in relative commodity prices or the development of herbicide resistance ultimately force
the change (Walsh and Powles 2007). International studies, however suggest that it is possible to
maintain or increase SOC levels under continuous cropping, provided that residues are retained,
and N inputs meet or exceed outputs (Alvarez 2005; Guo et al. 2012).
This study found that overall mineralisation, both between growing seasons (over the summer
fallow) and in-crop, has the capacity to provide the crop with a significant proportion of its N
requirements, and in some cases, net ICM exceeded N uptake. Hence there may be opportunities to
enhance N capture and hence increase GY potential by more thorough exploitation of plant
available mineral N in the soil profile. However, the proportion of crop N potentially supplied by
mineralisation is based on the growth of the crop and N uptake and hence it will be influenced by
any factor affecting crop growth, including soil water supply (Sadras and McDonald 2012). Given
the dry seasonal conditions experienced during this study, it is difficult to know whether the
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proportion of crop N potentially supplied by in-crop mineralisation was controlled by N supply or
crop demand (Angus 2001).
The method used to determine mineralisation in this study was a simple one, involving measurement
of the net change in soil mineral N between sowing and harvest and crop N uptake, and hence
allowed for a reasonably large dataset that encompassed a diverse range of soil types, environments
and cropping practices to be collected. However, this method has some limitations. Negative ICM
values were measured in 30% of the dataset collected for this study. A negative value may indicate
1) net immobilisation of N, 2) N loss through leaching, denitrification or volatilisation or 3) spatial
variability. At present, the net ICM calculation does not account for N losses, which may be
significant in some environments. For example, approximately 16 kg N ha-1 was lost as N2O in the
Victorian high-rainfall zone (Harris et al. 2016), with presumably much greater losses of N also
occurring as N2 via denitrification. Therefore, this calculation of net ICM may not be suitable in all
environments and seasons. Inclusion of some estimate for N losses may help to improve this
method. In comparison, negative net ICM values in the low-rainfall zone may indicate higher rates
of immobilisation due to a depletion of total N in the soil from cropping and frequent inputs of
cereal residue with high C:N ratios. Measurement of gross mineralisation using 15N under a range
of seasonal conditions would help to verify mineralisation/ immobilisation rates in the low-rainfall
zone.

6.2 Methods of predicting net in-crop N mineralisation
Chapter 3 of this thesis compared a range of relatively rapid and cost-effective methods, including
soil testing and a simple calculator, for their potential use for predicting in-crop N mineralisation in
soil of south-eastern Australia (as measured in Chapter 2). The methods chosen included Hot KCl
extractions, Solvita Labile Amino-N (SLAN) and Mid infrared spectroscopy (MIR). These methods
were compared against an anaerobic incubation, the standard method for predicting N
mineralisation, but which has a number of limitations for adaptation to a commercial setting. This
study showed that any of the methods examined in this study could be potentially used to predict
net ICM. The results from each of the methods correlated significantly with net ICM; with the
correlations with hot KCl and SLAN were often stronger than with the anaerobic method.
The hot KCL method has been widely investigated overseas for predicting N mineralisation, but
research in Australia is limited. As far as we know this is the first Australian study investigating the
use of Hot KCl to estimate potential N mineralisation in dryland cropping. Previous Australian
studies are limited to forestry (Szota et al. 2014; Wang et al. 1996) and flood irrigated rice (Russell
et al. 2002; Russell et al. 2006). Hot KCl extractions are not affected by the use of air-dried soil
(Gianello and Bremner 1986; Øien and Selmer-Olsen 1980), making it an attractive option as
analysis could be done using the same samples collected for pre-sowing mineral N analysis, without
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additional sampling or freezing fresh samples. The Hot KCl method currently requires a solution of
soil and KCl to be heated to 95⁰C for 16 hours (Rayment and Lyons 2011), but variations with
shorter boiling times (i.e. 1, 2 or 4 hours) and using different extraction temperatures did not
severely affect correlations with crop N uptake or biological methods (Gianello and Bremner 1986;
Øien and Selmer-Olsen 1980). Shorter extraction times would enable a faster turnaround in a
commercial setting. Further research into hot KCl extractions on a wider range of soil types and
different variations to the method is warranted.
The SLAN technique is based on the Illinois Soil Nitrogen test but has been modified as a rapid and
simple technique, making it possible for farming groups, agronomists or farmers to use. The
absolute values obtained from the SLAN test were very high; up to 394 kg N ha-1 in the top 10 cm
and exceed cumulative annual mineralisation in many Australian cropping soils presented in Bell
et al. (2016) and presented in Chapter 2 of this thesis (maximum 116 kg N ha-1). Published literature
examining the SLAN technique is limited, with most studies having been conducted in the USA in
corn and turfgrass species. Many of these studies have used the SLAN test as an indication of a crop
response to N fertiliser. The results do not necessarily imply that all of this N will be available for
the crop (W Brinton pers. comm. 2018). For this method to be successfully used by Australian
farmers and advisors, it will require calibrations on a more diverse range of Australian soils and
modification so that predictions can used directly by the grower.
Mid-infrared spectroscopy (MIR) was also investigated in this study. Gross NH4+ measured using
MIR was well correlated with that from the anaerobic incubations, supporting the previous findings
of Murphy et al. (2009) that prediction of anaerobically mineralizable N by infrared spectroscopy
could be used to predict in-crop N mineralisation. Unfortunately, the MIR dataset collected in this
study was not of a sufficient size to allow for a separate calibration and validation datasets and a
larger dataset is needed to further test the robustness of this model. The MIR has several benefits
over the other methods investigated in this thesis. First, it requires a very small amount of soil.
Second, it is non-destructive. Third, it does not require wet chemistry which is time-consuming and
a potential source of error. Last, once the spectra are collected, it can be used to provide information
about multiple soil properties. Small portable units are now being investigated for potential use in
the field (Soriano-Disla et al. 2014). Furthermore, given the close correlations between Hot KCl
and net ICM, along with the timeliness and general robustness. the use of hot KCl as the surrogate
for the MIR predictions would be worth investigating.
The simple calculator (aka the ‘Ridge method’) is widely used by agronomists in southern-eastern
Australia, particularly in the Wimmera and Mallee region of Victoria. A recent national study of N
management in Australian cropping systems questions the accuracy of this method under current
management systems (Bell et al. 2016). The results presented in this thesis showed the Ridge
method was still significantly correlated with net ICM. This is most likely because it is an empirical
equation derived from a relationship between GSR and SOC, which are well correlated with net
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ICM (Chapter 2). The Ridge method will most likely hold up in modern cropping systems and may
still have merit, although its correlations with net ICM were not greatly superior to correlations with
GSR or SOC alone. The value of the Ridge method may depend on the quality of the input data.
For example, estimating SOC as opposed to measured values. Furthermore, the prediction by the
Ridge method was based on actual GSR, whereas in practice predictions would be made at sowing
or early in the season, when seasonal forecasts are not particularly accurate. If GSR is different to
the long-term average, then it is likely that predictions will not be very accurate. At present there is
no way of accurately predicting GSR in this environment.
Most of the net N mineralisation measured occurred within the top 10 cm of the soil profile, similar
to other studies (Gupta et al. 1994; Xu et al. 1996b). Results presented in this thesis, however
showed improved correlations between net ICM and most soil testing methods when 10-20 cm was
also included. This result may be linked to the dominate soil type, Vertosols, in this study. Vertosols
have shrink-swell properties that may have allowed for movement of organic matter below 0-10
cm, and generally contain higher concentrations of total N (as a proxy for organic matter) in the 1020 cm layer than the other soil types (R Armstrong, pers. comm. 2018). Growers may need to
sample to 20 cm, to obtain accurate predictions of soil N mineralisation potential.
Dryland grain production is challenging, requiring a balance between the right management against
environmental factors (especially rainfall) that farmers cannot control. Over-complicating
predictions of in-crop N mineralisation will decrease the likelihood of these techniques being
adopted. Within farming systems, there are numerous sources of inaccuracy from the calibration of
equipment to the timeliness of application, so it is important to consider how accurate predictions
of in-crop N mineralisation need to be. Pannell (2017) argues that the economic optimum for N
application is broad, so accurate predictions of in-crop N supply may not be crucial at present.
However, there will be increased global demands for Australian grain in the future, mounting
pressure to improve nitrogen-use efficiency in our production systems. Adoption of new
technologies and greater automation will allow for more accurate N management and make
improved predictions of in-crop N supply a necessity.

6.3 Poor grain yield responses to P fertiliser: interactions between water, P supply and root
growth
Chapter 4 of this thesis presented the results of four experiments which investigated the potential
cause of poor GY responses to P fertiliser through the interactions between water and P supply.
Field studies conducted in the 2012 and 2015 growing seasons. The two field sites had similar soil
P characteristics, but the amount and distribution of rainfall during the season was very different.
Glasshouse studies were used to further explore interactions between soil water, P supply and P
uptake by wheat.
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Early biomass responses to P fertiliser were visually evident in all four experiments. Data from the
glasshouse experiment suggested that the early responses were due to additional plant tillering and
increased plant height. In some cases, responses to P fertiliser were still significant at grain maturity,
but in all cases the magnitude of crop response to P declined over the season and the response of
GY was always smaller than the biomass response early in the season. These results raise questions
about how commonly a decline in crop response to P fertiliser occurs in the field. The aspect could
easily be addressed using zero P fertiliser strips within paddocks, even with different background
soil P levels.
Rainfall and soil water data from the two field experiments showed distinct differences in the
amount of water present during the growing season and depth of water extraction by the roots. It
followed that the crop which received the most water (i.e. 2012), had the smallest response to P
fertiliser at grain maturity. The result of this research was supported by previous studies that a
decline in crop response to P was evident in most seasons, and that the decline was stronger in wet
seasons (Colwell 1963a; McDonald et al. 2015; Piper and DeVries 1963). This result prompted
further investigation into the role of soil water, root growth and P supply in explaining poor GY
responses to P fertiliser.
A glasshouse experiment using soil cores was established to confirm the effects of watering depth
on utilisation of soil versus fertiliser P and on the response of wheat to P fertiliser. This study used
33

P-labelled fertiliser to trace the source of P absorbed by the crop and what was the effect of

