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Abstract

The P-balance efficiency of southern Australian agriculture is only ~25% (i. e. 4 units of P are
applied as fertiliser to produce only I unit of P in products). Inefficient P-use represents both a
threat (graziers who use P-ineffectiveIy will be viewed poorly in a P-limited world) and a major
opportunity (efficiency measures will improve profitability and coinpetiveness). Reductions in
fertiliser inputs, in the firstinstance, of 25%-30% with concomitant environmental benefits appear
feasible. However, this will require a committed RD&E investment. Wider implementation of
industry best-practice can provide immediate benefits, To secure continued improvements it will
be necessary to research the development of novel, lower-P farming systems, novelfertilisers or
fertiliser management technologies, alternative P-efficient pasture legumes and P-efficient
varieties of Australia's keystone pasture legumes.

Australia's extensive northern rangelands are P-deficient with few economic options for using P-
fertilisers. A desktop auditindicated that the systems are alllikely to be slowly extracting P
without replacement. In most cases, the rates of P loss are low and riot a threat to production at
the presenttime. However, where productivity is higher nutrient extraction is thought to be a
factor in the effective collapse of grazing system productivity and the issues of P extraction and
replacement need to be explored. Direct strategic P"supplementation of cows in extensive
breeding systems is likely to lift productivity and to bring the P-balance of these systems closer to
an 'ideal' P-balance efficiency.
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Executive summary

Background: Phosphorus (P) is an essential input for farms on low P soils and constitutes a
significantinput costfor most farming systems in southern Australia. Even in low-input agriculture
it is essential to at least replace P removals to protectthe sustainability of production. However,
for most commercial farms, it is also essential for high production per hectare which allows a
business to minimise overhead costs per DSE and to maximise profitability and return on
investment. Presently, P-fertiliser inputs accountfor about 10% of all expenses (including wages)
and amounts to about 21-26% of enterprise costs on "average" grazing farms (southern
Australia).

Although the cost of P-fertiliser has been very volatile in recent years it has remained a profitable
investment for a grazing business. However, increases in fertiliser cost directly reduce
profitability and significantly increase the business risk associated with fertiliser investments. This
can substantially reduce the attractiveness of applying fertiliser.

It has been forecastthat peak P could occur within 25-30 years' This is the point at which global
supply will not keep up with demand for P and the cost of P will escalate dramatically. This grim
analysis prompted the International Fertiliser Development Center to re-assess global"reserves"
and "resources" and they have claimed recently (September 2010) that the risk of peak P in this
timeframe is remote. The debate about the sustainability of P-resources is, however, unlikely to
dissipate because global food security is dependent on fertiliser use, high-quality rock P reserves
are a finite resource, and the data underpinning estimates of the longevity of the reserves are of
variable reliability. What is certain is that the price if P-fertiliser has doubled in the last 10 years
and that as the world moves to mine new P-reserves, which are of lower quality or harder to
extract, the cost of P fertiliser will continue to increase.

Presently Australia sources about half of its annual P requirements domestically and half from
overseas. The majority is used in agriculture with a P-balance efficiency of only 25% (i. e. 4 units
of P are applied as fertiliser to produce only I unit of P in products). About 90% of the P in
agricultural products is exported, the rest is consumed domestically. In some countries, global P-
shortages would result in increased emphasis on recovery and recycling of P from waste
streams. For some countries, this will go close to covering P needs. However, in Australia
recycling will cover only 5-10% of the annual P requirements of agriculture. While there is no
doubtthat there will be an increasing role for P"fertilisers derived from waste streams, the major
avenue for addressing increases in P-fertiliser costs in Australia will be through improved P-use
efficiency in agriculture. Significant opportunities exist to lift the profitability and sustainability of
agricultural production and to improve the environmental credentials of farming, if the efficiency
with which P is used in agriculture can be improved.

