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Introduction
Massive changes have taken place in the nutrient management of Australian crops and pastures in the
past three decades. Before then the supply of nutrients had been mostly from soil reserves (apart from
phosphorus fertiliser, which has been routinely applied in the south), but during the three decades those
reserves have declined and plant demand is increasingly met by fertilisers. Additional amounts of
nutrients are needed to meet the requirements of higher yielding crops, the increased crop area
stimulated by conservation agriculture (CA) and the reduced area of pastures and their supply of residual
nitrogen from biological fixation. The three macronutrients considered in this chapter (nitrogen - N,
phosphorus - P and potassium - K) show different patterns of decline in cropping soils:




There has been a national decrease in the soil N reserves of cropping soils averaging 2-3% per
annum (Angus and Grace 2017);
For P, low inherent fertility meant that acute deficiency occurred after a few years without P
fertiliser in southern farming areas, while northern Vertosols had higher indigenous P fertility
and deficiencies took longer to appear;
South-eastern soils generally contain high K levels, but deficiency is now widespread in the
lighter western soils (Brennan and Bell 2013) and increasingly in the north (Bell et al. 2012).

Crops recover a small proportion of the macronutrients in the year they are applied in fertilisers – about
45% in the case of N (Angus and Grace 2107), and there are similar low efficiencies for P and K
(McLaughlin et al. 2011). More of the fertiliser is recovered in the second and later seasons but the total
recovery is generally less than half. The three decades that are the subject of this chapter are a transition
period as Australian agriculture starts to pay for nutrients that were previously mined from soil. If trends
continue, fertiliser will supply most of the macronutrients and will supplement more of the other 12
essential nutrients.
CA concentrates P and K in the topsoil because of their low mobility (‘stratification‘), and this process
is often accompanied by depletion of those nutrients in the subsoil and the emergence of subsurface
acidity on some soil types. In both instances, the lack of thorough soil mixing with tillage means
fertilisers and lime are no longer thoroughly incorporated into a deeper cultivated soil layer but remain
concentrated in the upper layers that are prone to drying. The use of ‘challenge’ in the title emphasises
the need to balance CA practices with fertiliser and lime placement. An example is introducing strategic
tillage as an occasional rather than annual practice aimed at redistributing nutrients and lime (see
Chapter 7). Nutrient supply and demand vary greatly across Australian agricultural environments and
we aim to recognise the diversity of the dryland crop and pasture land; here we use ‘west’ to mean
Western Australia, ‘south-east’ to mean South Australia, Victoria and NSW south of the Macquarie
Valley, ‘south’ to include ‘west’ and ‘south-east’ and ‘north’ to mean from the Macquarie Valley to
central Queensland.

Crops
In the last 30 years there has been a tripling of crop production, most of which has been due to increased
yield rather than crop area (Table 1). The increased production has required large increases in inputs of
N fertiliser and lime, with the latter information relating only to NSW, which is the only state with longterm data on agricultural lime. Unlike N, there has been little net change in P input, reflecting less input
of single superphosphate to pasture offset by increased application of compound fertilisers to crops.
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The doubling of K fertiliser is mostly due to increased applications to crops in the west and north. By
2017, the input of fertiliser N and P exceeded the estimated output in crops, but K removal exceeded
input.
The size of dryland farms and the crop area per farm are increasing (Chapter 3), and both changes are
facilitated by CA. Farmers want to minimise the number of times that implements pass over their crops
and so welcome opportunities to combine inputs into a single pass or at least move application dates to
off-peak periods. They want to increase the speed of operations without compromising their efficiency.
Management of nutrients and acidity must fit with such logistics.

Pastures
Pastures grown in rotation with crops and permanent pastures represent a large part of the extensive
non-cropping land on Australian farms (Table 1). Rotational pastures benefit from the nutrients and
lime applied to crops. Cultivation during the cropping phase, even when it only consists of direct
drilling, helps to mix nutrients and lime into the topsoil. From the start of ‘sub & super’ in the 1950s,
improved permanent pastures based on subterranean clover were regularly topdressed with
superphosphate. Since this practice concentrated P on the soil surface it was not readily available in dry
conditions (Cornish and Myers 1977). However the practice persisted until the wool price crash and
superphosphate bounty ended in the 1970s. Many graziers then reduced or abandoned topdressing with
superphosphate. In the high-rainfall zone topdressing pastures is an efficient method of applying P
(McLaren et al. 2017) and the graziers in this environment who persisted with annual superphosphate
topdressing obtained profitable responses.
There are no data on the amount of lime applied to acid soils that support permanent pastures, but
observations suggest that it is less than to crops with similar levels of acidity. It is generally unprofitable
to apply lime where the main pasture species, subterranean clover, is acid-tolerant so the surface and
subsurface soils on livestock farms in the high-rainfall zone are acidifying more rapidly than those in
crop and mixed crop-livestock farms where lime is being applied. Since 2013-2015, increased prices
for meat and wool have boosted the profitability of permanent and rotational pasture systems in the
south and will perhaps lead to more sustainable systems through better management of pasture species,
lime and P.
Table 1. Production and area of Australian crops and pastures, nutrient inputs in fertiliser, nutrient outputs in
grain and animal products, and input of agricultural lime in NSW in 1987 and 2017.
Amount in 1987

Amount in 2017

Ratio 2017:1987

Crop production (M t)*

28

69

2.5

Crop area (M ha)*

16

20

1.3

Non-crop area (M ha)*

65

55

0.85

Fertiliser N (M t)***

0.34

1.49

4.4

Fertiliser P (M t)***

0.39

0.43

1.1

Fertiliser K (M t)***

0.11

0.22

2.0

Lime (M t)****

0.05

1.10

22

N (M t)

0.55

1.44

2.6

P (M t)

0.10

0.30

3.0

K (M t)

0.13

0.38

2.9

Input**

Output

§

*Dryland grains, oilseeds and pulses plus cotton (lint and seed), raw sugar and irrigated cereal grain.
Datasource www.apps.daff.gov.au/AGSURF/agsurf.asp
** Fertiliser input to pastures and intensive crops as well as to dryland crops
*** www.fertilizer.org.au
****
Lime data are for NSW only: data source: NSW mining royalties
§
Calculated from crop production and estimated average nutrient concentrations in product and residue.
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Pastures in the Brigalow Belt bioregion face even more serious nutritional problems because of low and
decreasing levels of available soil P and inadequate applications of P fertiliser (Peck et al. 2015). This
report concluded that P fertiliser was a profitable investment for beef production in the ~40 M ha of this
region, but there has been little research on the optimal methods to apply P. McIvor et al. (2011) report
similar problems of P deficiency across the extensive rangelands of northern Australia where the most
promising way to supply P is as a feed supplement to grazing cattle. The low P inputs to the Brigalow
pastures and the difficulty in P management of crops in the north (discussed below) are reflected in the
relatively small proportion of nutrient supplied as P in Queensland (Table 2).
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Table 2. Percentages of macronutrients in fertilisers applied during 2016 in Australian states (data courtesy of
Fertilizers Australia)

Dual-purpose crops
Cereals and canola crops can be grazed by sheep and cattle in the vegetative stage before they regrow
and produce grain. The practice has increased steadily in the south since 2005-10. Nutrients removed
during grazing are not available for grain production and N fertiliser is normally applied after grazing
to replace the amount removed. The N use efficiency (NUE) of this system is consistently lower than
for ungrazed crops with fertiliser applied under the same conditions (Sprague et al. 2019). It appears
that N-demand is temporarily reduced in small grazed plants and microbial immobilisers assimilate
much of the fertiliser N before the plants grow large enough to compete with immobilisers. Livestock
also graze stubbles on mixed farms and Hunt et al. (2016) showed that grazing increased accumulation
of soil mineral N in pre-crop sowing measurements. Their explanation was reduced immobilisation
resulting from less stubble as well as N cycling through manure and urine.