increasing depth of soil water as a means of modifying the volume of soil from which plants could
access P. The study showed that the portion of P derived from the fertiliser declined as the watering
depth increased, because the crop was able to draw more of its P from the larger volume of wet soil.
Responses to P fertiliser were weak but showed a decrease with increasing depth of watering. The
soil cores which had water in the subsoil (to 40, 60 and 80 cm depths) utilised more P fertiliser, but
derived a smaller proportion of their P uptake from the fertiliser, showing that they relied less on
fertiliser to supply their P requirements. When all the treatments received the same amount of water
per core (excluding the 20 cm treatment), there was only a small difference in GY and the proportion
of P derived from the fertiliser. The results suggest that the watering depth per se did not drive the
decline in crop response to P fertiliser, but rather the volume of water available to the crop.
Furthermore, the results also indicated that temporal variation in soil water determined GY and
from which source the crop derived its P supply. Under field systems, soil P is likely to be more
highly stratified in the topsoil, compared to the soil profiles that were created in the glasshouse
studies and hence in the field results are likely to be more sensitive to changes in soil moisture
through wetting and drying of the topsoil.
A second glasshouse experiment, using multiple harvests over the growing period, confirmed
differences in the pattern of total P uptake between the P-deficient and P-fertilised wheat plants.
The plants fertilised with P, accumulated a greater proportion of their P during early growth, while
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the P-deficient wheat accumulated more of its P later in the growth period. Overall, total P uptake
became more similar over time, but the addition of P fertiliser still resulted in significantly greater
uptake of P at maturity. The data from the field experiments confirmed differences in the pattern of
P uptake. In the 2012 field experiment, the crop biomass response to P diminished between midtillering and anthesis, which is a period of rapid P accumulation by the crop (Elliott et al. 1997a).
Further examination of the data showed that the change in P accumulation appeared to coincide
with an increase in the rate of P uptake (per unit root length or root weight) or influx by the Pdeficient wheat plant. The rate of P influx in the P-deficient plants exceeded that of the P-fertilised
plants, from the end of tillering to booting and through to anthesis. This change in P uptake was
also mirrored by increases in the size of the root system, by the P-deficient crop. As with aboveground biomass and P uptake, differences in root weight between the P-fertilised and non-P
fertilised treatments narrowed during the life cycle of the crop. This resulted in the P-deficient crop
“catching up” to the P-fertilised crop, at least to some degree. The ability to narrow the gap between
the P-fertilised and non-P fertilised plants, however would depend on the availability of water and
P supply from the soil. While this mechanism of enhanced P influx in the P-deficient plant is likely
to be responsible for the decline in crop response to P, further work is necessary for confirmation.
This study also showed that a significant proportion of total P uptake can be accumulated after
anthesis. This additional P uptake may have been important in determining GY of the crop, although
the extent to which this occurred was not quantified in this thesis and debate exists in the literature
over its usefulness of late P uptake for achieving maximum GY (Grant et al. 2001; Piper and
DeVries 1963; Sutton et al. 1983). Late P uptake in the field relies on soil water and is not always
possible particularly in the dry spring conditions that dominate cropping in most grain growing
regions of Australia. A different result may have been obtained if this late P uptake had not been
possible due to the presence of soil water and final GY may have responded differently to P
fertiliser. Previous studies implicated a lack of water as the cause behind poor GY responses to P
fertiliser (Armstrong et al. 2008; Colwell 1963a; Mason et al. 2010a). Noack et al. (2010) stated
that poor GY responses to P fertiliser were the results of inadequate soil water late in the season to
fulfil GY potential, as is observed with N. This mechanism cannot be fully ruled out, as a potential
cause of poor GY responses to P fertiliser. Observations of low HI from P application by Armstrong
et al. (2008) suggest that a lack of soil water was directly responsible. Recent results also showed
reduced yields in the high P treatments at a site near Horsham (R Armstrong and K Dunsford,
unpublished data, 2018). In this case, the high-P treatments appeared to have run out of water earlier
in the season, and decreased the green-leaf area, as well as experiencing severe frost damage during
grain filling. A lack of soil water late in the season may be a driver for poor GY responses to P
fertiliser. However, in most of the published literature, responses to P fertiliser disappeared or
diminished in wet seasons, the cause of which was explored in this thesis.
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Phosphorus supply is important for early vigour and P deficiency is known to delay phasic
development in wheat (Elliott et al. 1997a). Early differences in the rate of crop development, due
to P deficiency could explain the initial P response observed in many experiments. In an effort to
address this issue, plant samples were collected during the season from the 2015 field site. Results
showed delayed development in the no-P treatment. Phosphorus deficiency delayed flowering in
Yitpi wheat by up to 10 days but had little effect on flowering in the cultivar Mace (observed in the
field by examining the developing grain). Further experimentation is required to adequately
separate the effects of P on the rate of crop development and changes in P uptake as the potential
mechanism responsible for the decline in crop response to P fertiliser.
Vigorous early growth may be necessary for cereal crops to compete with weeds or for good ground
cover to reduce soil evaporation. In the field, farmers most likely will see early stimulation of crop
growth from P application due to its proximity to the seed. There may be situations where improved
early nutrition does affect final yield, as was observed in the dry season (2015), but this thesis
suggests that wheat was able to compensate for a lack of P fertiliser at sowing in most seasons,
particularly with good rainfall. In contrast to expectations, the presence of strong GY and biomass
response to P fertiliser at maturity in 2015, signified the importance of P fertiliser to the plant in a
dry season. Results from the glasshouse study further showed that the crop derived more of its P
from the fertiliser and P fertiliser had a larger effect on GY when only the 20 cm topsoil was
watered. Application of fresh P fertiliser may be important to improve GY in a dry season.
The lack of GY responses to P fertiliser could also result from an adequate supply of soil P. A recent
study encompassing various rainfall zones of western Victoria has shown that many cropping soils
contain sufficient soil P to supply a crop with all of its P requirements, with the mean Colwell P
value of above 30 mg P kg-1 across a range of soil types (Armstrong et al. 2018a). Minimum Colwell
P values below 22 mg P kg-1 were recorded in only 3 soil types (Calcarosols, Chromosols and
Vertosols), while the maximum values were all in excess of 50 mg P kg-1 (maximum 218 mg P kg1

on the Vertosols) (Armstrong et al. 2018a). High Colwell P levels in the topsoil are backed up by

anecdotal evidence by a lack of P responses in the Wimmera region (400 – 550 mm annual rainfall
with predominately alkaline soils) of Victoria.
Armstrong et al. (2018a) showed that the rate of P fertiliser application applied by grain growers in
a survey of wheat production and grower management was poorly correlated with Colwell P (R2 =
0.27). Given this relationship between Colwell P and P fertiliser rate, it begs the question, of
whether P application (and Colwell P) are a function of grower attitude to fertiliser management?
Given the widespread incidence of high soil Colwell P levels, why are farmers still applying P
fertiliser in every season? And could they get away with not applying fertiliser P in some seasons?
During this PhD, I have spoken with a number of local advisors and farmers in the Wimmera region.
Many people saw sowing as their only chance to “get P nutrition right”, i.e. due to the limited
effectiveness of top-dressing or foliar application. There may come a time, however when P
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fertiliser management will be considered more carefully. Application of P (e.g. as DAP) is more
expensive than providing the crop with N (i.e. urea) (Marshall 2018), so backing off or even not
applying P fertiliser in some seasons saves on input costs and, if there is no GY response, it would
also help to maximise profit. Instead, farmers are adding replacement rates based on the
approximate amount exported in grain, and in some cases additional P fertiliser, every year. The
results of this thesis suggest that many farmers could reduce the amount of P they apply, or in some
cases not add any. As is commonly advocated with N, the use of a no fertiliser strip would help to
determine (1) whether the crop is responding to P fertiliser at any stage and (2) whether this response
is evident at maturity through differences in yield monitoring. While this method only has value
from a retrospective point of view, if used over multiple years it may enable a grower to get a clearer
understanding of whether there are benefiting from continual use of P fertiliser.
Phosphorus utilisation efficiency (PUE) was not a focus in this thesis, but it is likely that P-deficient
plants are more efficient at utilising the P they absorb. The law of diminishing returns states that
the efficiency with which plants utilise each additional unit of absorbed P, for the development of
GY, declines (Syers et al. 2008). The data from this study showed a significantly higher PUE in the
no-P than the P-fertilised treatment. For example, the PUE was 352 kg grain kg P-1 where no P was
added compared to 294 kg grain kg P-1 (P = 0.002) where P was added in the 2012 field trial. Under
glasshouse conditions (one experiment), however the reverse was observed. The PUE was higher
when P was applied; 209 kg grain kg P-1 for the P-fertilised treatment compared to 188 kg grain kg
P-1 where no P was added (P = 0.025). The values for PUE measured in the Experiment III were
lower than observed in the 2015 field trial, and the glasshouse experiment which used increasing
depth of water (Expt. II). This suggests P uptake was in excess of the crops crop requirements and
that late P uptake was not utilised efficiently by the crop and was not necessary for GY (Batten
1984). It is also worth noting that many studies examining P uptake efficiency (as opposed to
utilisation efficiency) tend to focus on the early growth of the crop rather than GY. The results of
this thesis, along with comments from McDonald et al. (2015), suggest that the P uptake efficiency
measured at seedling or early growth stages may not infer that at maturity.
Many components of GY are established during early vegetative stages, when responses to P
fertiliser are at their strongest. Phosphorus deficiency can reduce the GY potential by reducing the
number of tillers per plant (Elliott et al. 1997a; Fioreze et al. 2012; Rodríguez et al. 1999) and the
number of spikelets per head (Rahman and Wilson 1977). Assessments of plant tillering were taken
at various growth stages in the glasshouse. The application of P fertiliser increased plant tillering
during the early stages of growth, but this effect diminished over time. This suggests that the Pdeficient plants continued to produce some additional tillers and at maturity a greater proportion of
tillers were fertile. The P-deficient plants also developed more spikelets and more grains per head
and had heavier kernel weights. Increased tillering can lead to a reduced number of spikelets on the
main head (Jones and Kirby 1977) and result in higher rates of floret death (Kirby 1988) and
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ultimately lower GY. Reduced tillering in the P-deficient plants may have reduced competition for
resources during critical stages of yield formation and hence helped to maintain GY through its
effect on other GY components.
Agronomic management, which may affect crop responses to P fertiliser, were not addressed in this
thesis, but may have a significant effect on GY response to P fertiliser. Batten and Khan (1987)
found when wheat was sown early it required less P fertiliser to maximise GY. They suggested that
a reduced requirement for P fertiliser was due to the development of a larger root system (under
warm soil conditions), which allowed the crop to capture more P from the soil. Further work is
required to improve our understanding of how different management practices affect crop responses
to P fertiliser.
Interactions between P and other nutrients such as N were not explored in this thesis and hence they
cannot be fully ruled out as a potential cause of the decline in crop response to P during the season.
Data from field experiment in 2012 showed GY was determined by an interaction between water
and N, with no effect of P. It is possible that crop demand for N or N limitation became more
limiting to growth than P supply as the season progressed. Further work if required to clarify
interactions between P and other nutrients.

6.4 The role of sparingly soluble P sources in providing P to the plant and implications on soil
P testing
The results from the field and glasshouse experiments in Chapter 4 showed reduced or poor GY
responses to P fertiliser despite plant available levels of P as measured by Colwell P being classified
as potentially deficient even when P-buffering indexes are accounted for. This raises concerns about
the accuracy of current soil testing practices in predicting soil P supply to the plant. Chapter 5 of
this thesis investigated the ability of wheat to utilise sparingly soluble P sources and examined how
well a range of commonly used soil P tests were able to predict P supply to the plant from the P
sources. The amounts of P held in sparingly soluble P pools can be substantial. If wheat is able to
capture significant amounts of P from sparingly soluble P pools, it may help to explain (1) how
wheat is able to overcome initial differences in crop growth response to P fertiliser and (2) may
help to explain the poor relationship between current soil P tests and plant growth or GY.
Wheat was able to utilise the sparingly soluble Al and Fe-P sources supplied; producing 64% and
73% of the shoot biomass produced by the soluble P source (H3PO4), respectively, but was not able
to utilise a poorly-soluble Ca-P source due to its low solubility under alkaline conditions. Depending
on the quantity and solubility of the P sources present in a soil, they may provide the plant with
significant amounts of P.
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The L-value of the plants was examined over several growth stages and it was hypothesed that Lvalues would enlarge over time as the plants absorb readily-labile P, leading to increased dissolution
of P from sparingly soluble P sources. The results in this thesis however showed that L-values were
largest at the first harvest, but these values may have been inflated by the contribution of the seed
P supply, when the plants were small. The amounts of seed P used in this study were within the
ranges used by previous studies. A longer growth period may have been necessary to induce greater
change.
The second experiment compared the ability of three contrasting crop species: an oilseed (canolaBrassica napus), a pulse (chickpea- Cicer arietinum) and a cereal (wheat) to utilise Fe-P. Canola
and wheat were more responsive to H3PO4 and Fe-P than chickpea. This trend was also observed
by Bolland et al. (1999) in response to fresh application of soluble P fertiliser. Differences in seed
P reserves appear to be partially responsible for differences in crop responsiveness; chickpea has a
much larger seed than wheat and canola and hence greater reserves of P as well as energy for early
growth. In the presence of Fe-P, canola was able to access more of the non-labile P compared to the
other species, possibly due to its ability to acidify the rhizosphere and increase the solubility of nonlabile P forms, such as Ca or Mg phosphates, which are not isotopically exchangeable (Hedley et
al. 1982b). Given this, however it may be expected that canola should have accessed more nonlabile P even in the control soil. It is likely that the small seed size and low P reserves may be
responsible for the poor growth and low L-value of canola grown in the control soil. Canola may
have shown a greater ability to access sparingly soluble P in a soil with a higher background P level.
The specific activity (ratio of 33P to total/ 31P) of wheat plants were compared to that of the soil
tests, to determine whether they were accessing similar P pools. The basic approach of virtually all
soil tests, for estimating plant available P in soil, is to measure the concentration of orthophosphate
in a chemical extract and different soil P tests/extracts tend to be predominately used in specific
environments (particular soil types or cropping regions). Another approach is the use of resins
(including DGT) which mimic absorption of soil P by a root. Neither approach however,
specifically aims to measure distinct pools of P (either mineral or organic in form) but rather
assumes that soil P is continuum of different forms of P. None of the soil P tests investigated in this
study were able to accurately predict the plant-available P pool for all the various P sources and
crop species. This study did however identify that some soil tests, such as DGT and Bray-P, which
were able to more accurately predict early growth and P supply compared to the Colwell P and
BSES methods on the neutral to alkaline Vertosols used in this study. The results showed that all
of the soil tests examined were unable to measure the same pool of P as those accessed by the crop
in all situations, particularly when plants change their root morphology and rhizosphere properties
to enhance P availability.
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In this chapter, Colwell P was shown to slightly underpredict plant available P in the control soil
and from the Ca-P source, extracting only 66% and 60% of plant available P, respectively. For the
remaining P sources, however it tended to overpredict availability. The maximum amount of P
extracted by Colwell P was observed for the Fe-P source where 3.5 times more P extracted than
was accessed by the plant. Yet in the 2012 field experiment, Colwell P underestimated soil P supply.
Previous research has suggested that Colwell P requires calibration for different season conditions,
fertiliser types and crop species (Bolland et al. 1989). It is also possible that Colwell P may not
accurately measure soil P supply from organic P sources. Supply of P through mineralisation of
organic P, was not explored in this thesis, because organic P forms are not considered to supply
significant amount of P in cropping systems with a long history of P fertiliser application, but there
are anecdotal evidence in the Wimmera region, that Colwell P can increase between pre-sowing
sampling (especially after long dry summers and autumns) and in-season sampling, after rainfall
has occurred (R Armstrong pers. comm. 2018). Previous research has shown there are can
significant amounts of organic P are extracted by 0.5 M NaHCO3 (the extractant used for Colwell
P), in native unfertilised soil (Rose et al. 2010) and long-term pasture soils (McLaren et al. 2015).
This P source is not generally analysed in the Colwell P analysis, although analysis has shown that
the 0.5 M NaHCO3 extract can contain significant proportions of both orthophosphate and organic
P in Victorian cropping soils (Vu et al. 2011). But Rose et al. (2010) did not observe any significant
changes in the organic P fraction extracted by NaHCO3 after cropping with wheat. Another possible
explanation for this shift is the issue of spatial variability and horizontal stratification of P which
can be significant and hence may have a large effect on soil P sampling and predictions of plant
available P (S. Mason pers. comm. 2018).
The findings of this study are limited to neutral to alkaline soils of south-eastern Australia, and
alternate results may be observed in a range of different soil types. Conclusions arising from this
study are also limited to early plant growth (Chapter 4). The short experimental timeframe was
necessary due to the short half-life of 33P to allow adequate levels of radiation for detection and
measurement. It is possible to use irradiated sources of sparingly soluble P (Armstrong and Helyar
1993), but this process is costly and can lead to unintentional labelling of accompanied cations
(Armstrong et al. 1993). Further work would allow for the relationship between soil tests and
utilisation of sparingly soluble P sources to be tested with wheat grown to maturity in both the
glasshouse and field.
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6.5 Conclusions and opportunities for future research
In summary, this thesis aimed to understand factors contributing to poor GY responses of wheat to
N and P fertiliser in situations where there are often early vegetative responses to N and P fertilisers.
This thesis has determined that:
-