Threats: Estimates of the faringate P-balance of the major southern Australian broadacre farm
enterprises vary from extremely poor (5-15%, some horticultural enterprises), through poor (20-
40% for grazing industries), to average (45-60% in cropping enterprises). Only very low-input,
low-production systems or enterprises on very low P-sorbing soils (such as sands) approach
too% efficiency. In each case they do so at a cost (e. g. low productivity, or nutrient-leaky and
environmentally problematic). The P-balance of extensive northern grazing systems are usually
slightly negative (i. e. they extract P at a very slow rate). Rising P-costs present substantial
potential threats to management of southern Australian grazing systems through the impact on
profitability and business risks and will also make attempts to balance P-use in northern grazing
systems even more di^cult.
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In addition, a number of commentators believe that human diets need to change to rationalise P
use globalIy. Simple calculations of the P costs of meat"based diets indicate that meat
production can require ~2-3 times as much P as a vegetarian diet and it is suggested that the
consumption of meat should, therefore, be reduced. Unfortunately, these calls ignore many
aspects of meat production in Australia that would mitigate the P-costs of production.
Nevertheless, they highlightthe factthatin a P-constrained world the image of meat as a
sustainable product will come under scrutiny. Thus, the industry may face the dualthreats of high
prices for an input essential to productivity, and loss of market share.
. The P-efficiency footprint of Australian meat production systems should be quantified along

with other aspects of the industry's environmental footprint so that the industry's position and
environmental costs and benefits can be defended.

Opportunities: The large inefficiency associated with P use in agriculture and the grazing
industries in particular, also represents a substantial opportunity to reduce costs by promoting a
targeted approach to soil fertility management and by researching and developing P-efficient
farming systems.

There is relatively little data about the nature and lability of the P that is accumulating in
Australia's agricultural soils and consequently it is very difficult to estimate the magnitude of
savings that can realisticatIy be made by moving agriculture towards improved P-efficiency.
However, examples of farming systems managed to maintain plant-available soil P at sensible
levels, have inputs in the range 9.2 kg PIha/year and accumulate between 4-8 kg PIha annually
depending on enterprise and soil type. It appears feasible that research to develop and
implement novellow-P grazing systems could reduce "best-practice" fertiliser inputs by 25%-
30%, in the first instance.

Currently, many farms appear not to be following "best practice" fertiliser recommendations and
are operating at soil fertility levels in excess of the level necessary for maximum production. On
these farms, immediate savings of a similar magnitude can also be achieved simply by
encouraging adoption of current best practice. However, there appears to be a need to prove by
demonstration to graziers and advisors, that soil fertility can be managed in a targeted manner
using critical P values suitable forthe farming system.

P-efficiencies derived by lowering the soil P concentration at which a farm can operate, may be
obtained because the rate of P accumulation in sparing Iy"available soil P is slowed at the lower P
concentration. It is possible that larger savings in P-fertiliser may be made if novel plants are
found or developed, with traits that also enable solubilisation or extraction of P already
accumulated in sparingI^available soil pools (e. g. organic acid secretion from roots; access to
organic P). There are naturally-occurring examples of plants that can extract P from soils in this
way butthere are few examples of agricultural species with these desirable P-extraction traits.

RD&E to lift phosphorus-use efficiency: Achieving substantial improvements in the P-balance
of Australian agriculture will not be an easy task despite the clear imperative and obvious
production and environmental benefits that could be realised. P is such a universally important
inputin Australia that changes would already have been implemented were there easy solutions
available. Despite this, there are some very obvious immediate goals that will deliver benefits
with relatively little effort and there are a variety of options for improving the efficiency with which
P fertilisers are used, for developing lower-P farming systems, and for reducing the rate at which
P is accumulated in agricultural soils, Most of the latter options will take a committed RD&E
investment and it is therefore essential that the benefits and feasibility of alternative options are
clearly evaluated and understood.

,

,

Page 4 of 98



.

.

Review of phosphorus availability and utilisation in pastures for increased pasture productivity

Immediate priority-sharpen industry soilii^infrymanagementpractices. Despite widespread P
use in grazing systems, it is clear that many graziers find it difficult to manage soil P fertility with
confidence. Alternatively, they attempt to manage soilfertility without a clear understanding how
pastures respond to P, or the relationship between soil P fertility and stocking rate. The
proportion offarmers that use soiltesting is believed to be low and, where tests are used, there
is evidence to suggest that soils are often being ovenfertilised. There is no financial or production
benefit to be gained from applying more P than is necessary. Overuse is also environmentally
undesirable and may be regarded as an irresponsible way to use scarce resources that can lead
to adverse off-site impacts. Ensuring adoption of best management practices will provide
relatively easy improvements in profitability and will reduce the costs associated with
inappropriate fertiliser practice. Faringate P-balance will also be improved where overuse of
fertiliser has occurred.