Interactions between nutrition and conservation agriculture
The practices of direct drilling and stubble retention have increased wheat yields in the north because
of soil water conservation (Thomas et al. 1997). In the south these practices have had mixed effects,
with increased yield in dry seasons reflecting the northern results, and reduced yield in wet seasons,
partly due to microbial inhibition of root growth (Giller et al. 2015 and see Chapter 9). The other key
component of conservation agriculture, rotation of cereals with broadleaf crops and pastures, also
increases yield. Regardless of the cause, increases in crop yield potential lead to extra crop nutrient
demand.
Conservation agriculture also affects nutrient supply, particularly the supply of mineral N, with stubble
retention leading to increased immobilisation and deficiency of crop N early in the growing season. The
degree to which immobilisation influences early N supply is determined by stubble load, climatic
conditions and inherent soil N fertility. Stubble loads of 1-3 t/ha are unlikely to alter the optimum N
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fertiliser rate, but at higher stubble loads, the optimal N rate tends to be higher under stubble retention
due to immobilisation (Mason 1992).
Soil disturbance is known to increase mineralisation by improving microbial access to parts of the soil
that are relatively rich in organic matter. While overseas research has generally shown that tillage
increases mineralisation (and hence accelerates long-term depletion of soil N), nutrients retained in
stubble are a significant benefit of CA. Taking N in wheat stubble as an example, the average quantity
of N contained in retained stubble is 15 kg N/ha, estimated from average yield (2.1 t/ha), harvest index
(40%) and the nutrient concentration of stubble (0.5% N). This represents one third of the 45 kgN/ha
applied as fertiliser to dryland crops (Angus and Grace 2017) but a smaller proportion of crop-N
recovery. About 10% of stubbles were burnt in 2016, as reported by graingrowers to a GRDC (2017)
survey. There is loss of N and, depending on the fire temperature and wind, other nutrients from these
stubbles. In the 90% of stubbles that are retained, N represents a significant component of the N cycle.
No directly comparable data about nutrients retained in stubble are available from 30 years earlier when
average Australian wheat yield was ~30% lower and so, presumably, were stubble nutrient amounts. In
previous decades, more stubble nutrients were recycled by livestock grazing in the mixed crop-livestock
systems that then predominated, and sowing equipment could not operate without blockages by stubble
after high-yielding cereal crops. In the future, nutrients are likely to be retained in all but the heaviest
stubbles and if these are managed with a ‘cool burn’ there is unlikely to be large nutrient loss.

Matching nutrient demand and supply
Nutrients are managed efficiently when their supply from soil and fertiliser closely matches the demand
by the crop. With increasing productivity, nutrient supply must increase to meet crop demand and to
avoid nutrient deficiency or surplus. Formal supply-demand models and rules of thumb give a prognosis
of nutrient response and machine learning has promise as a predictive tool to include several data
sources (Lawes et al. 2019). We should not forget ‘test strips’ which were widely used by Australian
farmers or advisers in a previous generation (Schroder and Curnow 1977). In this system single-element
fertilisers were added to, or deleted from, a strip of crop or pasture. Decisions about fertiliser
requirements were then made from a visual inspection of the growth response. The system is now
reinvented as ‘N-rich strips’ and used in conjunction with a proximal sensor for variable rate N-fertiliser
application (Colaço and Bramley 2018).

Nutrient demand
Crop productivity and nutrient demand depend on a combination of crop management, environment
and genetics. Crop management practices that have increased yield are early sowing with long-season
wheat (Hunt et al. 2019) and the use of break crops. Legumes provide not only a disease break but also
residual N and a separate growth stimulus to following crops by the process of hydrogen fertilisation
(Peoples et al. 2008). In a meta-analysis Angus et al. (2015) showed that the combined effect of these
processes increased wheat yield by 1.2 t/ha more than wheat after wheat. Overcoming soil-compaction
by deep ripping consistently lifts potential yield and increases wheat-yield response to N in the west
(see Chapter 8), first shown by Delroy and Bowden (1986), and on sandy soils elsewhere in the south.
Deep ripping gives inconsistent results in the south-east (Kirkegaard et al. 2008).
In the south, where growing-season rainfall provides the main water supply for winter crops, nutrient
demand cannot be forecast accurately until relatively late in the growing season. With adequate N until
tillering (from soil and sowing fertiliser), in-season N inputs can be estimated by a tactical approach
based on a revised yield expectation, emerging seasonal conditions, empirical tests of crop N-status and
grain price and protein premium. Yield responses to in-season N are more reliable in high-rainfall than
low-rainfall regions, but can be highly profitable in exceptional seasons in semi-arid regions. In-season
application is inappropriate for less-mobile nutrients that should be applied at or before sowing.
Cropping areas in north-eastern Australia are less reliant on in-season rainfall than on moisture stored
in the soil profile during summer and/or winter fallows. In these systems, soil moisture available at
sowing provides a guide to the minimum yield potential and seasonal forecasts of in-crop rainfall can
be used to estimate any additional productivity. In these systems, all nutrients are supplied at or before
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sowing, with one of the critical success factors for effective nutrient management being coincidence of
water, nutrients and active roots in the same part of the soil profile.
The combination of improved crop management and breeding has increased Australian grain yields by
annual rates varying from 1.1% for wheat to 2.1% for sorghum (Potgeiter et al. 2016). Genetic
improvements in crop yield potential affects nutrient demand through nutrient uptake and/or internal
nutrient utilisation efficiency. Selection for high wheat yield over many decades has simultaneously
increased NUE (Cossani and Sadras 2019). Examples of more specific genetic effects are that semidwarf wheat cultivars require more N than tall cultivars (Syme et al. 1976) and long-duration cultivars
also require more N than short-duration cultivars, provided that the water supply is adequate (Flohr et
al. 2018). In sorghum, ‘stay-green’ genotypes have increased yields under terminal drought stress
(Borrell et al. 2014). The use of molecular genetics for the development of cultivars with increased
nutrient uptake has shown promise in laboratory studies (Krapp 2015) but has not yet shown increased
NUE in the field. Breeding for nutrient efficiency may have benefits if it reduces nutrient losses but
otherwise will simply deplete soil nutrient reserves more rapidly and lead to greater fertiliser
requirement in later years.