Chapter 2: In current cropping systems of south-eastern Australia, in-crop N mineralisation
can be important and has potential to supply a cereal crop with a significant proportion of
its N requirements. The current method for estimating net ICM does not include any
estimate for N losses, which may help to improve the usefulness of this method. A number
of negative net ICM values were obtained in this study, particularly in the low-rainfall zone.
Further investigation (i.e. measuring gross mineralisation) may help to verify
mineralisation/ immobilisation rates, particularly in the low-rainfall zone.

-

Chapter 3: There are a range of soil tests which have merits as a means of predicting incrop N mineralisation. Hot KCl extraction and the SLAN test could be offered by a
commercial laboratory or grower group/farmer, but MIR is the most promising method
because this technology would allow for field application and paddock mapping. All of
these methods, however require further calibration for Australian conditions before they
can be used. The Ridge method was correlated with net ICM but did not outperform GSR
or SOC alone.

-

Chapter 4: Poor GY responses to P fertiliser were more evident in years with good growingseason rainfall because the crop derives more of its P from the soil and hence reduces it
reliance on fertiliser to supply its P requirements. When adequate soil water is present, Pdeficient plants are able to accumulate sufficient P to overcome P deficiency and achieve a
similar GY to P-fertilised plants, by increasing their rate of P uptake and accumulation of
their P later in the season. Further work is necessary to investigate the interaction between
soil water (location versus timing), P (from soil versus fertiliser) and root growth, and to
confirm that changes in the rate of P uptake is the mechanism responsible for the decline in
crop response to P fertiliser over the season. Future studies should also aim to separate the
effects of P on the rate of crop development and changes in P uptake rate as the potential
mechanism responsible for the decline in crop response to P fertiliser over time.

-

Chapter 5: Wheat, grown in a neutral to alkaline soil, was able to utilise a range of sparingly
soluble P sources, which represent those found in soils, to varying degrees. Soil P tests
differed in their ability to accurately predict P supply to the plant from sparingly soluble P
sources. The accuracy of the test varied between sparingly soluble P sources and this may
partially explain the poor reputation of some current soil P tests in relation to predictions
of crop yield. Further experimentation is needed to confirm the relationships between soil
tests and plant access to sparingly soluble P sources at maturity, and the effects of soil type
and crop species.
154

References
ABARES (2017) Agricultural Commodity Statistics 2017, Rural Commodities – wheat.
Available

at

http://www.agriculture.gov.au/abares/research-topics/agricultural-

commodities/agricultural-commodities-trade-data#2017 Accessed 21 December 2018
ABARES (2019) Agricultural commodities and trade data, Crop data underpinning: Australian crop
resport: June 2019 No. 190. Available at http://www.agriculture.gov.au/abares/researchtopics/agricultural-commodities/agricultural-commodities-trade-data#australian-cropreport-data Accessed 11 July 2019
Adcock D, McNeill AM, McDonald GK, Armstrong RD (2007) Subsoil constraints to crop
production on neutral and alkaline soils in south-eastern Australia: a review of current
knowledge and management strategies. Australian Journal of Experimental Agriculture 47:
1245-1261. doi: http://dx.doi.org/10.1071/EA06250.
Adriano DC, Murphy LS (1970) Effects of ammonium polyphosphates on yield and chemical
composition

of

irrigated

corn.

Agronomy

Journal

62:

561-567.

doi:

10.2134/agronj1970.00021962006200050003x.
Allaby M (2010) A dictionary of ecology. Oxford University Press Inc., New York.
Allen D, Jeffery R (1990) Methods of analysis of phosphorus in Western Australian soils. Report
of Investigation No. 37. Chemistry Centre (WA), East Perth.
Alvarez R (2005) A review of nitrogen fertilizer and conservation tillage effects on soil organic
carbon storage. Soil Use and Management 21: 38-52.
Anderson GC, Fillery IRP, Dunin FX, Dolling PJ, Asseng S (1998) Nitrogen and water flows under
pasture-wheat and lupin-wheat rotations in deep sands in Western Australia. 2. Drainage
and nitrate leaching. Australian Journal of Agricultural Research 49: 345-362. doi:
https://doi.org/10.1071/A97142.
Angus JF (2001) Nitrogen supply and demand in Australian agriculture. Australian Journal of
Experimental Agriculture 41: 277-288.
Angus JF, Fischer R (1991) Grain protein responses to nitrogen applied to wheat growing on a red
earth.

Australian

Journal

of

Agricultural

Research

42:

735-746.

doi:

https://doi.org/10.1071/AR9910735.
Angus JF, Bolger TP, Kirkegaard JA, Peoples MB (2006) Nitrogen mineralisation in relation to
previous

crops

and

pastures.

Soil

Research

44:

355-365.

doi:

https://doi.org/10.1071/SR05138.
Angus JF, Gault RR, Good AJ, Hart AB, Jones TD, Peoples MB (2000) Lucerne removal before a
cropping phase. Australian Journal of Agricultural Research 51: 877-889. doi:
https://doi.org/10.1071/AR99183.
Angus JF, Grace PR (2017) Nitrogen balance in Australia and nitrogen use efficiency on Australian
farms. Soil Research 55: 435-450. doi: https://doi.org/10.1071/SR16325.
155

Angus JF, van Herwaarden AF, Heenan DP, Fischer RA, Howe GN (1998) The source of mineral
nitrogen for cereals in south-eastern Australia. Australian Journal of Agricultural Research
49: 511-522. doi: http://dx.doi.org/10.1071/A97125.
Anon (2003) Dumas total nitrogen determination CD Method 02-03. The Royal Australian
Chemical Institute: Melbourne.
Armstrong RD, Hochman Z, Waldner F, Bell K (2018a) Closing the gap: Causes, solutions and
tools for managing yield constraints (CSA00055) Milestone 10: Meeting with Victorian
grain consultants/advisers and economist held and Results of Outcome Hierarchy finalised.
Department of Jobs, Precincts and Regions, Victoria
Armstrong RD, Nuttall J, Holloway R, Lombi E, McLaughlin M (2008) How effective are fluid
phosphorus fertilisers in the Wimmera and Mallee region of Victoria? Proceedings of the
14th Australian Agronomy Conference "Global Issues, Paddock Action". Australian
Society of Agronomy, Adelaide, South Australia.
Armstrong RD, Helyar KR (1993) Utilization of labelled mineral and organic phosphorus sources
by grasses common to semi-arid mulga shrublands. Australian Journal of Soil Research 31:
271-283.
Armstrong RD, Helyar KR, Prangnell R (1993) Direct assessment of mineral phosphorus
availability to tropical crops using 32P labelled compounds. Plant and Soil 150: 279-287.
doi: 10.1007/bf00013025.
Armstrong RD, McCosker K, Walsh K, Millar G, Kuskopf B, Probert ME, Johnson S, Standley J
(1999) Legume and opportunity cropping systems in central Queensland. 2. Effect of
legumes on following crops. Australian Journal of Agricultural Research 50: 925-936. doi:
http://dx.doi.org/10.1071/AR98101.
Armstrong RD, Perris R, Munn M, Dunsford K, Robertson F, Hollaway GJ, Leary GJO (2018b)
Effects of long-term rotation and tillage practice on grain yield and protein of wheat and
soil fertility on a Vertosol in a medium-rainfall temperate environment. Crop and Pasture
Science 70: 1-15. doi: https://doi.org/10.1071/CP17437.
Asher CJ, Loneragan JF (1967) Response of plants to phosphate concentration in solution culture:
I. Growth and phosphorus content Soil Science 103: 225-233.
Asseng S, Turner NC, Keating BA (2001) Analysis of water- and nitrogen use efﬁciency of wheat
in a Mediterranean climate. Plant and Soil 233, 127–143. doi: 10.1023/A:1010381602223
Bancal P (2009) Early development and enlargement of wheat floret primordia suggest a role of
partitioning within spike to grain set. Field Crops Research 110: 44-53. doi:
https://doi.org/10.1016/j.fcr.2008.06.014.
Barrow NJ, Barman P, Debnath A (2018) Three residual benefits of applying phosphate fertilizer.
Soil Science Society of America Journal 82: 1168-1176. doi: 10.2136/sssaj2018.03.0115.

156

Batten G, Khan M (1987) Effect of time of sowing on grain yield, and nutrient uptake of wheats
with contrasting phenology. Australian Journal of Experimental Agriculture 27: 881-887.
doi: https://doi.org/10.1071/EA9870881.
Batten G, Khan M (1987) Uptake and utilisation of phosphorus and nitrogen by bread wheats grown
under natural rainfall. Australian Journal of Experimental Agriculture 27: 405-410. doi:
https://doi.org/10.1071/EA9870405.
Batten G, Wardlaw I, Aston M (1986) Growth and the distribution of phosphorus in wheat
developed under various phosphorus and temperature regimes. Australian Journal of
Agricultural Research 37: 459-469. doi: https://doi.org/10.1071/AR9860459.
Batten GD (1984) Grain development in wheat in relation to phosphorus. The Australian National
University.
Batten GD (1992) A review of phosphorus efficiency in wheat. Plant and Soil 146: 163-168. doi:
10.1007/bf00012009.Bell M, Collins M, Barton L, Hoyle F, Schalan C, Armstrong R,
Burke K, Schwenke G, Beange L, Cameron J, Lester D, Weir D, Grace P (2016) Organic
matter and nutirent availability in Australian grains soils - a focus on supply and loss of
nitrogen and sulphur and implications for industry fertiliser strategies GRDC, Canberra.
Bell M, Lester D, Smith L, Want P (2012) Increasing complexity in nutrient management on clay
soils in the northern grain belt–nutrient stratification and multiple nutrient limitations.
Proceedings of 16th Australian Agronomy Conference.
Bell MJ, Moody PW, Anderson GC, Strong W (2013) Soil phosphorus—crop response calibration
relationships and criteria for oilseeds, grain legumes and summer cereal crops grown in
Australia. Crop and Pasture Science 64: 499-513. doi: http://dx.doi.org/10.1071/CP12428.
Bell M, Sands D, Lester D, Norton R (2015) Response to deep placed P, K and S in central
Queensland. 17th Australian Agronomy Conference, Hobart, Tasmania.
Benbi D, Haer H (2007) Boiling potassium chloride–extractable nitrogen as an index of potentially
mineralizable and plant‐available nitrogen in soil. Communications In Soil Science And
Plant Analysis 38: 871-884.
Bertrand I, Holloway RE, Armstrong RD, McLaughlin MJ (2003) Chemical characteristics of
phosphorus in alkaline soils from southern Australia. Australian Journal of Soil Research
41: 61-76. doi: http://dx.doi.org/10.1071/SR02021.
Bertrand I, McLaughlin M, Holloway R, Armstrong R, McBeath T (2006) Changes in P
bioavailability induced by the application of liquid and powder sources of P, N and Zn
fertilizers in alkaline soils. Nutrient Cycling in Agroecosystems 74: 27-40. doi:
10.1007/s10705-005-4404-3.
Bieleski RL (1973) Phosphate Pools, Phosphate Transport, and Phosphate Availability. Annual
Review of Plant Physiology 24: 225-252. doi: 10.1146/annurev.pp.24.060173.001301.

157

Blum A, Ramaiah S, Kanemasu ET, Paulsen GM (1990) Wheat recovery from drought stress at the
tillering

stage

of

development.