. Promote wider adoption of soiltesting and its interpretation by farmers

. Develop through demonstration and extension, confidence in the use of critical soiltest values
and targeted use of P-fertilisers

. Continue to focus on achieving improvements in the total factor productivity of grazing
systems. The most profitable use of P arises from good pasture and livestock management
and use of the best-available pasture and livestock genetics.
Develop the capability necessary for future application of variable rate fertiliser technology in
pasture systems before fertiliser prices rise to the levelthat will justify this technology.

For continued improvements into future: P-efficiency improvements in grazing systems have
stalled. The industry needs to research the development of novel, lower-P farming systems that
can provide measurable improvements in P-efficiency. Ifthe timerraine to peak P is indeed only
25 years, this is only just enough time to develop novel pasture systems, new fertiliser
technologies and/or new plants and to getthem adopted. Ifthis timeframe proves to be overly
pessimistic, the same novel systems and technologies will still deliver input cost efficiencies,
improved profitability and improved environmental outcomes.

Low-P farming systems. Operating agriculture allower P concentrations than are currently
necessary, is a powerful way to slow the accumulations of sparing Iy-available P in soils. Lower P
concentrations will also minimise the chances of P loss to the environment by runoff and
Ieaching.
. Prove the economic and P-efficiency benefits of low-P agricultural systems that can still

support high productivity
. Quantify the P-requirements of the keystone and alternative legume resources that underpin

Australian pasture systems
. Develop new high productivity, low-P grazing system options

Fertiliser technology. Improvements in fertiliser can arguably provide the fastest improvement in
P efficiency as uptake and adoption can potentially be very rapid. However, the problems of
matching P supply to plant demands, or minimising P sorption reactions in soil are substantial.
There have been very innovative solutions addressing soil-specific P-use problems that have
delivered large P-efficiency gains (e. g. fluid P fertiliser for calcareous soils). However, technology
change has otherwise been relatively slow, probably reflecting the amount of research effort in
this area.

. Reduce the amount of P that becomes sparing Iy-available in soils by developing technology or
management options to controlrelease of phosphate to soil and address the seasonal
mismatch between availability of P in soil and pasture requirements for growth

. Examine fertiliser placement options to increase P availability for plants

Plant improvement. There is good evidence from crop species that a roottrait-oriented
approach to plantimprovement can produce varieties with significantly improved P efficiency.

.
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Although it seems likely that some low-P pasture systems can be developed based on a limited
number of alternative, P-efficient legumes, there will still be large areas of agriculture reliant on
the keystone species that carry modern Australian farming systems. Although P-efficiency may
be gained by moving awayfrom legume-based pasture to N-fed pasture, this is unlikely to be a
viable option for grazing systems producing lower-value animal products and would bring
substantial environmental issues as is the present experience in the dairy industry.
. Evaluate the variation in key roottraits of the keystone pasture legumes; use this to select P-

efficient cultivars

. Address the widespread problem of root damage on pasture legumes which may negate
attempts to improve P-use efficiency and the value of improved legumes

. Position the industry to take advantage of nutrient efficiencies currently being developed in
crop species using conventional and GM technology.

Northern grazing systems. Australia's extensive northern rangelands are P"deficient butthere
are few economic options for using P-fertilisers. A desktop auditindicated that the systems are
alllikely to be slowly extracting P without replacement. In most cases, the rates of P loss are low
and are not considered to be a threat to production at the presenttime. However, where
productivity is higher as a result of introduction of exotic species (e. g. Leucaena-based systems),
nutrient extraction is thought to be a factorin the effective collapse of grazing system productivity
and the issues of P extraction and replacement need to be explored. Direct strategic P-
supplementation of cows in extensive breeding systems is likely to lift both productivity and to
bring the P-balance of these systems closer to an 'ideal' P-balance efficiency.
. Conduct a benchmark audit of P- (and other nutrients: S, N) balances of Northern grazing

systems that quantities and extends the "calculations" undertaken forthis report
. Develop practical methods for identifying when P-supplements will resultin livestock growth

responses and assess theirrole in closing the P-imbalance of extensive breeder systems
. Assess N and P constraints and options for nutrient restoration in established rangeland