Soil nutrient supply
Nutrients in the soil may originate from the pre-agricultural era, from residues of fertilisers and manures
applied previously and from the biologically fixed N from legume crops and pastures. There is also a
small amount from atmospheric deposition. Soil N is mostly found in organic forms, requiring microbial
processes to convert to inorganic forms for plant uptake. In contrast, K (and in some instances P) in soil
is mostly found in inorganic pools with differing solubility and bioavailability to plants. Examples of
the cycles of N, P and K for wheat crops producing average yields in Australia are shown in Figure 1.
The largest source of crop N is from mineralisation, defined as the conversion of organic to mineral N
(Figure 1a). The reverse process and second largest flux consist of immobilisation of mineral N that has
not been taken up by the plant plus rhizodeposition, which consists of roots and root exudates (Wichern
et al. 2008). The net N supply is mainly controlled by topsoil temperature, water content and the amount
and quality of organic matter. Soil disturbance has been shown to increase mineralisation in overseas
research, resulting in accelerated long-term depletion of soil N, but Australian experiments have shown
little or no increase in mineralisation due to tillage or stubble retention (Angus et al. 2006). The
difference is likely to be the different tillage methods: mouldboard ploughing to depths >0.2 m in many
overseas farming systems, but in Australia scarifying with narrow tynes to a depth of <0.1 m (see
Chapter 1).
Soil reserves provide a greater supply of P to the crop than fertiliser and crop residues (Figure 1). Isotope
dilution studies have shown that between 73 and 85% of P taken up by the crop is from soil reserves
(McLaughlin et al. 1988, McBeath et al. 2012) and that between 7.5 and 22% of crop P taken up is from
fertiliser (McBeath et al. 2012). P supply from crop residues depends upon residue type; in the medium
rainfall region in the west, estimated P supplies from green manure, canola, legume crop and wheat
residues were 11, 0.9, 0.4 and 0.3 kg P/ha/year (Damon et al. 2014).
Soil K is present in several distinct pools which have been simplified in Figure 1 and are explained in
detail in Bell et al. (2017b). The main source of solution K is from desorption of the ion from mineral
surfaces and some clay interlayers. However, slower K release (or in some cases fixation) can occur
from clay-mineral interlayers, while dissolution of K minerals can also occur under the action of plant
roots. Most of the K in cereals is returned to the soil surface in residues from which it is leached by rain
into the topsoil (Rossolem et al. 2017), so uneven straw distribution during harvest can increase the
spatial variability in plant-available K.

225

Figure 1. Annual cycles of N, P and K (kg/ha) for an average Australian wheat crop yielding 2.1 t/ha with a grain
protein concentration of 10.5% and with grain removal of 3.3 ± 0.7 kg P/t and 4.6 kg K/t (Norton 2012)
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Nutrient supply from fertiliser
The framework for discussing the supply of nutrients from fertiliser is the 4 Rs system (Snyder 2017)
– right placement, timing, source and rate.

Fertiliser placement
Before the mid-1980s, single superphosphate was the main fertiliser applied to Australian crops and it
was almost entirely banded with the seed. Compound fertilisers, such as monoammonium phosphate
(MAP), that became available in the 1980s were, and still are, applied in the same way. Since the high
ammonia concentration from such fertilisers damages germinating seeds, other application methods
were needed to apply high N rates. One was to broadcast urea onto the soil surface and incorporate it
by sowing (IBS). Another was to apply N to growing crops, either as broadcast granular urea or as
liquid urea ammonium nitrate (UAN) sprayed on the soil and foliage.
In situations where P reactions in soil are dominated by sorption, banding P fertiliser near the seed can
improve P fertiliser recovery (McLaughlin et al. 2011). This provides an additional advantage in cereal
crops, with the close proximity to the developing root system providing an easily accessible source of
P at floral initiation, when potential grain number is determined. The value of deep soil P to crop P
nutrition is increasingly recognised (Bell et al. 2012, Lester et al 2017, McBeath et al. 2012). A metaanalysis by Nkebiwe et al. (2016) suggests that deep subsurface placement of fertiliser could offer a
significant benefit in stratified soils, in particular soils where stratified fertiliser is positioned in the
layer most vulnerable to frequent drying during the growing season. Deep P placement has increased
yield by 5-25% compared to conventional P placement (Bell et al. 2015, 2016, Lester et al. 2017), with
an optimum depth of ~20 cm and band spacing ≤50 cm.
Similarly, deep placement of K also seems to offer significant productivity benefits in northern
Vertosols, especially in seasons where topsoils are dry for extended periods (Bell et al. 2015).
Responses are often smaller than responses to deep P and are not observed unless P supply is adequate,
suggesting that P is the primary limitation. In sandy soils there is much greater flexibility in K
application strategies because the typically low CEC results in a very limited capacity to sorb K on the
exchange surfaces. In this situation (e.g. sandy soils in the west), K broadcast onto the soil surface can
ultimately leach into the subsoil.

Fertiliser timing
Nitrogen applied before sowing or at the early stages of crop development tends to increase yield and
have little effect on grain protein concentration. Early N can even reduce grain protein due to dilution
by additional yield. Excessive N applied early can lead to ‘haying-off’, the disorder of cereals in
terminal drought leading to reduced yield and low quality grain (van Herwaarden et al. 1998). Canola
crops do not hay-off as much as cereals (Norton 2016). Later N applications tend to increase grain
protein concentration relatively more than yield but seldom cause haying off. Mineral N leached into
the subsoil during a fallow also tends to increase grain protein because it is not accessed by the roots
until late in crop development (Lotfollahi et al. 1997).
For environments where there is reliable rainfall during the growing season, applying N to the growing
crop has advantages of delaying expenditure on fertiliser until there is more information on seasonal
conditions, crop-N status, grain prices and protein premiums. N-fertiliser top-dressed onto alkaline
surfaces of retained stubble or ash from burnt stubble is at risk of ammonia volatilisation. However, the
model of Fillery and Khimashia (2016) predicted little or no N loss when N fertiliser is injected into the
soil or top-dressed before rain. Fertiliser N applied onto a dry surface soil or into a dry topsoil, provided
it is not dissolved in dew, is neither available to crops nor prone to loss.
The other pathways of N-loss, leaching and denitrification, are most active when the soil is very wet
and contains a large amount of nitrate. In some situations, soil saturation can be reduced by land
levelling and high concentrations of nitrate can be avoided with split fertiliser applications, both at
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considerable cost. With the development of autonomous robots, it may be possible to apply N in
numerous splits at low cost.
The response of wheat to fertiliser P banded with the seed varies strongly with the date of sowing.
Batten et al. (1999) showed that yield of crops sown in April required much less fertiliser P to maximise
yield than those sown later, but higher P removal rates must ultimately lead to greater depletion of soil
P reserves and potentially greater P-fertiliser requirement in later years. Many cropping soils in the
south have accumulated sufficient available P to now require only maintenance P applications.