Field

Crops

Research

24:

67-85.

doi:

https://doi.org/10.1016/0378-4290(90)90022-4.
Boatwright GO, Viets FG (1966) Phosphorus absorption during various growth stages of spring
wheat

and

intermediate

wheatgrass

Agronomy

Journal

58:

185-188.

doi:

10.2134/agronj1966.00021962005800020020x.
Bolan NS, Hedley MJ (1990) Dissolution of phosphate rocks in soils. 2. Effect of pH on the
dissolution and plant availability of phosphate rock in soil with pH dependent charge.
Fertilizer Research 24: 125-134. doi: 10.1007/bf01073580.
Bolan NS, Robson A, Barrow N (1987) Effects of vesicular-arbuscular mycorrhiza on the
availability of iron phosphates to plants. Plant and Soil 99: 401-410. doi:
10.1007/bf02370885.
Bolan NS, White R, Hedley M (1990) A review of the use of phosphate rocks as fertilizers for direct
application in Australia and New Zealand. Australian Journal of Experimental Agriculture
30: 297-313. doi: https://doi.org/10.1071/EA9900297.Bolland M, Allen D, Gilkes R (1989)
The influence of seasonal conditions, plant species and fertilizer type on the prediction of
plant yield using the Colwell bicarbonate soil test for phosphate. Nutrient Cycling in
Agroecosystems 19: 143-158.
Bolland M, Gilkes R, Antuono M (1988) The effectiveness of rock phosphate fertilisers in
Australian agriculture: a review. Australian Journal of Experimental Agriculture 28: 655668. doi: https://doi.org/10.1071/EA9880655.
Bolland M, Siddique K, Loss S, Baker M (1999) Comparing responses of grain legumes, wheat and
canola to applications of superphosphate. Nutrient Cycling in Agroecosystems 53: 157175.
Bolland M, Windsor D (2007) Converting reactive iron, reactive aluminium, and phosphorus
retention index (PRI) to the phosphorus buffering index (PBI) for sandy soils of southwestern Australia. Soil Research 45: 262-265.
Bovill WD, Huang CY, McDonald GK (2013) Genetic approaches to enhancing phosphorus-use
efficiency (PUE) in crops: challenges and directions. Crop and Pasture Science 64: 179198. doi: https://doi.org/10.1071/CP13135.
Brinton W, Hutchinson M (2013) Maize performance in relation to compost rates and soil health
test factors. Available at http://solvita.com/wp-content/uploads/2013/11/ASA-FloridaBrinton-Hutchinson.pdf Accessed 17 July 2013
Burkitt LL, Moody PW, Gourley CJP, Hannah MC (2002) A simple phosphorus buffering index
for Australian soils. Soil Research 40: 497-513. doi: http://dx.doi.org/10.1071/SR01050.
Cabrera ML, Kissel DE, Vigil MF (1994) Potential nitrogen mineralization: Laboratory and field
evaluation. In: JL Havlin, JS Jacobsen (eds) Soil testing: Prospects for improving nutrient

158

recommendations. Soil Science Society of America and American Society of Agronomy,
Madison, WI, pp. 15-30
Christmann A, Weiler EW, Steudle E, Grill E (2007) A hydraulic signal in root-to-shoot signalling
of water shortage. The Plant Journal 52: 167-174. doi: 10.1111/j.1365-313X.2007.03234.x.
Clarke JM, Campbell CA, Cutforth HW, DePauw RM, Winkleman GE (1990) Nitrogen and
Phosphorus uptake, translocation, and utilization efficiency of wheat in relation to
environment and cultivar yield and protein levels. . Canadian Journal of Plant Science 70:
965-977. doi: 10.4141/cjps90-119.
Clarkson DT, Scattergood CB (1982) Growth and phosphate transport in barley and tomato plants
during the development of, and recovery from, phosphate-stress. Journal of Experimental
Botany 33: 865-875. doi: 10.1093/jxb/33.5.865.
Cogliatti DH, Clarkson DT (1983) Physiological changes in, and phosphate uptake by potato plants
during development of, and recovery from phosphate deficiency. Physiologia Plantarum
58: 287-294. doi: 10.1111/j.1399-3054.1983.tb04183.x.
Colwell J (1963a) The effect of fertilizers and season on the yield and composition of wheat in
southern New South Wales. Australian Journal of Experimental Agriculture 3: 51-61. doi:
https://doi.org/10.1071/EA9630051.
Colwell J (1963b) The estimation of the phosphorus fertilizer requirements of wheat in southern
New South Wales by soil analysis. Australian Journal of Experimental Agriculture 3: 190197. doi: 10.1071/EA9630190.
Cornish P (1987) Effects of direct drilling on the phosphorus uptake and fertilizer requirements of
wheat.

Australian

Journal

of

Agricultural

Research

38:

775-790.

doi:

http://dx.doi.org/10.1071/AR9870775.
Crews TE, Peoples MB (2005) Can the synchrony of nitrogen supply and crop demand be improved
in legume and fertilizer-based agroecosystems? A review. Nutrient Cycling in
Agroecosystems 72: 101-120. doi: 10.1007/s10705-004-6480-1.
Curtin D, Campbell C (2008) Mineralizable nitrogen. Soil sampling and methods of analysis 2nd
ed CRC Press, Boca Raton, FL: 599-606.
Curtin D, Campbell CA, Jalil A (1998) Effects of acidity on mineralization: pH-dependence of
organic matter mineralization in weakly acidic soils. Soil Biology and Biochemistry 30:
57-64. doi: https://doi.org/10.1016/S0038-0717(97)00094-1.
Dann P (1969) Response by wheat to phosphorus and nitrogen, with particular reference to 'hayingoff'.

Australian

Journal

of

Experimental

Agriculture

9:

625-629.

doi:

http://dx.doi.org/10.1071/EA9690625.
Di HJ, Condron LM, Frossard E (1996) Isotope techniques to study phosphorus cycling in
agricultural and forest soils: a review. Biology and Fertility of Soils 24: 1-12. doi:
10.1007/bf01420213.

159

Donald CM (1965) The progress of Australian agriculture and the role of pastures in environmental
change. Australasian Medical Publishing Company.
Donald CM (1968) The breeding of crop ideotypes. Euphytica 17: 385-403. doi:
10.1007/bf00056241.
Duggan BL, Richards RA, van Herwaarden AF, Fettell NA (2005) Agronomic evaluation of a tiller
inhibition gene (tin) in wheat. I. Effect on yield, yield components, and grain protein.
Australian

Journal

of

Agricultural

Research

56:

169-178.

doi:

https://doi.org/10.1071/AR04152.
Dunbabin VM, Armstrong RD, Officer SJ, Norton RM (2009) Identifying fertiliser management
strategies to maximise nitrogen and phosphorus acquisition by wheat in two contrasting
soils

from

Victoria,

Australia.

Soil

Research

47:

74-90.

doi:

http://dx.doi.org/10.1071/SR08107.
Dunsford K, Armstrong RD, Mason S (2012) Sub-soil constraints affect responsiveness of wheat
to applied phosphorus. "Capturing Opportunities and Overcoming Obstacles in Australian
Agronomy" Proceedings of the 16th ASA Conference, Armidale, Australia.
Dunsford K, Armstrong RD, Tang C, Sale P (2015) Estimating in-crop nitrogen mineralisation in
dryland cropping systems of southern Australia. Proceedings of the 16th Australian
Agronomy Conference’ Hobart, Tas.
Elliott DE, Reuter DJ, Reddy GD, Abbott RJ (1997a) Phosphorus nutrition of spring wheat
(Triticum aestivum). 1. Effects of phosphorus supply on plant symptoms, yield,
components of yield, and plant phosphorus uptake. Australian Journal of Agricultural
Research 48: 855-868. doi: http://dx.doi.org/10.1071/A96159.
Elliott DE, Reuter DJ, Reddy GD, Abbott RJ (1997b) Phosphorus nutrition of spring wheat
(Triticum aestivum). 3. Effects of plant nitrogen status and genotype on the calibration of
plant tests for diagnosing phosphorus deficiency. Australian Journal of Agricultural
Research 48: 883-898. doi: http://dx.doi.org/10.1071/A96161.
Facelli E, Peirce C, McBeath T, McLaughlin M (2016) ‘Topping up’ wheat with foliar phosphorus
(P): Formulation testing. Research for Riverine Plains – 2016.
Fardeau JC (1996) Dynamics of phosphate in soils. An isotopic outlook. Nutrient Cycling in
Agroecosystems 45: 91-100. doi: 10.1007/bf00790658.
Fawcett R, Collis-George N (1967) A filter-paper method for determining the moisture
characteristics of soil. Australian Journal of Experimental Agriculture 7: 162-167. doi:
https://doi.org/10.1071/EA9670162.
Ferrante A, Savin R, Slafer GA (2010) Floret development of durum wheat in response to nitrogen
availability. Journal of Experimental Botany 61: 4351-4359. doi: 10.1093/jxb/erq236.
Fioreze SL, Castoldi G, Pivetta LA, Pivetta LG, Fernandes DM, Büll LT (2012) Tillering of two
wheat genotypes as affected by phosphorus levels. Acta Scientiarum Agronomy 34: 331338.
160

Fischer R, Kohn G (1966) The relationship of grain yield to vegetative growth and post-flowering
leaf area in the wheat crop under conditions of limited soil moisture. Australian Journal of
Agricultural Research 17: 281-295. doi: https://doi.org/10.1071/AR9660281.
French R, Schultz J (1984) Water use efficiency of wheat in a Mediterranean-type environment. I.
The relation between yield, water use and climate. Australian Journal of Agricultural
Research 35: 743-764. doi: https://doi.org/10.1071/AR9840743.
Gan YT, Liang BC, Liu LP, Wang XY, McDonald CL (2011) C : N ratios and carbon distribution
profile across rooting zones in oilseed and pulse crops. Crop and Pasture Science 62: 496503. doi: https://doi.org/10.1071/CP10360.
George TS, Gregory PJ, Hocking P, Richardson AE (2008) Variation in root-associated
phosphatase activities in wheat contributes to the utilization of organic P substrates in vitro,
but does not explain differences in the P-nutrition of plants when grown in soils.
Environmental and Experimental Botany 64: 239-249.
Gianello C, Bremner JM (1986) A simple chemical method of assessing potentially available
organic nitrogen in soil. Communications in Soil Science and Plant Analysis 17: 195-214.
doi: 10.1080/00103628609367708.
Gianquinto G, Abu-Rayyan A, Di Tola L, Piccotino D, Pezzarossa B (2000) Interaction effects of
phosphorus and zinc on photosynthesis, growth and yield of dwarf bean grown in two
environments. Plant and Soil 220: 219-228. doi: 10.1023/a:1004705008101.
Grant CA, Flaten DN, Tomasiewicz DJ, Sheppard SC (2001) The importance of early season
phosphorus nutrition. Canadian Journal of Plant Science 81: 211-224. doi: 10.4141/p00093.
Griffin TS (2008) Nitrogen availability In: JS Schepers, W Raun (eds) Nitrogen in agricultural
systems Agronomy Monograph 49. ASA, CSSA and SSSA, Madison, WI, pp. 613-646
Grinsted MJ, Hedley MJ, White RE, Nye PH (1982) Plant-induced changes in the rhizosphere of
Rape (Brassica Napus var. Emerald) seedlings. I. pH change and the increase in P
concentration in the soil solution. New Phytologist 91: 19-29. doi: 10.1111/j.14698137.1982.tb03289.x.
Guo F, Yost RS, Hue NV, Evensen CI, Silva JA (2000) Changes in phosphorus fractions in soils
under intensive plant growth. Soil Science Society of America Journal 64: 1681-1689. doi:
10.2136/sssaj2000.6451681x.
Guo S, Wu J, Coleman K, Zhu H, Li Y, Liu W (2012) Soil organic carbon dynamics in a dryland
cereal cropping system of the Loess Plateau under long-term nitrogen fertilizer
applications. Plant and Soil 353: 321-332. doi: 10.1007/s11104-011-1034-1.
Guppy CN, Menzies NW, Moody PW, Compton BL, Blamey FPC (2000) A simplified, sequential,
phosphorus fractionation method. Communications In Soil Science and Plant Analysis 31:
1981-1991.

161

Gupta VVSR, Roper M, Kirkegaard J, Angus J (1994) Changes in microbial biomass and organic
matter levels during the first year of modified tillage and stubble management practices on
a red earth. Soil Research 32: 1339-1354. doi: https://doi.org/10.1071/SR9941339.
Gupta VVSR, Rovira AD, Roget DK (2011) Principles and management of soil biological factors
for sustainable rainfed farming systems. In: P Tow, I Cooper, I Partridge, C Birch (eds)
Rainfed farming systems. Springer Netherlands, Dordrecht, pp. 149-184
Harris RH, Armstrong RD, Wallace AJ, Belyaeva ON (2016) Delaying nitrogen fertiliser
application improves wheat 15N recovery from high rainfall cropping soils in south eastern
Australia. Nutrient Cycling in Agroecosystems 106: 113-128. doi: 10.1007/s10705-0169792-z.
Harris RH, Officer SJ, Hill PA, Armstrong RD, Fogarty KM, Zollinger RP, Phelan AJ, Partington
DL (2013) Can nitrogen fertiliser and nitrification inhibitor management influence N2O
losses from high rainfall cropping systems in South Eastern Australia? Nutrient Cycling in
Agroecosystems 95: 269-285. doi: 10.1007/s10705-013-9562-0.
Hedley MJ, Nye PH, White RE (1982a) Plant-induced changes in the rhizosphere of Rape (Brassica
napus var. Emerald) seedlings. II. Origin of the pH change. New Phytologist 91: 31-44.
doi: 10.1111/j.1469-8137.1982.tb03290.x.
Hedley MJ, White RE, Nye PH (1982b) Plant-induced changes in the rhizosphere of Rape (Brassica
napus var. Emerald) seedlings. III. Changes in L value, soil phosphate fractions and
phosphatase

activity.