systems considered to be experiencing nutrient exhaustion

Underpinning knowledge. There are still a surprising number of gaps in knowledge aboutthe
reactions of phosphate in soil and around fertilisers; especially those leading to P accumulations
as sparing Iy-available phosphate and organic P. Relatively little is known aboutthe P-acquisition
mechanisms of P-efficient plants and the role and ecology of soil micro"organisms (including
mycorrhiza) in making P available to crops and pastures. Strategic investment in new knowledge
is ultimately the only way to develop innovative answers to difficult problems. Presently
innovative fertiliser technologies and the development of novel plants that may access organic P
in soil are potentially constrained by a limited understanding of soil P reactions and the chemical
forms of organic P in soil. However, if investment in fundamental knowledge is to be
contemplated it should be sensibly aligned with applied research programs to ensure a well
focussed research effort. It I^ always difficultto know how to most effectiveIy make investments
in fundamental knowledge because scientificbreakthroughs are notpredictable. However, it I^
certain that ifno investment is made, there will be no new discoveries.
. Develop a measured program of investments in the science that underpins the most

intractable problems of P supply, soil P reactions and P-use efficiency by plants. Ensure that it
is linked to allied, applied research and use it to train young scientists who will go on to serve
the grazing industries.

,
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Background
There is renewed debate globalIy aboutthe size and longevity of the world's remaining rock
phosphate reserves. Cordell at a1. (2009) have predicted recently using UsGS data, that global
phosphorus (P) supply will fall behind demand in about 25 years time (peak P in ~2035).
However, at the other extreme Van Kauwenbergh (2010) and Fixen (2009) have argued that
global reserves may last between 90 and 300-400 years at currentrates of use, Differences
arise because there are fundamental uncertainties in the estimates of the size of global P
reserves and because the calculations are riot directly compareble. Peak P estimates aim to
assess when the cost of a scarce resource will increase substantially by assuming particular
resource extraction logistics (Hubbert ,9491. The alternative calculations of the longevity of
global P reserves have assumed that rates of use are static. This is particularly unrealistic given
current projections for world population (U. S. Census Bureau 2009) and demand for food. In
reality, the supply and demand situation for P is dynamic and complex. Nutrient application rates
in some developed economies (e. g. Western Europe) are, in fact, declining whilstthose in
developing economies (e. g. China, India) are increasing (Vitousek at a1. 2009). Overall global
demand for P is expected to increaseforsome decades alleast. As reserves of P that are
economic to mine now are depleted, the world will move to using sources that are of lower quality
and more expensive to extract, process or decontaminate.

Despite the controversy, commentators agree that the life of the P reserves that are currently
economic to mine is finite and that the cost of P fertiliser is, and will continue to rise as it
becomes necessary forthe world to move to lower grade P reserves. Overthe lastten years, P-
fertiliser costs have doubled (Fig. I). This is in agreement with predictions made by Frontsl at al.
(1985;, 988) who analysed the likely costs of production for new phosphate mines needed to
replace existing capacity 1990-2010. The cost of P will most likely rise exponentialIy if a peak in
P supply is attained.

The recent(2007-08) dramatic spike in P-fertiliser costs had nothing to do with "peak-P" or
erosion of the world's P-reserves, it was due to temporary shortages associated with global
supply and demand (Von Horn and Sariorius 2009). Nevertheless it had an immediate impact on
fertiliser practice in Australia.
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Figure I. Recenttrends and fluctuations in the cost offerIilisers (from: Van Kauwenbergh 20.0)
P-fertiliser use in Australia is relatively inefficient as a direct consequent of the low P status of
most Australian soils. About 470 ktonnes of P is applied annually and mostly in the higher
rainfall areas of southern Australia. About 40% of the P is applied to pastures. Nationally, only
~20% of the P applied as fertiliser is extracted in value-added food/fibre products for export. A
further ~5% of the P that is applied is consumed domestically (Cordell and White 2010). This
means that ~75% of the P applied in Australian agriculture is accumulated in the soil, and some
is lost to the environment. In the majority of cases, most of the applied P is accumulated in the
soil and only a relatively small, but environmentally-significant, proportion is lost to waterways
(e. g. MCCaskill and Cayley 2000). However, in sandy agricultural soils a significant proportion
may also be lost by Ieaching (e. g. Lewis et a1. 1987). P accumulation in agricultural soils slowly
builds soil P"fertility and as such, ms not a disadvantage. However when P is in short supply
and becomes very expensive, the accumulations in soilrepresent a gross and uriaffordable
inefficiency. Industry wide P-balance analyses suggest that grazing industries in southern
Australia are amongstthe least"efficient"(for example 20% recovery of applied P in products
Mool, meat, milk, live exportl cf. 45-54% for grain crops; MCLaughlin at a1. 1992).