Placement and timing interactions
The fertiliser products listed in the Placement section can be applied before, during and after sowing.
Application before sowing can cause a yield penalty because sowing is delayed. With dry sowing (see
Chapter 18), nutrients on or near the soil surface are unavailable to crops but in winter-rainfall
environments the topsoil is likely to wet up within a few weeks so that the nutrients become available.
In the north, fertiliser applied just before sowing or at sowing is often ineffective because the topsoil
remains dry after sowing. The solution may be deep-drilling of fertilisers containing N, P, K and
micronutrients during the fallow period. In this system, nutrients are drilled at a depth of at least 0.2 m
where the soil is likely to remain moist enough for nutrient uptake to meet crop demand (Bell et al.
2012). The residual effects of deep placement applications made early in the fallow period can persist
for 4-6 years (Bell et al. 2016), and applications are made early during a winter or summer fallow so
that subsequent rainfall can replace any tillage-induced moisture loss. The fertiliser N drilled in this
system is normally leached into the subsoil as the soil water refills and the bulge of mineral N in the
subsoil normally results in an N supply to the crop that is more synchronous with peak nutrient demand
than when it is applied at or just before sowing. The option to apply N fertiliser well before sowing a
winter crop is more suited to well-buffered clays and other alkaline soils than to light soils that are prone
to nitrate leaching and acidification.
Applying N fertiliser in mid-row bands as part of a one-pass sowing operation separates seed from
fertiliser and prevents seedling damage from ammonia. A one-pass sowing operation also minimises
soil disturbance. The agronomic advantage of mid-row banding at sowing of winter crops is that urea
or anhydrous ammonia, when placed at high concentrations (>500 µg N/g) suppresses nitrification and
immobilisation and can remain in the ammonium form for several months. The high ammonium
concentrations are achieved with one band of fertiliser between every second seed row, so that each
seed row has access to one fertiliser band. Mid-row banding has given greater NUE than other
application methods in several experiments (Angus et al. 2014, Sandral et al. 2017). An alternative to
mid-row banding is side banding using tynes that deliver seed behind the ‘boots’ and fertilisers to the
side of the crop row, far enough from the seed to minimise damage to germinating seedlings (Barr et
al. 2016). More than half the N applied to dryland crops in Canada, for example, is applied at sowing
in side or mid-row bands and PAMI (2015) reported no significant difference between the methods.
Mid-row banding of N fertiliser during crop growth is another promising method of application
provided there is highly precise guidance using GPS. Wallace et al. (2016) showed that this system was
more efficient than in-crop application of solid or liquid fertiliser to the soil surface. The probable reason
for the higher NUE was that N was neither stranded on dry soil nor lost by ammonia volatilisation.
There have not yet been comparisons between mid-row banding during crop growth and one-pass midrow banding at sowing.

Form – inorganic fertilizer: implications for CA
Fertiliser price, nutrient concentration and convenience influence the form of nutrient applied. Urea
dominates the N market because it is cheaper per unit N than alternatives such as liquid UAN, granular
ammonium sulphate or ammonium nitrate. Ammonium nitrate often gives greater ‘agronomic
efficiency’ (AE) than urea but the additional yield does not usually justify the additional cost. The N in
UAN is also more expensive than in urea but it has advantages that justify the additional cost in some
circumstances. The AE for UAN may be slightly greater than for urea (Loss and Appelbee 2006) and it
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can be applied uniformly and rapidly through a spray boom. Little UAN is applied in the north or southeast but it makes up half the fertiliser N applied in the west. Anhydrous ammonia is also convenient to
use but the cost of transport and storage vessels is high unless spread over high yields, or two crops per
year. Enhanced efficiency N fertilisers (EEF) contain urease and/or nitrification inhibitors and/or a
coating such as polyethylene and epoxy resin that slows dissolution of nutrients. The effect of all EEFs
is to retain soil N in the form of urea or ammonium so that less N is lost through ammonia volatilisation,
nitrate leaching or denitrification. There is good evidence that nitrification inhibitors reduce emissions
of the greenhouse gas N2O but little evidence of consistently increased yield (Rose et al. 2018).
Most P fertiliser for crops consists of granular ammonium phosphates while, for pastures, graziers still
apply single superphosphate, partly because of the additional sulfur. In most cases the solid-P sources
(single superphosphate, MAP and DAP) perform quite similarly except in calcareous soils where the
solubility of superphosphate and DAP is poor (Lombi et al. 2005). On highly calcareous soils (>15%
CaCO3 w/w) liquid P fertilisers, although expensive, can be more cost-effective than granular
phosphates but there is no individual liquid P product that is consistently superior to the others on these
soils (McBeath et al. 2007). Foliar application of liquid P is an attractive option because it allows for
tactical applications of P in response to the season. However, while it has been shown to be absorbed
by foliage, it has not given consistent yield responses (Noack et al. 2010). While soil-banded liquid P
has not been shown to lead to a yield disadvantage compared with granular, foliar applied liquid P that
has not been absorbed will land on the soil surface where roots have minimal access, potentially
reducing P availability compared with soil application. Applying two or more nutrients in a band can
increase the efficiency with which crops recover each. In a K-deficient soil in the west, co-locating P
and K fertilisers in a band soil increased root proliferation in the band and increased K uptake by crops
(Ma et al. 2011). Similar results have been reported in a northern Vertosol (Bell et al. 2017a), but high
concentrations of co-located P and K fertilisers were needed to stimulate additional K uptake.

Form – manures and residues
Beef feedlots and dairy farms produce ~4 M t/yr of manure (Bunemann et al. 2006). Most feedlots are
in the north, while poultry and pig manure are applied to croplands in the south close to the source.
Most dairy manure is applied on the farms where it is produced. Nutrients in manures vary considerably
in concentration, depending on feed rations, age of the manure and the duration of stockpiling (Beegle
et al. 2008). Nutrient concentrations are typically low and are not in the correct ratios to match crop
requirements or balance nutrient removal, so manures should form part of a sustainable nutrient
management plan (Abbott et al. 2018). The low concentrations also result in high transport costs/kg of
nutrient, resulting in distribution patterns centred within a <50 km radius of the source.
Most manure is broadcast onto the soil surface and generally not incorporated. This reduces efficiency
of manure nutrient use, with N loss through ammonia volatilisation and positional unavailability of
immobile elements. Beegle et al. (2008), in a survey of 89 experiments, found that the average NUE of
manure was 39±21% of inorganic fertiliser in the year of application, when applied at the same rate and
in the same conditions. Celestina et al. (2018) found that applying high rates of manures and other
organic amendments into slots in dense subsoils increased yield of winter crops, mainly due to increased
N supply.
Long-term stubble retention has little effect on soil carbon (C) because the humification is limited by
low levels of N, P and sulfur (see Chapter 16). Manures generally contain sufficient N, P and S to
increase soil C, but when applied sporadically at commercial application rates (1-5 t/ha), provide small
C inputs. Incorporating manure to supply crop nutrients also limits the longevity of any potential C
benefit. Added C is less persistent in sands than in finer textured soil.
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Rate – paddock averages
Nitrogen fertiliser decisions can be made at or before sowing, and, in winter-rainfall regions, during
crop growth. When N is applied at sowing, soil tests of mineral N to an appropriate depth (60 cm in the
south and 90 cm in the north) are inputs to a supply-demand equation
F = (D - SEsoil) / Efert
where F is fertiliser requirement, D is demand calculated from expected yield, grain protein and the
proportion of N the grain, S is the supply of nutrients from soil and E is efficiency, expressed as the
proportion of nutrient from soil or fertiliser that is taken up by the crop. Where it is feasible to apply N
during crop growth the yield target can be adjusted as the season unfolds. In these regions a useful
measure of crop-N status is shoot density at the start of tillering. This is closely related to the mass of
above-ground N and yield response to applied N. The mass of N in the crop is a better predictor of yield
response to fertiliser than above-ground N concentration, apparently because self-dilution of tissue N
tends to compress the range of concentrations (Angus 1995). Foliar cover of vegetative crops is also
closely related to the mass of N which justifies the use of remote and proximal sensors for variable rate
application (Li et al. 2010). The limitation of relying on canopy cover alone is that it may be related to
soil constraints as well as nutrient status. Where canopy cover is low because of N deficiency more
fertiliser is needed but where low canopy cover is due to soil constraints there is less need for N (Angus
et al. 2010).
For nutrients applied at sowing, the critical values for macronutrients have been developed in the ‘Better
Fertilisers Decision Framework’ (N - Bell et al. 2013b, P - Bell et al. 2013c, K - Brennan and Bell
2013), and the utility of different soil testing methods has been evaluated for P (Speirs et al. 2013). The
critical nutrient concentration may vary with management practices and, for example, much more P
may be required for crops supplied with high levels of N fertiliser than is estimated from established
critical values (Duncan et al. 2018).
The supply-demand approach is inappropriate for P (Bell et al. 2013a, c) and K (Brennan and Bell 2013)
because the critical soil test values are not closely related to crop yield, and for P are more related to
the buffer capacity of the soil and application method (Moody 2007). The CEC and resulting K buffer
capacity influence the optimum K application rate (Bell et al. 2017a).
For P and K, applications are typically made at or before sowing. Given the lack of quantitative
relationships between yield and P/K demand, the appropriate rate will be determined by the efficiency
with which the crop exploits the applied fertiliser. This will primarily be determined by positional
availability in the soil profile in interaction with the amount and distribution of seasonal rainfall.