New

Phytologist

91:

45-56.

doi:

10.1111/j.1469-

8137.1982.tb03291.x.
Heenan D, Chan K (1992) The long term effects of rotation, tillage and stubble management on soil
mineral

nitrogen

supply

to

wheat.

Soil

Research

30:

977-988.

doi:

https://doi.org/10.1071/SR9920977.
Heenan D, McGhie W, Thomson F, Chan K (1995) Decline in soil organic carbon and total nitrogen
in relation to tillage, stubble management, and rotation. Australian Journal of Experimental
Agriculture 35: 877-884. doi: https://doi.org/10.1071/EA9950877.
Henzell T (2007) Australian agriculture: its history and challenges. CSIRO publishing.
Hochman Z, Horan H (2018) Causes of wheat yield gaps and opportunities to advance the waterlimited yield frontier in Australia. Field Crops Research 228: 20-30. doi:
https://doi.org/10.1016/j.fcr.2018.08.023.
Hochman Z, van Rees H, Carberry PS, Hunt JR, McCown RL, Gartmann A, Holzworth D, van Rees
S, Dalgliesh NP, Long W, Peake AS, Poulton PL, McClelland T (2009) Re-inventing
model-based decision support with Australian dryland farmers. 4. Yield Prophet helps
farmers monitor and manage crops in a variable climate. Crop and Pasture Science 60:
1057-1070. doi: https://doi.org/10.1071/CP09020.
Holford ICR, Doyle A (1992) Influence of intensity/quantity characteristics of soil phosphorus tests
on their relationships to phosphorus responsiveness of wheat under field conditions.
162

Australian

Journal

of

Soil

Research

30:

343-356.

doi:

http://dx.doi.org/10.1071/SR9920343.
Holford ICR, Doyle A, Leckie C (1992) Nitrogen response characteristics of wheat protein in
relation to yield responses and their interactions with phosphorus. Australian Journal of
Agricultural Research 43: 969-986. doi: http://dx.doi.org/10.1071/AR9920969.
Holford ICR, Morgan J, Bradley J, Cullis B (1985) Yield responsiveness and response curvature as
essential criteria for the evaluation and calibration of soil phosphate tests for wheat. Soil
Research 23: 167-180. doi: http://dx.doi.org/10.1071/SR9850167.
Holford ICR (1997) Soil phosphorus: its measurement, and its uptake by plants. Australian Journal
of Soil Research 35: 227-240. doi: http://dx.doi.org/10.1071/S96047.
Holloway RE, Bertrand I, Frischke AJ, Brace DM, McLaughlin MJ, Shepperd W (2001) Improving
fertiliser efficiency on calcareous and alkaline soils with fluid sources of P, N and Zn. Plant
and Soil 236: 209-219. doi: 10.1023/a:1012720909293.
Hunt JR, Cann D (2018) Re-evaluating the role of long fallows in southern Australian cropping
systems. Submitted to Crop & Pasture Science.
Hunt JR, Lilley JM, Trevaskis B, Flohr BM, Peake A, Fletcher A, Zwart AB, Gobbett D, Kirkegaard
JA (2019) Early sowing systems can boost Australian wheat yields despite recent climate
change. Nature Climate Change 9: 244-247. doi: 10.1038/s41558-019-0417-9.
IPNI (2013) Fertilizer expenditure in the Australian Grains industry. Available at
http://anz.ipni.net/article/ANZ-3133 Accessed 22 Jan 2017
Isbell RF (1996) The Australian soil classification. CSIRO Publishing, Melbourne.
Jalil A, Campbell CA, Jame YW, Schoenau J, Henry JL, Lafond GP (1996) Assessment of two
chemical extraction methods as indices of available nitrogen. Soil Science Society of
America Journal 60: 1954-1960. doi: 10.2136/sssaj1996.03615995006000060048x.
Janik LJ, Merry RH, Skjemstad JO (1998) Can mid infrared diffuse reflectance analysis replace soil
extractions? Australian Journal of Experimental Agriculture 38: 681-696. doi:
http://dx.doi.org/10.1071/EA97144.
Janik LJ, Soriano-Disla JM, Forrester ST, McLaughlin MJ (2016) Effects of soil composition and
preparation on the prediction of particle size distribution using mid-infrared spectroscopy
and

partial

least-squares

regression.

Soil

Research

54:

889-904.

doi:

https://doi.org/10.1071/SR16011.
Jarvis RJ, Bolland MDA (1990) Placing superphosphate at different depths in the soil changes its
effectiveness for wheat and lupin production. Fertilizer research 22: 97-107. doi:
10.1007/bf01116183.

Jarvis RJ, Bolland MDA (1991) Lupin grain yields and fertiliser effectiveness are increased
by banding superphosphate below the seed. Australian Journal of Experimental
Agriculture 31: 357-366. doi: https://doi.org/10.1071/EA9910357.Jones GPD, Jessop
RS, Blair GJ (1992) Alternative methods for the selection of phosphorus efficiency in
163

wheat. Field Crops Research 30: 29-40. doi: https://doi.org/10.1016/0378-4290(92)90054D.
Jones HG, Kirby EJM (1977) Effects of manipulation of number of tillers and water supply on grain
yield

in

barley.

The

Journal

of

Agricultural

Science

88:

391-397.

doi:

10.1017/S0021859600034882.
Jones JB (2001) Laboratory guide for conducting soil tests and plant analysis. CRC press.
Kanabo I, Gilkes R (1987) The role of soil pH in the dissolution of phosphate rock fertilizers.
Fertilizer Research 12: 165-173.
Keeney DR, Bremner JM (1966) Comparison and evaluation of laboratory methods of obtaining an
index

of

soil

nitrogen

availability.

Agronomy

Journal

58:

498-503.

doi:

10.2134/agronj1966.00021962005800050013x.
Kirby EJM (1988) Analysis of leaf, stem and ear growth in wheat from terminal spikelet stage to
anthesis. Field Crops Research 18: 127-140.
Kirby EJM, Jones HG (1977) The relations between the main shoot and tillers in barley plants. The
Journal of Agricultural Science 88: 381-389. doi: doi:10.1017/S0021859600034870.
Kirkegaard JA, Hunt JR (2010) Increasing productivity by matching farming system management
and genotype in water-limited environments. Journal of Experimental Botany 61: 41294143. doi: 10.1093/jxb/erq245.
Kneller T, Harris RJ, Bateman A, Muñoz-Rojas M (2018) Native-plant amendments and topsoil
addition enhance soil function in post-mining arid grasslands. Science of The Total
Environment 621: 744-752. doi: https://doi.org/10.1016/j.scitotenv.2017.11.219.
Kottek M, Grieser J, Beck C, Rudolf B, Rubel F (2006) World map of the Köppen-Geiger climate
classification updated. Meteorologische Zeitschrift 15: 259-263.
Kovar JL, Claassen N (2005) Soil-root interactions and phosphorus nutrition of plants. Agronomy
46: 379.
Kowalenko CG (2006) Evaluation of hot KCl extraction as an index of mineralizable N:
Ammonium and ultraviolet absorption measurements. Canadian Journal of Soil Science 86:
911-920. doi: 10.4141/S06-047.
Kumar V, Gilkes RJ, Bolland MDA (1991) Residual phosphate fertilizer compounds in soils II
Their influence on soil tests for available phosphate. Fertilizer Research 30: 31-38. doi:
10.1007/bf01048824.
Kumar V, Gilkes RJ, Bolland MDA (1992) A comparison of seven soil P tests for plant species
with different external P requirements grown on soils containing rock phosphate and
superphosphate residues. Fertilizer Research 33: 35-45. doi: 10.1007/bf01058008.
Larsen JJR (1999) How to estimate potentially plant available soil nitrogen in sandy soils using
anaerobic incubation. Department of Agricultural Sciences. The Royal Veterinary and
Agricultural University, Copenhagen, Denmark.
164

Larsen S (1952) The use of 32P in studies on the uptake of phosphorus by plants. Plant and Soil 4:
1-10.
Latta J, O’Leary GJ (2003) Long-term comparison of rotation and fallow tillage systems of wheat
in Australia. Field Crops Research 83: 173-190. doi: http://dx.doi.org/10.1016/S03784290(03)00073-X.
Lefebvre DD, Glass ADM (1982) Regulation of phosphate influx in barley roots: Effects of
phosphate deprivation and reduction of influx with provision of orthophosphate.
Physiologia Plantarum 54: 199-206. doi: 10.1111/j.1399-3054.1982.tb06326.x.
Liu H, Tang C, Li C (2016) The effects of nitrogen form on root morphological and physiological
adaptations of maize, white lupin and faba bean under phosphorus deficiency. AoB
PLANTS 8: lw058. doi: 10.1093/aobpla/plw058.
Liu X-JA, van Groenigen KJ, Dijkstra P, Hungate BA (2017) Increased plant uptake of native soil
nitrogen following fertilizer addition – not a priming effect? Applied Soil Ecology 114:
105-110. doi: https://doi.org/10.1016/j.apsoil.2017.03.011.
Llewellyn RS, D’Emden FH, Kuehne G (2012) Extensive use of no-tillage in grain growing regions
of

Australia.

Field

Crops

Research

132:

204-212.

doi:

https://doi.org/10.1016/j.fcr.2012.03.013.
Lober RW, Reeder JD (1993) Modified waterlogged incubation method for assessing nitrogen
mineralization in soils and soil aggregates. Soil Science Society of America Journal 57:
400-403. doi: 10.2136/sssaj1993.03615995005700020019x.
Lombi E, Scheckel KG, Armstrong RD, Forrester S, Cutler JN, Paterson D (2006) Speciation and
distribution of phosphorus in a fertilised soil: A synchrotron-based investigation Soil
Science Society of America Journal 70: 2038.
Mahal NK, Miguez FE, Poffenbarger HJ, Sawyer JE, Osterholz WR, Castellano MJ (2016) How
does inorganic N fertilizer affect soil nitrogen mineralization? Proceedings of the 2016
International Nitrogen Initiative Conference, "Solutions to improve nitrogen use efficiency
for the world", Melbourne.
Man J, Shi Y, Yu Z, Zhang Y (2016) Root growth, soil water variation, and grain yield response of
winter wheat to supplemental irrigation. Plant Production Science 19: 193-205. doi:
10.1080/1343943X.2015.1128097.
Manske GGB, Ortiz-Monasterio JI, Van Ginkel M, González RM, Rajaram S, Molina E, Vlek PLG
(2000) Traits associated with improved P-uptake efficiency in CIMMYT's semidwarf
spring bread wheat grown on an acid Andisol in Mexico. Plant and Soil 221: 189-204. doi:
10.1023/a:1004727201568.
Marschner H (1995) Mineral Nutrition of Higher Plants Academic Press London
Marshall A (2018) Global fert prices rebound, but Aussie farmers spend up. Available at
https://www.farmonline.com.au/story/5199734/fertiliser-price-growth-spurt/ Accessed 26
March 2019
165

Mason S, Hamon R, Zhang H, Anderson J (2008) Investigating chemical constraints to the
measurement of phosphorus in soils using diffusive gradients in thin films (DGT) and resin
methods. Talanta 74: 779-787.
Mason S, McNeill A, McLaughlin M (2010a) Expanding the use of diffusive gradients in thin-films
(DGT) for assessing phosphorus requirements of different crop types. In: H Dove, RA
Culvenor (eds) Australian Society of Agronomy Conference, Lincoln University, New
Zealand.
Mason S, McNeill A, McLaughlin M, Zhang H (2010b) Prediction of wheat response to an
application of phosphorus under field conditions using diffusive gradients in thin-films
(DGT) and extraction methods. Plant and Soil 337: 243-258. doi: 10.1007/s11104-0100521-0.
Mason SD, McLaughlin MJ, Johnston C, McNeill A (2013) Soil test measures of available P
(Colwell, resin and DGT) compared with plant P uptake using isotope dilution. Plant and
Soil 373: 711-722. doi: 10.1007/s11104-013-1833-7.
Masoni A, Ercoli L, Mariotti M, Arduini I (2007) Post-anthesis accumulation and remobilization
of dry matter, nitrogen and phosphorus in durum wheat as affected by soil type. European
Journal of Agronomy 26: 179-186. doi: https://doi.org/10.1016/j.eja.2006.09.006.
McBeath TM, Armstrong RD, Lombi E, McLaughlin MJ, Holloway RE (2005) Responsiveness of
wheat (Triticum aestivum) to liquid and granular phosphorus fertilisers in southern
Australian

soils.