It is likely that rising costs for P will be a major disincentive for P-fertiliser use and this will erode
the productivity gains being achieved in Australian agriculture. High P prices also have the
potential to seriously threaten the global competitiveness of Australian farming industries
because agricultural productivity in Australia is so heavily dependent on fertiliser inputs to correct
its naturally P-deficient soils. Northern Australian grazing systems include large areas of pastoral
land that are managed with pasture growth and animal production limited by P availability
because P"fertiliser use has been considered notto be economicalIy viable. It is also timely to
review the P-balance of these systems and the potential or otherwise for using P"fertilisers
and/or strategic P supplementation in Northern grazing systems.

I Projectobjectives
I. To review the scientific and technical literature related to the processes that mediate

phosphorus availability and utilisation in southern and northern Australian livestock
production systems

2. To criticalIy examine current and potential options for increasing the efficiency with which
phosphorus is used in broadacre Australian agricultural production systems through
increases in soil phosphorus availability and/or utilization. Phosphorus use and economy in
southern and northern Australian grazing systems were specifically examined and compared
with the phosphorus economy of crops and cropping systems, Where it was informative to
do so, phosphorus acquisition and economy in international agricultural systems was
examined. Where possible, changes to current practice that may impact adversely on other
aspects of soil health, productivity, sustainability and/orthe wider natural environment were
identified,

,

,

3. To indentify potential opportunities to improve current agronomic practice and RD&E options
to develop new plants, microbes and/or management systems capable of delivering reduced
reliance on scarce P resources. New RD&E opportunities may potentially include:
. ways to increase the availability of soil phosphorus for pasture plants or to increase the

ability of plants to access to phosphorus sources in soil;
. technology or plants that may reduce the phosphorus fertilizer requirements of pastures;
. improved practices that eliminate wasteful fertiliser use, or liftthe effectiveness of current

practice; and/or
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3 Results and discussion

3.1 Potential exposure of Australian agriculture to global shortages of
phosphorus '

3.1. I Introduction

There is no substitute for phosphorus in crop growth and ensuring the availability and
accessibility of phosphorus in both the short and longer term is critical to food production,

Historically most of the world's farmers have relied on natural reserves of
phosphorus in soilto grow crops, Local manures and human excreta were also
used to supplement soil phosphorus to some extent. Increased famine and soil
degradation particularly in Europe led to a search for external sources of
phosphorus fertilizers to enhance the productivity of crops, The discovery and
consumption of phosphorus-rich guano and phosphate rock in certain geological
deposits of the world contributed to increased global crop Yields and has saved
billions from starvation over the past half-century. Prominent science writers such
as chemist Isaac Asimov described phosphorus as "life's bottleneck":"",'e maybe
able to substitute nuclearpowerforcoa4 andpl;?st/CSforwooc:! andyeastfor
meat; andi7"'/end//nessforts'o1^tion -but for phosphorus there ts'neither
substitute norrepl^cement'(Aslmov ,974). Today, humanity is effective Iy
dependent on mined phosphate rock to maintain high crop Yields as food and
fibre demand increases,

3.1.2 Global phosphorus scarcity

The main source of phosphorus for fertilizers is phosphate rock. Around 90% of phosphate rock
is used for food production (mainly fertilizers, but also animal feed and food supplements)
(Prud'hornme 2010a). Like oil, phosphate rock is a non-renewable resource and the supply the
highly-concentrated and easil^accessible phosphate rock reserves of the world is becoming
increasingly scarce at a time when demand for phosphorus is expected to continue to increase
(Cordell at a1. 2009a). Debates on phosphorus scarcity often focus on the physical availability of
global resources:i. e. how many million tonnes of phosphate rock remain (FAO 2008a;IFA 2008;
Gilbert 2009). However, physical, managerial, economic, institutional and geopoliticalfactors all
contribute to resource scarcity (Corde11 2010):

(1) Phosphorus is physically scarce because only a small and finite percentage of phosphate
is naturally presentin high concentration. A proportion of the highly-concentrated deposits are
notreadily accessible (e. g. nodes of phosphate on the deep sea bed and continental shelves), or
the deposits may contain too many contaminants (e. g. Cd, U). Other reserves simply