Rate – variable
Spatial sensing of soil constraints and crop conditions provides information that can be used to vary
inputs of fertiliser and lime. Variable P application can be prescribed to replace P removed in grain, as
estimated from a yield monitor. Variable lime application to neutralise surface soil acidity (but not
subsurface acidity) can be prescribed using a pH sensor (e.g. www.veris.com). Variation in target yield
due to subsoil salinity or sodicity can be estimated by electromagnetic induction (e.g.
www.geonics.com). But the greatest interest in variable rate technology is with N fertiliser.
Only about 20% of Australian grain growers adopt variable N inputs based on soil-specific management
(Robertson et al. 2012), despite significant yield and profit benefits being demonstrated in distinctly
variable environments, for example between sand dunes and clay loam swales (Monjardino et al. 2013).
Sensors of crop-N status, which in turn inform variable fertiliser application strategies, have
significantly evolved in the last 20 years, although several constraints to their widespread adoption
remain. Colaço and Bramley (2018) suggest that the limitations lie within the experimental approaches
used, the implementation of the N application algorithms in farmers’ fields and the ability to deliver
consistent and profitable outcomes. They conclude that further development via the integration of a
range of sensors is likely to improve the adoptability of the technology.
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Nutrient and pH stratification
Positional availability of nutrients
Soil sampling in Australia has usually been to a depth of 10 cm which is too shallow to identify nutrientdepleted subsoils or stratification of immobile nutrients and subsurface acidity. Sampling the 10-20 cm
layer identifies presence of an ‘acid throttle’ (a soil layer sandwiched between a limed topsoil and a
naturally neutral or acidic subsoil) and, in the north, sampling the 10-30 cm layer identifies nutrient
depletion (Moody et al. 2010). In sand-surfaced soils in the west there was an economic benefit from
sampling the subsoil when exchangeable K was near-adequate (40-60 mg/kg) in deep sands, or when it
was less than 40 mg/kg in duplex soils (Scanlan et al. 2015).
Crops extract nutrients from moist topsoils and subsoils, and the latter can supply up to 70% of the N,
P and K accumulated by crops in temperate climates (McBeath et al. 2012, Kautz et al. 2013). Where
the topsoil is dry and crops are reliant on subsoil moisture for extended periods, root access to the
nutrient-rich topsoil layers is limited and stratified nutrient reserves in these layers are effectively
unavailable. In such conditions, crops rely more on subsoil nutrients if they are present. In the west, P
accumulates in subsoils when P fertiliser has been repeatedly applied in excess of crop demand (Weaver
and Wong 2011). In such circumstances, a test of P concentration in the topsoil underestimates the
supply of P from the whole soil profile (Bell et al. 2013a). In clay soils in the north there is evidence of
P depletion at soil depths >10 cm and <60 cm (Norrish 2003), and of increased yield in response to
deep banding P and K fertiliser (Bell et al. 2015, 2016, Lester et al. 2017).
Nutrient stratification and subsoil depletion can be addressed by periodic ‘strategic tillage‘ to
redistribute nutrients concentrated in the topsoil into deeper soil, or by direct placement of nutrients into
the depleted subsoil layers (see Chapter 7). The ‘strategic tillage’ option of cultivation every 5-10 years
is considered by some to be inconsistent with conservation tillage because it leads to temporary
reduction in surface cover, accelerated soil C loss and disruption of microbial communities. However
there are situations where periodic tillage is already occurring to control herbicide-resistant weeds, to
incorporate lime, increase topsoil clay content or reduce the severity of hydrophobicity. These
operations also redistribute stratified nutrients through larger soil volumes (Scanlan and Davies 2019).
The balance between these benefits and costs associated with tillage needs further research (Dang et al.
2015). The value of the alternative approach, to inject nutrients directly into depleted subsoil layers,
depends on seasonal conditions (Bell et al. 2012).