Australian

Journal

of

Soil

Research

43:

203-212.

doi:

doi:10.1071/SR04066.
McBeath TM, Gupta VVSR, Llewellyn RS, Davoren CW, Whitbread AM (2015) Break-crop
effects on wheat production across soils and seasons in a semi-arid environment. Crop and
Pasture Science 66: 566-579. doi: https://doi.org/10.1071/CP14166.
McBeath TM, McLaughlin MJ, Kirby JK, Armstrong RD (2012) The effect of soil water status on
fertiliser, topsoil and subsoil phosphorus utilisation by wheat. Plant and Soil 358: 337-348.
doi: 10.1007/s11104-012-1177-8.
McBeath TM, McLaughlin MJ, Noack SR (2011) Wheat grain yield response to and translocation
of

foliar-applied

phosphorus.

Crop

and

Pasture

Science

62:

58-65.

doi:

https://doi.org/10.1071/CP10237.

McDonald GK (1989) The contribution of nitrogen fertiliser to the nitrogen nutrition of
rainfed wheat crops in Australia: a review. Australian Journal of Experimental
Agriculture 29, 455–481. doi: 10.1071/ EA9890455
McDonald GK (1992) Effects of nitrogenous fertilizer on the growth, grain yield and grain protein
concentration of wheat. Australian Journal of Agricultural Research 43: 949-967. doi:
https://doi.org/10.1071/AR9920949.
McDonald GK, Bovill W, Taylor J, Wheeler R (2015) Responses to phosphorus among wheat
genotypes. Crop and Pasture Science 66: 430-444. doi: https://doi.org/10.1071/CP14191.
166

McDonald GK, Wheeler R, Porker K, Bovill B, McKay A, Smith A (2010) Phosphorus use
efficiency in wheat and barley. Proceedings of 15th Agronomy Conference "Food Security
from Sustainable Agriculture", Lincoln, New Zealand, .
McDonald GK, Taylor JD, Gong X, Bovill W (2018) Responses to phosphorus among barley
genotypes. Crop and Pasture Science 69: 574-586. doi: https://doi.org/10.1071/CP17406.
McLaren TI, Bell MJ, Rochester IJ, Guppy CN, Tighe MK, Flavel RJ (2013) Growth and
phosphorus uptake of faba bean and cotton are related to Colwell-P concentrations in the
subsoil

of

Vertosols.

Crop

and

Pasture

Science

64:

825-833.

doi:

https://doi.org/10.1071/CP13025.
McLaren TI, Guppy CN, Tighe MK, Moody P, Bell M (2014) Dilute acid extraction is a useful
indicator of the supply of slowly available phosphorus in vertisols. Soil Science Society of
America Journal 78: 139-146. doi: 10.2136/sssaj2013.05.0188.
McLaren TI, Simpson RJ, McLaughlin MJ, Smernik RJ, McBeath TM, Guppy CN, Richardson AE
(2015) An assessment of various measures of soil phosphorus and the net accumulation of
phosphorus in fertilized soils under pasture. Journal of Plant Nutrition and Soil Science
178: 543-554. doi: 10.1002/jpln.201400657.
McLaughlin M, Alston A (1986) The relative contribution of plant residues and fertilizer to the
phosphorus nutrition of wheat in a pasture cereal system. Australian Journal of Soil
Research 24: 517-526. doi:10.1071/SR9860517.
McLaughlin M, Dann P, James T, Garden D (1992) Glasshouse comparison of North Carolina
phosphate rock, alkali-treated Christmas Island phosphate rock and single superphosphate
as P fertilizers on an acidic soil. Australian Journal of Agricultural Research 43: 1667-1681.
doi: https://doi.org/10.1071/AR9921667.
McLaughlin MJ, McBeath TM, Smernik R, Stacey SP, Ajiboye B, Guppy C (2011) The chemical
nature of P accumulation in agricultural soils—implications for fertiliser management and
design: an Australian perspective. Plant and Soil 349: 69-87. doi: 10.1007/s11104-0110907-7.
McTaggart IP, Smith KA (1993) Estimation of potentially mineralisable nitrogen in soil by KCl
extraction. Plant and Soil 157: 175-184. doi: 10.1007/bf00011046.
Miller RO, Jacobsen JS, Skogley EO (1994) Aerial accumulation and partitioning of nutrients by
hard red spring wheat. Communications in Soil Science and Plant Analysis 25: 1891-1911.
doi: 10.1080/00103629409369162.
Mitchell J (1957) A review of tracer studies in Saskatchewan on the utilization of phosphorus by
grain crops. Journal of Soil Science 8: 73-85. doi: 10.1111/j.1365-2389.1957.tb01869.x.
Mitchell JH, Chapman SC, Rebetzke GJ, Bonnett DG, Fukai S (2012) Evaluation of a reducedtillering (tin) gene in wheat lines grown across different production environments. Crop
and Pasture Science 63: 128-141. doi: https://doi.org/10.1071/CP11260.

167

Mohamed GBS, Marshall C (1979) Physiological aspects of tiller removal in spring wheat. The
Journal of Agricultural Science 93: 457-463. doi:10.1017/S0021859600038156.
Moodie M (2012) Improving knowledge of mineralisation potential in Mallee soils. Mallee
Catchment Management Authority, Mildura.
Moody P, Bolland M (1999) Phosphorus. In ‘Soil analysis: an interpretation manual’.(Eds KI
Peverill, LA Sparrow, DJ Reuter) pp. 187–220. CSIRO Publishing: Melbourne.
Moody PW (2007) Interpretation of a single-point P buffering index for adjusting critical levels of
the Colwell soil P test. Australian Journal of Soil Research 45: 55-62. doi:
http://dx.doi.org/10.1071/SR06056.
Moody PW, Speirs SD, Scott BJ, Mason SD (2013) Soil phosphorus tests I: What soil phosphorus
pools and processes do they measure? Crop and Pasture Science 64: 461-468. doi:
http://dx.doi.org/10.1071/CP13112.
Moore D (2018) Predicting the Nitrogen Fertilizer Response of Turfgrass Based on Solvita® Soil
Test Results. University of Connecticut
Mosali J, Desta K, Teal RK, Freeman KW, Martin KL, Lawles JW, Raun WR (2006) Effect of
Foliar Application of Phosphorus on Winter Wheat Grain Yield, Phosphorus Uptake, and
Use

Efficiency.

Journal

of

Plant

Nutrition

29:

2147-2163.

doi:

10.1080/01904160600972811.
Murphy BF, Timbal B (2008) A review of recent climate variability and climate change in
southeastern Australia. International Journal of Climatology 28: 859-879. doi:
10.1002/joc.1627.
Murphy DV, Sparling G, Fillery I, McNeill A, Braunberger (1998a) Mineralisation of soil organic
nitrogen and microbial respiration after simulated summer rainfall events in an agricultural
soil. Australian Journal of Soil Research 36: 231-246.
Murphy DV, Osman M, Russell CA, Darmawanto S, Hoyle FC (2009) Potentially mineralisable
nitrogen: relationship to crop production and spatial mapping using infrared reflectance
spectroscopy. Soil Research 47: 737-741. doi: http://dx.doi.org/10.1071/SR08096.
Murphy DV, Sparling GP, Fillery IRP (1998b) Seasonal fluctuations in gross N mineralisation,
ammonium consumption, and microbial biomass ina Western Australian soil under
different land uses. Australian Journal of Agricultural Research 49: 523-535. doi:
https://doi.org/10.1071/A97096.
Murphy DV, Sparling GP, Fillery IRP (1998c) Stratification of microbial biomass C and N and
gross N mineralisation with soil depth in two contrasting Western Australian agricultural
soils. Soil Research 36: 45-56. doi: https://doi.org/10.1071/S97045.
Myers R (1984) A simple model for estimating the nitrogen fertilizer requirement of a cereal crop.
Fertilizer research 5: 95-108. doi: 10.1007/bf01049494.
Noack SR, McBeath TM, McLaughlin MJ, Smernik RJ, Armstrong RD (2014) Management of crop
residues affects the transfer of phosphorus to plant and soil pools: Results from a dual168

labelling

experiment.

Soil

Biology

and

Biochemistry

71:

31-39.

doi:

https://doi.org/10.1016/j.soilbio.2013.12.022.
Noack SR, McBeath TM, McLaughlin MJ (2010) Potential for foliar phosphorus fertilisation of
dryland cereal crops: a review. Crop and Pasture Science 61: 659-669. doi:
http://dx.doi.org/10.1071/CP10080.
Norton R, Kirkegaard JA, Angus JF, Potter T (1999) Canola in rotations. In: TP PA Salisbury, G
McDonald, AG Green (ed) Canola in Australia –the first thirty years. Organising
Committee for the Tenth International Rapeseed Congress, Canberra
Nuttall JG, O'Leary GJ, Khimashia N, Asseng S, Fitzgerald G, Norton R (2012) "Haying-off" in
wheat is predicted to increase under a future climate in south-eastern Australia. Crop and
Pasture Science 63: 593-605. doi: http://dx.doi.org/10.1071/CP12062.
Officer SJ, Dunbabin VM, Armstrong RD, Norton RM, Kearney GA (2009) Wheat roots proliferate
in response to nitrogen and phosphorus fertilisers in Sodosol and Vertosol soils of southeastern Australia. Soil Research 47: 91-102. doi: http://dx.doi.org/10.1071/SR08089.
Øien A, Selmer-Olsen AR (1980) A Laboratory Method for Evaluation of Available Nitrogen in
Soil. Acta Agriculturae Scandinavica 30: 149-156. doi: 10.1080/00015128009435259.
O'Leary GJ, Connor DJ (1997) Stubble retention and tillage in a semi-arid environment: 1. Soil
water accumulation during fallow. Field Crops Research 52: 209-219. doi:
http://dx.doi.org/10.1016/S0378-4290(97)00034-8.
Osborne LD, Rengel Z (2002) Genotypic differences in wheat for uptake and utilisation of P from
iron phosphate. Australian Journal of Agricultural Research 53: 837-844. doi:
http://dx.doi.org/10.1071/AR01101.
Osterholz WR, Rinot O, Liebman M, Castellano MJ (2017) Can mineralization of soil organic
nitrogen meet maize nitrogen demand? Plant and Soil 415: 73-84. doi: 10.1007/s11104016-3137-1.
Otani T, Ae N (1996) Phosphorus (P) uptake mechanisms of crops grown in soils with low P status.
Soil Science and Plant Nutrition 42: 155-163. doi: 10.1080/00380768.1996.10414699.
Palta JA, Kobata T, Turner NC, Fillery IR (1994) Remobilisation of Carbon and Nitrogen in Wheat
as Influenced by Postanthesis Water Deficits Crop Science 34: 118- 124.
Pannell DJ (2017) Economic perspectives on nitrogen in farming systems: managing trade-offs
between production, risk and the environment. Soil Research 55: 473-478. doi:
https://doi.org/10.1071/SR16284.
Pearse SJ, Veneklaas EJ, Cawthray G, Bolland MDA, Lambers H (2006a) Triticum aestivum shows
a greater biomass response to a supply of aluminium phosphate than Lupinus albus, despite
releasing fewer carboxylates into the rhizosphere. New Phytologist 169: 515-524. doi:
10.1111/j.1469-8137.2005.01614.x.