' This information is derived primarily from the draft review by White S, Cordell D. and Moore D (Appendix I) with
additional information from other sources. Subsequent to the writing of the review, Van Kauwenbergh (2010) from the
International Fertilizer Development Center(IFDC) has estimated that the size of global P reserves may be nearly 4-
fold that estimated by the UsGS. The increase is almost entirely associated with a substantial increase in the
estimated size of phosphate rock reserves in Morocco and is based on a relatively old reportthat has previously not
influenced the UsGS estimates of phosphate rock reserves. It seems almost certain that we have not heard the last
word on this issue. Ifconfirmed, the IFDC estimate indicates the world has a longer period (probably several decades)
before a peak in P availability might occur.
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contain lower concentrations of phosphorus (% P205)(Prud'hornme 20.0a). Current
high-grade reserves are expected to be depleted in 50-, 00 Years (Runge-Metzger
4995; Steen in 998). However, as with oil, the important point is not when 100% of
the reserve is depleted, but when the production rate reaches a peak, based on
the finite nature of non-renewable resources, after which production will decline
(Hubbert 4949). The production of phosphate rock will eventually reach a peak due
to the economic constraints of accessing more difficult and lower quality layers.
Based on current estimates of reserves, and demand growth, peak phosphorus Is
estimated to occur around 2055 (Fig. 2; Cordell et a1. 2009a).

Predictions of this nature are always difficultto make and there is presently a strong debate
stimulated by the Cordell et al. papers aboutjust how exposed the world is to phosphate scarcity
For example, Fixen (2009) argued that reserves that are "currently able to be mined
economicalIy", may last up to 90 years, His calculations differ because there is uncertainty in the
base data and he also assumed static (2008/09)rates of phosphate use which is probably
unrealistic given current projections for world population (U. S. Census Bureau 2009) and
demand for food. However, it is recognised that phosphate demand in some countries (e. g. parts
of Europe) may stabilise or decline because soils have been saturated with phosphorus after
many years of fertiliser use whilstthose in developing economies (e. g. China, India) are
increasing (e. g. Vitousek at a1. 2009). Overall global demand for P is expected to increase for
some decades alleast.

The debate lead Prud'hornme (2010b) to write "these articles. .. are. .. sensationalist, alarming the
public and policy makers aboutthe consequences for food security. .. the debate is based on
... misleading facts and obsolete information. .." and, consequently, in September 2010 the
International Fertilizer Development Center(IFDC) released a paper in which the size of the
global reserves and resources of P was reassessed (Van Kauwenbergh 2010). This report
estimates that the size of global P reserves may be nearly 4-fold that estimated by the UsGS
The increase was mainly associated with a substantial increase in the estimated size of
phosphate rock reserves in Morocco and is based on a relatively old report that has previously
riotinfluenced the UsGS estimates of phosphate rock reserves. If confirmed, the IFDC estimate
indicates the world has a longer period (probably several decades) before a peak in P availability
might occur. Given the source and uncertainty of the data used forthe revision, it is likely that
the debate aboutthe size and longevity of P reserves will continue. Prud'hornme (2010b) has
stated that the IFDC will follow this reanalysis with an assessment of the "technical and economic
aspects of phosphate supply" and will then make "long-term projection(s) of phosphate fertiliser
consumption. .... that allow for increases in demand, improved plant nutrient efficiency, stabilising
consumption in mature markets".

,

Whilst the reliability of the data on which the prediction of peak phosphorus is
presently subject to debate, other analysts have concluded that demand for P will
rise overthe next 2-3 decades and may stabilise at around 30 Mt/yr or possibly fall as global
population stabilises (~9 billion by 2060). This combined with slowing demand due to improved
soil P fertility in developing countries, more efficient fertiliser use, increased recycling, new
technology and price rises (which make it economic to mine the large P-'reserve base') may
mean a prolonged "demand plateau" rather than a "peak"in P supply (Cornish 2010).

Most analysts agree, however, that the underlying problem remains the same:
production of phosphorus is shifting from mining the 'cheap and easy' reserves,
to more 'difficult and complex'layers and growing demand 1stherefore expected
to outstrip current economicalIy-viable production at some point, irrespective of
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advances in technology and efficiency. For a resource that underpins agricultural
productivity In Australia and, indeed, global food production this is a potentially
serious concern.