Reversing subsurface acidification
In situations where no lime has been applied, the topsoil becomes acidified and the acid layer spreads
down and becomes thicker, retarding penetration of roots of acid-sensitive species to reduce yield.
Applying lime to the topsoil layers without incorporation by tillage leads to development of an ‘acid
throttle’. This pH profile is an increasingly common occurrence in cropping land in the high and
medium rainfall regions of the south. Surface lime applied at normal rates moves slowly through loamtextured topsoils (Kandosols, Chromosols and Tenosols) in the south-east (Li et al. 2019) but is more
mobile in sandy topsoils in the west (Whitten et al. 2000).
Practices to neutralise subsurface acidification are expensive. The simplest is to apply larger than
normal amounts of lime to the surface soil, with or without tillage (Scanlan et al. 2017). Other methods
are directly injecting lime into subsurface soil through tubes behind rip tynes, or extensive profile
modification using a rotary spader to mix surface-applied lime through ~30 cm of soil (see Chapter 8).
With enough lime, all of these practices eventually reduce the level of subsurface soil toxins, increase
crop access to subsoil water, increase yield potential and hence nutrient demand. The more vigorous
the soil disturbance the faster the subsurface acidity will be neutralised. There is evidence that
neutralising subsurface and subsoil acidity can unlock indigenous P, as Shierlaw and Alston (1984)
found by ameliorating subsoil compaction. Alternatively, there may be a greater requirement for
fertilizer as yield potential increases.
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Conclusions
The many interactions between plant nutrition and CA have been the subject of research over the past
3 decades. The results have led to changes in management of fertiliser rate, timing and placement
appropriate for CA. The optimum rates of N fertilisers for crops are known to vary in response to N
immobilisation by retained stubble, N contributions from legume rotation and increases in potential
yields through improved water use efficiency. Rates of P and K fertilisers also reflect changes in yield
potential and hence nutrient demand, but perhaps a bigger issue for both the less mobile nutrients is
placement to ensure good root access.
Two nutritional challenges stand out because of the cost they impose on Australian agriculture and the
relatively small amount of research that is underway. One is neutralising the looming acidification of
subsurface soil in high and medium-rainfall agricultural regions in the south-east and west. The second
is to start restoring the P status of pasture soils in the Brigalow bioregion.
Both challenges apply to large areas of land, about 40 M ha in each case, located in relatively favourable
climatic regions. In both cases the land will become more degraded if left untreated, and research is
needed to find effective and economic treatments. Neither challenge is directly related to CA, although
subsurface acidification is partly due to the reduction in profile mixing of lime applied to topsoils due
to reduced cultivation. Given the presence of both constraints in subsoil as well as topsoil layers (the
latter in the case of low soil P in the Brigalow bioregion), strict adherence to CA principles represent a
limitation to the management strategies that can be deployed. Use of strategic/occasional tillage appear
to be part of any future solution. However, the profitability of both systems needs to be increased to
cover the cost of additional inputs. New application strategies will be needed to maximise the efficiency
of use of these inputs.
The low recovery of applied nutrients by crops and pastures is a large cost to Australian agriculture that
will only grow larger as fertilisers provide an increasing proportion of the nutrient supply, although
there is currently little evidence that CA has affected nutrient use efficiency. Future research will need
to improve fertiliser recovery and use efficiency. Based on this review, the most promising lines of
research are the placement of fertilisers and soil ameliorants into layers and bands of the soil that support
root growth and supply nutrients in amounts and at times that synchronise with crop demand. This may
ultimately require the development of new farm implements.
It will also be important to retain legume-based pastures and pulses as part of CA because these species
require no N fertiliser, contribute residual N to following crops and increase potential yield of rotational
crops in other ways. Despite their importance, the area of rotational pastures is declining, and pulses
make up only 11% of cropped land (ABARES 2018). The greatest contribution of pulses was in the
west from the early 1980s to the late 1990s, when the area of lupin crops grew from zero to 20% of the
cropped land. At the same time, the trend of wheat yield increased rapidly suggesting that lupins made
a major contribution to system productivity. The area of lupins in the west has subsequently decreased
but their brief success shows the potential contribution that pulses can make. Support for pulse growing
will enhance CA.
Australian dryland farmers make most of their income in relatively few favourable seasons and on their
most fertile soils. In winter-rainfall regions tactical management of in-season N fertiliser in these
exceptional seasons can help capture high yields. Improved seasonal weather forecasts and variable rate
systems could assist farmers with risky decisions about applying N to ‘feed the crop’, while deep
placement of P, K and lime ‘feed the soil’ and provide an environment in which N can be managed to
achieve the water-limited yield.

Acknowledgements
We are grateful to Jeff Kraak, Rob Norton, Richard Simpson and Jim Virgona for helpful discussions.

232

References
ABARES (2018) Agricultural commodities. ACS2018_PulseTables.v1.2.0.xlsx. (Australian Bureau of
Agricultural and Resource Economics: Canberra)
Abbott LK, Macdonald LM, Wong MTF et al. (2018) Potential roles of biological amendments for profitable
grain production – A review. Agriculture, Ecosystems & Environment 256, 34-50
Angus JF (1995) The role of nitrogen in wheat. In (Eds. IG Fenton and PW Orchard) “Making better fertiliser,
lime and gypsum recommendations” pp. 68-88 (NSW Agriculture: Wagga Wagga)
Angus JF, Walker CN, Pedler JF, Norton RN (2010) Optimizing nitrogen for wheat growing on hostile soils.
Better Crops 94, 13-15
Angus JF, Bolger TG, Kirkegaard JA, Peoples MB (2006) Nitrogen mineralisation in relation to previous crops
and pastures. Australian Journal of Soil Research 44, 355-365
Angus JF, Gupta VVSR, Pitson GD, Good AJ (2014) Effects of banded ammonia and urea fertilizer on soil and
the growth and yield of wheat. Crop and Pasture Science 65, 337-352
Angus JF, Kirkegaard JA, Hunt JR et al. (2015) Break crops and rotations for wheat. Crop and Pasture Science
66, 523-552
Angus JF, Grace PR (2017). Nitrogen balance in Australia and nitrogen use efficiency on Australian farms. Soil
Research 55, 435-450
Barr JB, Desbiolles JMA, Fielke JM (2016) Minimising soil disturbance and reaction forces for high speed sowing
using bentleg furrow openers. Biosystems Engineering 151, 53-64
Batten GD, Fettell NA, Mead JA, Khan MA (1999) Effect of sowing date on the uptake and utilisation of
phosphorus by wheat (cv. Osprey) grown in central New South Wales. Australian Journal of
Experimental Agriculture 39, 161-170
Beegle DB, Kelling KA, Schmitt MA (2008) Nitrogen from animal manures. In (Eds. JS Schepers, WR Raun)
“Nitrogen in agricultural soils” Agronomy Monograph No. 49, pp 823-881 (American Society of
Agronomy:Madison, WI)
Bell MJ, Lester DW, Graham R et al. (2016). Phosphorus and potassium nutrition. GRDC Updates Coonabarabran
and Goondiwindi www.grdc.com.au/resources-and-publications/grdc-update-papers/tab-content/grdcupdate-papers/2016/02/phosphorus-and-potassium-nutrition
Bell MJ, Lester DW, Smith LN, Want PS (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, UNE Armidale
www.agronomyaustraliaproceedings.org/images/sampledata/2012/8045_7_bell.pdf
Bell MJ, Mallarino AP, Moody PW et al. (2017a) Soil characteristics and cultural practices that influence
potassium recovery efficiency and placement decisions. In (Eds. Murrell TS, Mikkelsen RL) “Frontiers
of Potassium Science” Rome, Italy. pp O277-O288 (International Plant Nutrition Institute: Peachtree
Corners, GA, USA)
Bell MJ, Moody PW, Anderson GC, Strong W (2013a) Soil phosphorus – crop response relationships and criteria
for oils, grain legumes and summer cereal crops in Australia. Crop and Pasture Science 64, 499-513
Bell MJ, Moody PW, Thompson ML et al. (2017b). Improving potassium rate recommendations by recognizing
soil potassium pools with dissimilar bioavailability. In (Eds. Murrell TS, Mikkelsen RL) “Frontiers of
Potassium Science” Rome, Italy, pp O239-O248 (International Plant Nutrition Institute: Peachtree
Corners, GA, USA)
Bell R, Reuter D, Scott B et al. (2013c) Soil phosphorus-crop response calibration relationships and criteria for
winter cereal crops grown in Australia. Crop and Pasture Science 64, 480-498
Bell MJ, Sands D, Lester D, Norton R (2015). Response to deep placed P, K and S in central Queensland.
Proceedings of 17th Australian Agronomy Conference, Hobart www.agronomyaustraliaproceedings.org/
Bell MJ, Strong W, Elliott D, Walker C (2013b) Soil nitrogen – crop response calibration relationships and criteria
for winter cereal crops grown in Australia. Crop and Pasture Science 64, 442-60
Borrell AK, van Oosterom EJ., Mullet JE et al. (2014) Stay-green alleles individually enhance grain yield in
sorghum under drought by modifying canopy development and water uptake patterns. New Phytologist,
203, 817-830
Brennan RF, Bell MJ (2013) Soil potassium- crop response calibration relationships and criteria for field crops
grown in Australia. Crop and Pasture Science 64, 514-522
Bunemann EK, Schwenke G, van Zwieten L (2006) Impact of agricultural inputs on soil organisms – A review.
Australian Journal of Soil Research 44, 379-406
Cade-Menun BJ, He Z, Zhang H et al. (2015) Stratification of phosphorus forms from long-term conservation
tillage and poultry litter application. Soil Science Society of America Journal 79, 504-516