169

Pearse SJ, Veneklaas EJ, Cawthray GR, Bolland MDA, Lambers H (2006b) Carboxylate release of
wheat, canola and 11 grain legume species as affected by phosphorus status. Plant and Soil
288: 127-139. doi: 10.1007/s11104-006-9099-y.
Pearse SJ, Veneklaas EJ, Cawthray GR, Bolland MDA, Lambers H (2007) Carboxylate
composition of root exudates does not relate consistently to a crop species’ ability to use
phosphorus from aluminium, iron or calcium phosphate sources. New Phytologist 173:
181-190.
Peoples MB, Swan AD, Goward L, Kirkegaard JA, Hunt JR, Li GD, Schwenke GD, Herridge DF,
Moodie M, Wilhelm N, Potter T, Denton MD, Browne C, Phillips LA, Khan DF (2017)
Soil mineral nitrogen benefits derived from legumes and comparisons of the apparent
recovery of legume or fertiliser nitrogen by wheat. Soil Research 55: 600-615. doi:
https://doi.org/10.1071/SR16330.
Piper C, DeVries M (1963) The residual value of superphosphate on a Red-Brown earth in South
Australia. Australian Journal of Agricultural Research 15: 234-272.
PMSEIC (2010) Australia and Food Security in a Changing World. In: EaIC The Prime Minister’s
Science (ed), Canberra, Australia.
Porter HK (1962) Synthesis of polysaccharides of higher plants. Annual Review of Plant
Physiology 13: 303-326. doi: 10.1146/annurev.pp.13.060162.001511.
Probert ME (1972) The dependence of isotopically exchangeable phosphate (L-value) on phosphate
uptake. Plant and Soil 36: 141-148.
Prystupa P, Slafer GA, Savin R (2003) Leaf appearance, tillering and their coordination in response
to NxP fertilization in barley. Plant and Soil 255: 587-594. doi: 10.1023/a:1026018702317.
Rahman M, Wilson J (1977) Effect of phosphorus applied as superphosphate on rate of development
and spikelet number per ear of different cultivars of wheat. Australian Journal of
Agricultural Research 28: 183-186. doi: http://dx.doi.org/10.1071/AR9770183.
Raison RJ, Connell MJ, Khanna PK (1987) Methodology for studying fluxes of soil mineral-N in
situ. Soil Biology and Biochemistry 19: 521-530. doi: https://doi.org/10.1016/00380717(87)90094-0.
Ramaekers L, Remans R, Rao IM, Blair MW, Vanderleyden J (2010) Strategies for improving
phosphorus acquisition efficiency of crop plants. Field Crops Research 117: 169-176.
Rayment G, Lyons D (2011) Soil chemical methods - Australasia. CSIRO Publishing, Collingwood.
Reuter D, Robinson JB (1997) Plant analysis: an interpretation manual. CSIRO publishing.
Richardson A, Lynch J, Ryan P, Delhaize E, Smith F, Smith S, Harvey P, Ryan M, Veneklaas E,
Lambers H, Oberson A, Culvenor R, Simpson R (2011) Plant and microbial strategies to
improve the phosphorus efficiency of agriculture. Plant & Soil 349: 121-156.
Richardson AE, Hocking PJ, Simpson RJ, George TS (2009) Plant mechanisms to optimise access
to

soil

phosphorus.

Crop

and

Pasture

Science

60:

124-143.

doi:

http://dx.doi.org/10.1071/CP07125.
170

Robertson G, Groffman P (2007) Nitrogen transformations. Soil microbiology, ecology, and
biochemistry 3: 341-364.
Robinson J, Syers J, Bolan N (1992) Importance of proton supply and calcium‐sink size in the
dissolution of phosphate rock materials of different reactivity in soil. European Journal of
Soil Science 43: 447-459.
Rodríguez D, Andrade FH, Goudriaan J (1999) Effects of phosphorus nutrition on tiller emergence
in wheat. Plant and Soil 209: 283-295. doi: 10.1023/a:1004690404870.
Rodríguez D, Keltjens WG, Goudriaan J (1998) Plant leaf area expansion and assimilate production
in wheat (Triticum aestivum L.) growing under low phosphorus conditions. Plant and Soil
200: 227-240. doi: 10.1023/a:1004310217694.
Rogers C (2017) Evaluations of soil tests for potentially mineralizable soil nitrogen in Snake River
Plain soil in Idaho. Western Nutrient Management Conference Vol 12, Reno, NV.
Römer W, Augustin J, Schilling G (1988) The relationship between phosphate absorption and root
length in nine wheat cultivars. Plant and Soil 111: 199-201.
Römer W, Schilling G (1986) Phosphorus requirements of the wheat plant in various stages of its
life cycle. Plant and Soil 91: 221-229. doi: 10.1007/bf02181789.
Ros GH, Temminghoff EJM, Hoffland E (2011) Nitrogen mineralization: a review and metaanalysis of the predictive value of soil tests. European Journal of Soil Science 62: 162-173.
doi: 10.1111/j.1365-2389.2010.01318.x.
Rose T, Hardiputra B, Rengel Z (2010) Wheat, canola and grain legume access to soil phosphorus
fractions differs in soils with contrasting phosphorus dynamics. Plant and Soil 326: 159170. doi: 10.1007/s11104-009-9990-4.
Rose T, Wissuwa M (2012) Rethinking internal phosphorus utilization efficiency (PUE): A new
approach is needed to improve PUE in grain crops. Advances in Agronomy: 183 – 215.
Rose TJ, Rengel Z, Ma Q, Bowden JW (2007) Differential accumulation patterns of phosphorus
and potassium by canola cultivars compared to wheat. Journal of Plant Nutrition and Soil
Science 170: 404-411. doi: 10.1002/jpln.200625163.
Rose TJ, Rengel Z, Ma Q, Bowden JW (2009) Crop species differ in root plasticity response to
localised P supply. Journal of Plant Nutrition and Soil Science 172: 360-368. doi:
10.1002/jpln.200800031.
Russell CA, Angus JF, Batten GD, Dunn BW, Williams RL (2002) The potential of NIR
spectroscopy to predict nitrogen mineralization in rice soils. Plant and Soil 247: 243-252.
doi: 10.1023/a:1021532316251.
Russell CA, Dunn BW, Batten GD, Williams RL, Angus JF (2006) Soil tests to predict optimum
fertilizer

nitrogen

rate

for

rice.

Field

Crops

Research

97:

286-301.

doi:

https://doi.org/10.1016/j.fcr.2005.10.007.
Ryan MH, Kirkegaard JA, Angus JF (2006) Brassica crops stimulate soil mineral N accumulation.
Soil Research 44: 367-377. doi: http://dx.doi.org/10.1071/SR05143.
171

Ryan MH, Norton RM, Kirkegaard JA, McCormick KM, Knights SE, Angus JF (2002) Increasing
mycorrhizal colonisation does not improve growth and nutrition of wheat on Vertosols in
south-eastern Australia. Australian Journal of Agricultural Research 53: 1173-1181. doi:
https://doi.org/10.1071/AR02005.
Sadras V, McDonald G (2012) Water use efficiency of grain crops in Australia: prinicples,
benchmarks and management. GRDC Kingston, ACT.
Sadras VO, Baldock JA (2003) Influence of size of rainfall events on water-driven processes. II.
Soil nitrogen mineralisation in a semi-arid environment. Australian Journal of Agricultural
Research 54: 353-361. doi: https://doi.org/10.1071/AR02113.
Sadras VO, Lawson C, Hooper P, McDonald GK (2012) Contribution of summer rainfall and
nitrogen to the yield and water use efficiency of wheat in Mediterranean-type environments
of

South

Australia.

European

Journal

of

Agronomy

36:

41-54.

doi:

https://doi.org/10.1016/j.eja.2011.09.001.
Sadras VO, Rodriguez D (2007) The limit to wheat water-use efficiency in eastern Australia. II.
Influence of rainfall patterns. Australian Journal of Agricultural Research 58: 657-669. doi:
https://doi.org/10.1071/AR06376.
Saggar S, Hedley M, White R (1990) A simplified resin membrane technique for extracting
phosphorus from soils. Fertilizer Research 24: 173-180.
Sainju U, Lenssen A, Caesar-TonThat T, Jabro J, Lartey R, Evans R, Allen B (2012) Dryland soil
nitrogen cycling influenced by tillage, crop rotation, and cultural practice. Nutrient Cycling
in Agroecosystems 93: 309-322. doi: 10.1007/s10705-012-9518-9.
Saradadevi R, Palta JA, Siddique KHM (2017) ABA-Mediated stomatal response in regulating
water use during the development of terminal drought in wheat. Frontiers in Plant Science
8. doi: 10.3389/fpls.2017.01251.
Schefe CR, Barlow KM, Robinson NJ, Crawford DM, McLaren TI, Smernik RJ, Croatto G, Walsh
RD, Kitching M (2015) 100 Years of superphosphate addition to pasture in an acid soil—
current nutrient status and future management. Soil Research 53: 662-676. doi:
https://doi.org/10.1071/SR14241.
Sen S, Chalk PM (1995) Biological interactions between soil nitrogen and alkaline-hydrolysing
nitrogen fertilizers. Biology and Fertility of Soils 20: 41-48. doi: 10.1007/bf00307839.
Shepherd KD, Walsh MG (2002) Development of reflectance spectral libraries for characterization
of soil properties. Soil Science Society of America Journal 66: 988-998. doi:
10.2136/sssaj2002.9880.
Sinegani S, Akbar A, Rashidi T (2011) Changes in phosphorus fractions in the rhizosphere of some
crop species under glasshouse conditions. Journal of Plant Nutrition and Soil Science 174:
899-907. doi: 10.1002/jpln.201000288.

172

Singh D, Dang Y, Dalal R, Routley R, Mann M (2006) The effect of P and K nutrition on the
tolerance of wheat and chickpea to subsoil salinity. In: N Turner, T Acuna (eds)
"Groundbreaking stuff" 13th Australian Agronomy Conference, Perth, Western Australia.
Singh D, Sale P, Routley R (2005) Increasing phosphorus supply in subsurface soil in northern
Australia: Rationale for deep placement and the effects with various crops. Plant and Soil
269: 35-44. doi: 10.1007/s11104-004-2475-6.
Six L, Pypers P, Degryse F, Smolders E, Merckx R (2012) The performance of DGT versus
conventional soil phosphorus tests in tropical soils - An isotope dilution study. Plant and
Soil 359: 267-279. doi: 10.1007/s11104-012-1192-9.
Six L, Smolders E, Merckx R (2013) The performance of DGT versus conventional soil phosphorus
tests in tropical soils—maize and rice responses to P application. Plant and Soil 366: 4966. doi: 10.1007/s11104-012-1375-4.
Smith A (1965) The influence of superphosphate fertilizer on the yield and uptake of phosphorus
by wheat. Australian Journal of Experimental Agriculture 5: 152-157. doi:
https://doi.org/10.1071/EA9650152.
Smith KA, Li S (1993) Estimation of potentially mineralisable nitrogen in soil by KCl extraction.
Plant and Soil 157: 167-174. doi: 10.1007/bf00011045.
Somes T (2016) High ammonium in soil test - artefact or reality. Available at
https://grdc.com.au/archieve/grdc-enewsletters/paddock-practices2/high-ammonium-insoil-test-artefact-or-reality Accessed 20 July 2017
Soon Y, Haq A, Arshad M (2007) Sensitivity of nitrogen mineralization indicators to crop and soil
management. Communications in soil science and plant analysis 38: 2029-2043.
Soriano-Disla JM, Janik LJ, Viscarra Rossel RA, Macdonald LM, McLaughlin MJ (2014) The
performance of visible, near-, and mid-infrared reflectance spectroscopy for prediction of
soil physical, chemical, and biological properties. Applied Spectroscopy Reviews 49: 139186. doi: 10.1080/05704928.2013.811081.
Sparks D, Page A, Helmke P, Loeppert RS, Tabatabaei P, Johnson M, Sumner C (1996) Methods
of soil analysis. Part 3, chemical methods. American Society of Agronomy, Madison.
Speirs SD, Scott BJ, Moody PW, Mason SD (2013) Soil phosphorus tests II: A comparison of soil
test–crop response relationships for different soil tests and wheat. Crop and Pasture Science
64: 469-479. doi: http://dx.doi.org/10.1071/CP13111.
St Luce M, Whalen JK, Ziadi N, Zebarth BJ (2011) Nitrogen dynamics and indices to predict soil
nitrogen supply in humid temperate soils. Advances in Agronomy 112: 55-102.
Stein JA, Sageman AR, Fischer RA, Angus JF (1987) Soil nitrogen supply of wheat in relation to
method

of

cultivation.

Soil

and

Tillage

Research

10:

243-258.

doi:

https://doi.org/10.1016/0167-1987(87)90031-6.
Stevens WB, Hoeft RG, Mulvaney RL (2005) Fate of Nitrogen-15 in a Long-Term Nitrogen Rate
Study. Agronomy Journal 97: 1046-1053. doi: 10.2134/agronj2003.0313.
173

Stoeckli J (2015) Soil mineralizable nitrogen as an indicator of soil nitrogen supply for grain corn
in southwestern Ontario. Faculty of Arts and Science. Trent Univeristy Peterborough,
Ontario, Canada.
Sutton PJ, Peterseon GA, Sander DH (1983) Dry matter production in tops and roots of winter
wheat as affected by phosphorus availability during various growth stages. Agronomy
Journal 75: 657-663. doi: 10.2134/agronj1983.00021962007500040019x.
Syers JK, Johnston AE, Curtin D (2008) Efficiency of soil and fertilizer phosphorus use: reconciling
changing concepts of soil phosphorus behaviour with agronomic information. Food and
Agriculture Organization of the United Nations, Rome, Italy.
Szota C, Hopmans P, Bradshaw BP, Elms SR, Baker TG (2014) Predictive relationships to assist
fertiliser use decision-making in eucalypt plantations. Forest & Wood Products Australia
Limited, Melbourne
Tang C, Rengel Z (2003) Role of plant cation/anion uptake ratio in soil acidification. Handbook of
soil acidity Marcel Dekker, New York: 57-81.
Taylor A (1965) Wheat crop surveys in southern New South Wales. 2. Haying-off in commercial
wheat crops. Australian Journal of Experimental Agriculture 5: 491-494. doi:
https://doi.org/10.1071/EA9650491.
Tomasiewicz DJ (2000) Advancing the understanding and interpretation of plant and soil tests for
phosphorus in Manitoba. University of Manitoba.
van Herwaarden AF, Angus JF, Richards RA, Farquhar GD, Howe GN (1998) 'Haying-off', the
negative grain yield response of dryland wheat to nitrogen fertiliser I. Biomass, grain yield,
and water use Australian Journal of Agricultural Research 49: 1067-1081.
doi:10.1071/A97040.
van Ray B, van Diest A (1979) Utilization of phosphate from different sources by six plant species.
Plant and Soil 51: 577-589. doi: 10.1007/bf02277578.
Vlek P, Lüttger A, Manske G (1996) The potential contribution of arbuscular mycorrhiza to the
development of nutrient and water efficient wheat. The Ninth Regional Wheat Workshop
for Eastern, Central and Southern Africa Tanner, DG, Payne, TS, and Abdalla, OS (eds)
Addis Ababa, Ethiopia: CIMMYT.
Vu D, Armstrong RD, Newton P, Tang C (2011) Long-term changes in phosphorus fractions in
growers’ paddocks in the northern Victorian grain belt. Nutrient Cycling in
Agroecosystems 89: 351-362. doi: 10.1007/s10705-010-9400-6.
Vu D, Armstrong RD, Sale PG, Tang C (2010) Phosphorus availability for three crop species as a
function of soil type and fertilizer history. Plant and Soil 337: 497-510. doi:
10.1007/s11104-010-0545-5.
Vu D, Tang C, Armstrong RD (2008) Changes and availability of P fractions following 65 years of
P application to a calcareous soil in a Mediterranean climate. Plant and Soil 304: 21-33.
doi: 10.1007/s11104-007-9516-x.
174