Increases In the costofphosphateareexpectec:;: The most common response to
resource scarcity is increased commodity prices, triggering increased exploration
and technological developments, For example, the short-term tightness between
supply and demand (and
associated price spike) that occurred over 2007-2009 resulted in increased interest
and investment in exploration of new phosphate rock deposits, mining and in the
commissioning of
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Figure 2. Peak phosphorus: global annual production of current phosphate rock reserves is estimated
to peak 2033 at 29 million tonnes of Plyr (equivalent to approximately 220 million tonnes of
phosphate rock/yr) while demand will continue to increase (based on best available Industry and UsCS
data, Source: Cordell et a1(2009a).
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new mines, most notably in Saudi Arabia, Australia and seafloor sediments off the
coast of Namibia (Jasinski 2009; Drummond 20.0; Jung 2040), While these
developments may Increase the overalltonnages of world phosphate rock
reserves in the coming Years, the quality and accessibility of these reserves are
marked Iy lower than current reserves. Inevitably, mining lower grade phosphate
rock resources, or phosphate found on continental shelves will involve substantial
environmental and economic costs due to the difficultly of physical accessibility
and/or increased processing resources and costs. That is, extracting the same
nutrient value from lower grade rock will increasingly require more inputs if
energy, raw materials and costs, while resulting in increased volumes of waste and
pollution.

(11) A scarcity of management also influences the availability of phosphorus, Only One-fifth
of the phosphorus in phosphate rock mined for food production is extracted in
the food the world eats due to substantial losses in the entire food production
and consumption system (Cordell et a1. 2009a). Phosphorus is lost during mining
and processing, transport, fertilizer application, food processing and retail, food
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preparation and consumption. Many of these inefficiencies are at the same time
resulting in pollution of waterways (from agricultural runoff and sewage effluent)
which are environmentally damaging and costly to society.

GlobalIy, humans consume around 3 M tonnes of elemental phosphorus in food
but about five times this amount (, 4.9 Mt/Year)in phosphate rock is mined for
food production. This means that while phosphorus Is becoming Increasingly
scarce, there are opportunities for avoiding losses and recovering phosphorus
through improved management. Prud'Hornme (2010) recently estimated losses in
the mining and fertiliser sector to be 45-20% losses during mining and a similar
percentage during fertilizer production. Of the phosphate rock mined, processed
into fertilizers and applied to crops and pastures only a smaller percentage will be
taken up by plants. The UN's Food and Agricultural Organisation (FAO)(FAO, 2006)
estimates that plants only take up approximately ,5-30% of P in applied fertilizers
each year. The remainder either builds up in a temporarily unavailable soil'stock',
or is lost permanently to water or nori-agricultural soils via erosion and runoff.

In Australia, farm-gate phosphorus balances are similarly low. Of the 470 ktonnes of
P that is applied annually in fertilisers, only about 25% is recovered in food and fibre products
(MCLaughlin at a1. 1992). The reasons forthis, the differences between agricultural enterprises
and the opportunities for change are the focus of the following review and analysis.

(111) Economic phosphorus scarcity also occurs when phosphorus users (mainly
farmers) cannot access phosphorus sources, usually due to a lack of purchasing
power or an inability to access credit. The current demand for phosphorus only
represents those users who have the capital enabling them to procure phosphate
rock or fertilizers. In order to maximize crop yields globalIy to feed 9 billion
mouths by 2050, there will need to be a boost in soil fertility, particularly in areas
with phosphorus-deficient soils and a high rate of food insecurity like Sub-Saharan
Africa. Many of the unprecedented 1.02 billion hungry people today are
smallholder farmers (IAASTD 2008; FAO 2009). This means ensuring farmer access to
phosphorus is critical to both maximising agricultural productivity, securing
farmer livelihoods and feeding the global population (Corde11 20.0),

Indeed, the 2008 fertilizer price spike resulted in many farmers not purchasing
fertilizers. Governments from Australia to India urged farmers to apply fertilizers
(Corde11 2010). Financial scarcity on the supply side can occur when investments In
new capacity Isuch as phosphate rock mines) and commercial production do riot
keep up with market demand for the resource (time lags can be 5-"0 years). This
was thought to be a significant factor leading to the 2008 short-term phosphate
rock scarcity situation (IFA 2008).