233

Cossani CM, Sadras VO (2019) Increasing co-limitation of water and nitrogen drives genetic yield gain in
Australian wheat. European Journal of Agronomy (in press).
Celestina C, Midwood J, Sherriff S et al. (2018) Crop yield responses to surface and subsoil applications of poultry
litter and inorganic fertiliser in south-eastern Australia. Crop and Pasture Science 69, 303-316
Colaço AF, Bramley RGV (2018) Do crop sensors promote improved nitrogen management in grain crops? Field
Crops Research 218, 126-140
Cornish PS, Myers LF (1977) Low pasture productivity of a sedimentary soil in relation to phosphate and water
supply. Australian Journal of Experimental Agriculture 17, 776-783
Damon PM, Bowden B, Rose T, Rengel Z (2014) Crop residue contributions to phosphorus pools in agricultural
soils: A review. Soil Biology and Biochemistry 74, 127-137
Dang YP, Balzer A, Crawford M et al. (2017) Strategic tillage in conservation agricultural systems of northeastern Australia: why, where, when and how? Environmental Science and Pollution Research
www.link.springer.com/article/10.1007/s11356-017-8937-1
Delroy ND, Bowden JW (1986) Effect of deep ripping, the previous crop, and applied nitrogen on the growth and
yield of a wheat crop. Australian Journal of Experimental Agriculture 26, 469-479
Duncan EG, O’Sullivan CA, Roper MM et al. (2018) Influence of co-application of nitrogen with phosphorus,
potassium and sulphur on the apparent efficiency of nitrogen fertiliser use, grain yield and protein content
of wheat: Review. Field Crops Research 226, 56-65
Fillery IRP, Khimashia N (2016) Procedure to estimate ammonia loss after N fertiliser application to moist soil.
Soil Research 54, 1-10
Flohr BM, Hunt JR, Kirkegaard JA et al. (2018) Winter wheat phenology can stabilise flowering date and
maximise grain yield in semi-arid Mediterranean and temperate environments. Field Crops Research
223, 12-25
Giller KE, Andersson JA, Corbeels M et al. (2015) Beyond conservation agriculture. Frontiers in Plant Science.
6, 870-884
GRDC (2017) Farm practices survey report 2016. www.grdc.com.au/resources-and-publications/allpublications/publications/2018/farm-practices-survey-report-2016
Hunt JR, Lilley JM, Trevaskis B et al. (2019) Early sowing systems can boost Australian wheat yields despite
recent climate change. Nature Climate Change 9, 244-247
Hunt JR, Swan AD, Breust PD et al. (2016) Sheep grazing on crop residues increase soil mineral N and grain N
uptake in subsequent wheat crops. Proceedings of 2016 International Nitrogen Initiative Conference
www.ini2016.com
Kautz T, Amelung W, Ewert F et al. (2013) Nutrient acquisition from arable subsoils in temperate climates: A
review. Soil Biology and Biochemistry 57, 1003-1022
Kirkegaard J, Angus J, Swan A et al. (2008) Ripping yarns: 25 years of variable responses to ripping clay soils in
south-eastern Australia. Proceedings of 14th Australian Agronomy Conference, Adelaide
www.agronomyaustraliaproceedings.org/images/sampledata/2008/concurrent/managingsubsoils/5934_
kirkegaard
Krapp A (2015) Plant nitrogen assimilation and its regulation: a complex puzzle with missing pieces. Current
Opinion in Plant Biology 25, 115-122
Lawes, RA, Oliver, YM and Huth, NI (2019) Optimal nitrogen rate can be predicted using average yield and
estimates of soil water and leaf nitrogen with infield experimentation. Agronomy Journal 111, 11551164
Lester DW, Bell MJ, Sands DJ, Weaver TB (2017) Cereal and legume crop responses to deep-placed K with and
without P in NE Australian Vertosols. In (Eds. Murrell TS, Mikkelsen RL) “Frontiers of Potassium
Science” Rome, Italy (International Plant Nutrition Institute: Peachtree Corners, GA, USA)
http://www.ipni.net/ipniweb/conference/kfrontiers.nsf/article/conference-proceedings
Li GD, Conyers MK, Helyar KR et al. (2019) Long-term surface application of lime ameliorates subsurface soil
acidity in the mixed farming zone of south-eastern Australia. Geoderma 338, 236-246
Li Y, Chen D, Walker CN, Angus JF (2010) Estimating the nitrogen status of crops using a digital camera. Field
Crops Research 118, 221-227
Lobell D B (2007) The cost of uncertainty for nitrogen fertilizer management: A sensitivity analysis. Field Crops
Research 100, 210-217.
Lombi E, McLaughlin MJ, Johnston C et al. (2005) Mobility, solubility and lability of fluid and granular forms
of P fertiliser in calcareous and non-calcareous soils under laboratory conditions. Plant and Soil 269, 2534
Loss S, Applebee M (2006) Agronomic performance and adoption of liquid fertilisers in Western Australia.
Proceedings of 13th Australian Agronomy Conference, Perth WA
www.agronomyaustraliaproceedings.org/images/sampledata/2006/poster/adoption/4604_losss.pdf