Vu DT, Tang C, Armstrong RD (2009) Tillage system affects phosphorus form and depth
distribution in three contrasting Victorian soils. Australian Journal of Soil Research 47: 3345. doi:10.1071/SR08108.
Walkley A, Black IA (1934) An examination of the Degtjareff method for determining soil organic
matter, and a proposed modification of the chromic acid titration method. Soil science 37:
29-38.
Wallace AJ, Armstrong RD (2017) AOTGR2- 0073 Final report - Reducing on-farm N2O emission
through improved Nitrogen use efficiency in grains. State of Victoria Department of
Economic Development, Jobs, Transport and Resources.
Wallace AJ, Armstrong RD, Harris RH, Belyaeva ON, Grace PR, Partington DL, Scheer C (2018)
Fertiliser timing and use of inhibitors to reduce N2O emissions of rainfed wheat in a semiarid environment. Nutrient Cycling in Agroecosystems 112: 231-252. doi: 10.1007/s10705018-9941-7.
Walsh MJ, Powles SB (2007) Management strategies for herbicide-resistant weed populations in
Australian dryland crop production systems. Weed Technology 21: 332-338.
Wang X, Guppy CN, Watson L, Sale PWG, Tang C (2011) Availability of sparingly soluble
phosphorus sources to cotton (Gossypium hirsutum L.), wheat (Triticum aestivum L.) and
white lupin (Lupinus albus L.) with different forms of nitrogen as evaluated by a 32P isotopic
dilution technique. Plant and Soil 348: 85-98. doi: 10.1007/s11104-011-0901-0.
Wang X, Lester DW, Guppy CN, Lockwood PV, Tang C (2007) Changes in phosphorus fractions
at various soil depths following long-term P fertiliser application on a Black Vertosol from
south-eastern Queensland. Australian Journal of Soil Research 45: 524-532.
doi:10.1071/SR07069.
Wang X, Smethurst P, Holz G (1996) Nitrogen mineralisation indices in ferrosols under eucalypt
plantations of North-Western Tasmania: association with previous land use. Soil Research
34: 925-935. doi: http://dx.doi.org/10.1071/SR9960925.
Wang X, Tang C, Guppy CN, Sale PWG (2010) Cotton, wheat and white lupin differ in phosphorus
acquisition from sparingly soluble sources. Environmental and Experimental Botany 69:
267-272. doi: https://doi.org/10.1016/j.envexpbot.2010.04.007.
Waring S, Bremner J (1964) Ammonium production in soil under waterlogged conditions as an
index of nitrogen availability. Nature 201: 951-952.
Weier KL, Doran JW, Power JF, Walters DT (1993) Denitrification and the dinitrogen/nitrous oxide
ratio as affected by soil water, available carbon, and nitrate. Soil Science Society of
America Journal 57: 66-72. doi: 10.2136/sssaj1993.03615995005700010013x.
Werner F, Prietzel J (2015) Standard protocol and quality assessment of soil phosphorus speciation
by P K -edge XANES spectroscopy. Environmental Science & Technology 49: 1052110528 doi: 10.1021/acs.est.5b03096.
Whalen JK, Sampedro L (2010) Soil ecology and management. CAB International Cambridge.
175

Wissuwa M, Gamat G, Ismail AM (2005) Is root growth under phosphorus deficiency affected by
source or sink limitations? Journal of Experimental Botany 56: 1943-1950. doi:
10.1093/jxb/eri189.
Wood CW, Edwards JH (1992) Agroecosystem management effects on soil carbon and nitrogen.
Agriculture, Ecosystems & Environment 39: 123-138. doi: https://doi.org/10.1016/01678809(92)90048-G.
Woods End Laboratories I (2016) SLAN – Solvita labile amino nitrogen: Official Solvita®
instructions.Version 2016/S. Woods End Laboratories, Inc. , Mount Vernon, ME.
Xu Z, Amato M, Ladd J, Elliott D (1996a) Soil nitrogen availability in the cereal zone of South
Australia .2. Buffer-extractable nitrogen, mineralisable nitrogen, and mineral nitrogen in
soil

profile

under

different

land

uses.

Soil

Research

34:

949-965.

doi:

https://doi.org/10.1071/SR9960949.
Xu Z, Ladd J, Elliott D (1996b) Soil nitrogen availability in the cereal zone of South Australia .1.
Soil organic carbon, total nitrogen, and nitrogen mineralisation rates. Soil Research 34:
937-948. doi: https://doi.org/10.1071/SR9960937.
Yeates, JS, Deeley, DM, Cockerton, GTB, Clarke, MF (1986) Rock phosphates-fertilisers for sandy
soils? Journal of Agriculture of western Australia 27 (4th-series): 120-3.
Zadocks JC, Chang TT, Konzak CF (1974) A decimal code for the growth stages of cereals. Weed
Research 14: 415-421. doi:10.1111/j.1365-3180.1974.tb01084.x.
Zarcinas BA, Cartwright B, Spounder LR (1983) Nitric acid digestion and multi-element analysis
of plant material by inductively coupled plasma spectrometry. Communications in Soil
Science and Plant Analysis 18: 131-146.
Zarcinas BA, McLaughlin MJ, Smart MK (1996) The effect of acid digestion technique on the
performance of nebulisation systems used in inductively coupled plasma spectrometry.
Communications in Soil Science and Plant Analysis 27: 1331-1354.
Zebarth BJ, Drury CF, Tremblay N, Cambouris AN (2009) Opportunities for improved fertilizer
nitrogen management in production of arable crops in eastern Canada: A review. Canadian
Journal of Soil Science 89: 113-132. doi: 10.4141/CJSS07102.
Zhang X, Wang Q, Gilliam FS, Bai W, Han X, Li L (2012) Effect of nitrogen fertilization on net
nitrogen mineralization in a grassland soil, northern China. Grass and Forage Science 67:
219-230. doi:10.1111/j.1365-2494.2011.00836.x.

176

Supplementary Material
Table S1. Average soil test predictions for the 0-10 and 0-20 cm for all sites and years in the replicated dataset. Predications from the Ridge method also
included. Standard error in brackets. The Ridge method is calculated as 0.15 × SOC (%) × GSR (April- October), using measured GSR. GSR, Growing
season rainfall; SOC, Soil organic C; SLAN, Solvita Labile Amino N. All units are in kg ha-1.
R1- gross NH4+
Year

Region/ Rainfall zone

Location

2014

Low rainfall cropping
Medium rainfall cropping

Hot KCl gross NH4+

SLAN gross NH3

Ridge

0-10

0-20

0-10

0-20

0-10

0-20

0-10

0-20

Normanville

39 (2)

82 (5)

27 (3)

43 (1)

16 (1)

28 (1)

111 (3)

184 (9)

28 (0.1)

Longerenong Rot 4

41 (11)

48 (14)

26 (7)

31 (9)

15 (4)

25 (4)

76 (11)

125 (16)

28 (2)

Longerenong Rot 6

46 (6)

46 (6)

24 (3)

25 (3)

12 (1)

20 (1)

60 (0.1)

101 (0.3)

24 (1)

Taylor's lake (1)

49 (23)

56 (23)

41 (3)

44 (2)

22 (0.3)

33 (1)

136 (2)

191 (3)

31 (0.2)

Taylor's lake (2)

63 (1)

69 (3)

47 (0.3)

48 (3)

14 (0.2)

24 (0.3)

101 (7)

101 (22)

27 (2)

Cavendish

99 (2)

148 (5)

88 (4)

129 (3)

90 (11)

128 (18)

357 (20)

599 (71)

195 (11)

Morgiana

158 (0.1)

200 (5)

122 (27)

154 (25)

107 (31)

146 (38)

355 (17)

555 (15)

250 (7)

Yatchaw

130 (4)

231 (0.3)

127 (7)

224 (20)

108 (13)

188 (11)

394 (0.1)

724 (1)

276 (49)

Dingwall

87 (11)

138 (16)

64 (4)

94 (8)

50 (1)

79 (3)

352 (5)

561 (78)

183 (5)

Lockington

87 (5)

*

72 (14)

*

42 (2)

78 (1)

209 (6)

*

102 (5)

Low rainfall cropping

Normanville

44 (5)

52 (4)

19 (1)

21 (2)

18 (4)

24 (4)

118 (10)

142 (14)

34 (1)

Medium rainfall cropping

Longerenong Rot 4

50 (6)

57 (10)

29 (4)

39 (4)

17 (1)

24 (1)

92 (5)

139 (9)

21 (1)

Longerenong Rot 6

55 (6)

64 (9)

37 (4)

43 (7)

13 (2)

22 (3)

103 (10)

155 (16)

21 (2)

Taylor's lake (1)

20 (9)

27 (9)

21 (10)

26 (9)

12 (0.3)

24 (1)

63 (6)

120 (6)

16 (1)

Taylor's lake (2)

59 (18)

71 (14)

36 (14)

43 (13)

33 (4)

45 (5)

177 (0.2)

239 (9)

30 (6)

Cavendish

55 (10)

82 (13)

57 (9)

72 (8)

58 (6)

82 (4)

279 (2)

435 (7)

129 (6)

Tabor

87 (26)

157 (4)

84 (26)

159 (4)

59 (17)

115 (3)

313 (70)

594 (6)

185 (23)

Tarrington

71 (15)

109 (11)

48 (14)

73 (8)

62 (12)

106 (4)

296 (13)

532 (93)

237 (33)

Dingwall

46 (1)

70 (3)

22 (2)

35 (1)

22 (2)

31 (5)

104 (5)

160 (25)

84 (5)

Lockington

92 (5)

109 (8)

80 (0.4)

92 (0.03)

38 (3)

57 (4)

194 (3)

273 (21)

100 (4)

High rainfall mixed farming

Irrigated cropping

2015

R2- gross NH4+

High rainfall mixed farming

Irrigated cropping
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R1- gross NH4+
Year

Region/ Rainfall zone

Location

2016

Low rainfall cropping
Medium rainfall cropping

High rainfall mixed farming

Irrigated cropping

R2- gross NH4+

Hot KCl gross NH4+

SLAN gross NH3

Ridge

0-10

0-20

0-10

0-20

0-10

0-20

0-10

0-20

Normanville

61 (24)

91 (24)

39 (25)

47 (30)

18 (3)

24 (4)

140 (17)

173 (30)

63 (2)

Longerenong Rot 4

13 (2)

22 (1)

10 (2)

17 (1)

12 (1)

20 (1)

48 (5)

100 (11)

47 (1)

Longerenong Rot 6

16 (13)

24 (20)

13 (8)

19 (13)

12 (1)

22 (2)

56 (6)

102 (13)

43 (4)

Taylor's lake (1)

17 (13)

30 (14)

9 (4)

14 (5)

12 (1)

21 (2)

56 (8)

109 (6)

41 (1)

Taylor's lake (2)

43 (15)

57 (17)

27 (7)

34 (5)

12 (1)

21 (0.5)

64 (13)

110 (12)

41 (2)

Cavendish

76 (2)

102 (3)

41 (1)

63 (3)

44 (2)

63 (2)

292 (8)

482 (11)

221 (5)

Lake Linlithgow

129 (9)

201 (18)

104 (7)

153 (16)

67 (5)

109 (9)

381 (15)

674 (34)

283 (17)

Yatchaw

146 (22)

263 (41)

91 (12)

177 (24)

53 (4)

104 (3)

289 (8)

687 (23)

299 (4)

Dingwall

55 (3)

83 (5)

25 (2)

34 (1)

14 (1)

21 (2)

110 (7)

110 (7)

43 (2)

*No sample was available from the 10-20 cm depth to be analysed for the anaerobic incubation
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