234

Lotfollahi M, Alston AM, McDonald GK (1997) Effect of nitrogen fertiliser placement on grain protein
concentration of wheat under different water regimes Australian Journal of Agricultural Research 48,
241-250
Ma Q, Rengel Z, Siddique KHM (2011) Wheat and white lupin differ in root proliferation and phosphorus use
efficiency under heterogeneous soil P supply. Crop and Pasture Science 62, 467-473
Mason MG (1992) Effect of management of pervious cereal stubble on nitrogen fertiliser requirement of wheat.
Australian Journal of Experimental Agriculture 32, 355-362
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
McBeath TM, McLaughlin MJ, Armstrong RD et al. (2007) Predicting the responses of wheat (Triticum aestivum
L.) to liquid and granular phosphorus fertilisers in Australian soils. Soil Research 45, 448-458
McLaren TI, McBeath TM, Simpson RJ et al. (2017) Direct recovery of 33P-labelled fertiliser phosphorus in
subterranean clover (Trifolium subterraneum) pastures under field conditions – The role of agronomic
management. Agriculture, Ecosystems & Environment 246, 144-156
McIvor JG, Guppy C, Probert ME (2011) Phosphorus requirements of tropical grazing systems: the northern
Australian experience. Plant and Soil 349, 55-67
McLaughlin MJ, Alston A, Martin J (1988) Phosphorus cycling in wheat pasture rotations. I. The source of
phosphorus taken up by wheat. Soil Research 26, 323-331
McLaughlin MJ, McBeath TM, Smernik RJ et al. (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
Monjardino M, McBeath TM, Brennan L, Llewellyn RS (2013) Are farmers in low-rainfall cropping regions
under-fertilising with nitrogen? A risk analysis. Agricultural Systems 116, 37-51
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
Moody PW, Bell MJ, Klepper K et al. (2010) Implications of minimum till dryland cropping systems for
diagnostic P and K soil tests. Proceedings of 19th World Congress of Soil Science 5, 4985-4988
http://soilscienceaustralia.com.au/images/sampledata/publications_tab/confproceedings/2012Soil%20S
ymposium/12589%20Papers%20V04.pdf
Nkebiwe PM, Weinmann M, Bar-Tal A, Muller T (2016) Fertilizer placement to improve crop nutrient acquisition
and yield: A review and meta-analysis. Field Crops Research 196, 389-401
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
Norrish, SA (2003) Soil and water interactions controlling wheat crop response to phosphorus fertiliser in northwestern New South Wales. PhD Thesis, University of Western Sydney
Norton RM (2012) Wheat grain nutrient concentrations for south-eastern Australia. Proceedings of 16th
Australian Agronomy Conference, UNE Armidale NSW
www.regional.org.au/au/asa/2012/nutrition/7984_nortonr
Norton RM (2016) Nitrogen management to optimise canola production in Australia. Crop and Pasture Science
67, 419-438
PAMI (2015) Emergence and yield comparison of mid-row and side banding seeding/fertilizer systems. Research
Update 768 (Prairie Agricultural Machinery Institute: Humboldt, Saskatchewan, Canada)
(www.pami.ca)
Pearce A, McCaskill M, Ludwig I et al. (2017) What are the limiting nutrients for crops of high yield potential in
the South East of South Australia? Proceedings of 18th Australian Agronomy Conference, Ballarat,
Victoria
www.agronomyaustraliaproceedings.org/images/sampledata/2017/86_ASA2017_Pearce_Amanda_Fin
al.pdf
Peck G, Chudleigh F, Johnson B, Lawrence D (2015) Use of phosphorus fertiliser for increased productivity of
legume-based sown pastures in the Brigalow Belt region – a review. Project report. Meat and Livestock
Australia www.era.daf.qld.gov.au/id/eprint5039
Peoples MB, McLennan PD, Brockwell J (2008) Hydrogen emission from nodulated soybeans [Glycine max (L.)
Merr] and consequences for the productivity of a subsequent maize (Zea maysL.) crop. Plant and Soil
307, 67-82
Potgieter AB, Lobell DB, Hammer GL et al. (2016) Yield trends under varying environmental conditions for
sorghum and wheat across Australia. Agriculture and Forest Meteorology 228, 276-285
Robertson MJ, Llewellyn RS, Mandel R et al. (2012) Adoption of variable rate fertiliser application in the
Australian grains industry: status, issues and prospects. Precision Agriculture 13, 181-199

235

Rose TJ, Wood RH, Rose MT, van Zwieten, L (2018) A re-evaluation of the agronomic effectiveness of the
nitrification inhibitors DCD and DMPP and the urease inhibitor NBPT. Agriculture Ecosystems and
Environment 252, 69-73
Rossolem CA, Mallarino AP, Nogueira AR (2017) Can cycling of potassium from crops and other organic
residues be integrated into potassium rate recommendations? In (Eds Murrell TS, Mikkelsen RL)
“Frontiers of Potassium Science” Rome, Italy. pp. O158-O165 (International Plant Nutrition Institute:
Peachtree Corners, GA, USA)
Sandral GA, Tavakkoli E, Harris F et al. (2017) Improving nitrogen fertiliser use efficiency in wheat using midrow banding. Proceedings of 18th Australian Agronomy Conference, Ballarat, Victoria
http://agronomyaustraliaproceedings.org/images/sampledata/2017/175_ASA2017_Sandral_Graeme_Fi
nal.pdf
Scanlan CA, Bell RW, Brennan RF (2015) Simulating wheat growth response to potassium availability under
field conditions in sandy soils. II. Effect of subsurface potassium on grain yield response to potassium
fertiliser. Field Crops Research 178, 125-134
Scanlan CA, Brennan RF, D’Antuono MF, Sarre GS (2017) The interaction between soil pH and phosphorus for
wheat yield and the impact of lime-induced changes to soil aluminium and potassium. Soil Research 55,
341-353
Scanlan CA. Davies SL (2019) Soil mixing and redistribution by strategic deep tillage in a sandy soil. Soil and
Tillage Research 185, 139-145
Schroder P, Curnow B (1977) Fertilizer test strips will help give the answers. Journal of Agriculture Victoria 75,
270-272
Shierlaw J, Alston AM (1984) Effect of soil compaction on root growth and uptake of phosphorus. Plant and Soil
77, 15-28
Snyder CS (2017) Enhanced nitrogen fertiliser technologies support the ‘4R’ concept to optimise crop production
and minimise environmental losses. Soil Research 55, 463-472
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
Sprague SJ, Rasmussen IS, Lilley JM et al. (2019) Nitrogen relations of dual-purpose crops (in preparation)
Syme JR, Mackenzie J, Strong WM (1976) Comparison of four wheat cultivars for yield and protein response to
nitrogen fertilizer Australian Journal of Experimental Agriculture and Animal Husbandry 16, 407-410
Thomas GA, Felton WL, Radford BJ (1997) Tillage and crop residue management. In (Eds. AL Clarke, PB Wylie)
“Sustainable crop production in the sub-tropics: an Australian perspective” pp 27-34. Information Series
QI97035 (Qld Department of Primary Industries: Brisbane)
van Herwaarden AF, Angus JF, Richards RA, Farquhar GD (1998) ‘Haying-off’, the negative grain yield response
of dryland wheat to nitrogen fertiliser. II Carbohydrate and protein dynamics. Australian Journal of
Agricultural Research 49, 1083-1093
Wallace A, Nuttall J, Henry F et al. (2016) Mid-row banding nitrogen fertiliser in-season In “Improving nitrogen
use efficiency of cropping systems of southern Australia” (Agriculture Victoria: Horsham, Vic)
www.grdc.com.au/resources-and-publications/all-publications/publications/2016/11/mid-row-bandingnitrogen-fertiliser-in-season
Weaver, D, Wong MF (2011) Scope to improve phosphorus (P) management and balance efficiency of crop and
pasture soils with contrasting P status and buffering indices. Plant and Soil 349, 37-54
Whitten MG, Wong MTF, Rate AW (2000) Amelioration of subsurface acidity in the south-west of Western
Australia: downward movement and mass balance of surface incorporated lime after 2-15 years.
Australian Journal of Soil Research 38, 711-728
Wichern F, Eberhardt E, Mayer J et al. (2008) Nitrogen rhizodeposition in agricultural crops: Methods, estimates
and future prospects. Soil Biology and Biochemistry 40, 30-48

236