(Iv) Geopoliticaiscarcity can restrict the availability of phosphorus resources in the
short- or long-term. For example, while all farmers need access to phosphorus,
85% of the world's remaining phosphate rock reserves are controlled by 5
countries, and mainly Morocco and China (Jasinski 2010). In 2008 China imposed a
135% export tariff to secure domestic supply for food production (Fertilizer Week
2008); a move which essentially halted exports from the region overnight. The Us
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is expected to deplete its own high-grade reserves In the coining decades and
increasingly imports rock phosphate from Morocco. However, Morocco currently
occupies Western Sahara and controls that region's reserves in defiance of UN
resolutions (Corel1 2002). Trading with Moroccan authorities for Western Sahara's
phosphate rock is condemned by the UN, and importing phosphate rockvia
Morocco has been boycotted by several Scandinavian firms (Hagen, 2008). There
are two important dimensions here: at an ethical dimension of consumers and
companies knowing Iy or unknowingly supporting an occupation that breaches
international human rights conventions (Corel1 2002; WSRW 2007); and, b) the
potential geopolitical consequences of a disruption of phosphate rock supply
from the region.

in Institutional scarcity is also considered to be inhibiting the productive use of
phosphorus by humans because there is a lack of effective policies and actors
explicitly governing global phosphorus resources to ensure availability and
accessibility of phosphorus for food security, (corde11 20.0. Further, there are no
structures for monitoring and evaluating the situation. It is of concern that data
on global phosphorus resources and consumption patterns is subject to lack of
availability, reliability and consistency (Corde11 20.10. This impacts on the ability of
observers to analyse the resource Issues and on the users and producers of
phosphorus to make informed decisions,

While phosphorus is relevant to numerous different sectors (for example, a
'commodity'in the mining sector, a 'pollutant'in the water and wastewater
sector) phosphorus scarcity Is not a priority within any sector, and hence long-
term phosphorus security has no obvious home in any sector. Phosphorus is by
default governed by the marketsystem, which may be appropriate for efficiency
of trade), but may not be sufficientto adequately addressthe much broader
sustainability and food security implications (Corde11 20.0.

3.1.3 Australia's phosphorus balance

The major phosphorus flows through the Australian food production and consumption system are
shown in Figure 3. Flows are indicative rather than precise, due to poor data availability. Despite
the uncertainties, there is general agreement with an earlier of the phosphorus budgetfor
Australia (MCLaughlin at a1. 1992) but with growth in both inputs and outflows of P on a national
basis (Table I). The data from both budgeting exercises indicate that 83%-88% of P inputs to
Australia are used in agriculture (the total input to agriculture currently being ~470 ktonnes
Plyear), and that somewhere between 18%-25% of P applied as fertiliser is recovered in food
and fibre products, the bulk of which are exported. At the presenttime about 46% of P inputs to
Australia are sourced from domestic phosphate mines.

Because the proportion of P captured in agricultural products is low, and only 28% of the P in
those products is used domestically (the rest is exported), Australia cannot coverts present
demand for P by recycling P from domestic waste streams. Also, ifAustralia was able to
completely eliminate inefficient use of P in agriculture and achieve a perfectfarm-gate P-balance
(i. e. P inputs = P outputs), the export orientation of our agricultural industries would still result in
Australia being unable to coverts P needs by recycling P from waste streams. At best, only
28% of Australia's requirements would be met.
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Figure 3. Australia's phosphorus budget. Major phosphorus flows through the Australian food production and
consumption system - from mine to field to fork. Units are ktonnes Plyear(Source: updated from Corde11 20fO). Flows
are indicative rather than precise, due to poor data availability and the fact that no complete dataset exists for any
given year. In this case, care was taken to use 2006-7 data where possible with some data extrapolated from earlier
years where 2006-7 data is not available. Data for each fomi of phosphorus has been obtained from multiple sources,
as indicated in the following sections. Oralinformation with key Australian stakeholders was also used in some
instances to mangulate or compliment existing data due to a lack of publically available information and is referenced
as such, Remaining figures were based on material balance calculations (ie, inputs = outputs + accumulation) by
working both forwards from the start of the food chain and backwards from excretion and consumption up the chain
(seeWhite, Cordell and Moore. Appendix I).
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Process

Inputs
Fertiliser (incl. phosphate rock products)

Outputs
Food and fibre exports
Food I fibre domestic consumption
Soil erosion *

Leachin

* his unclear what proportion of these national fluxes may be attributed to agriculture

Subtotal

3.2 Phosphorus-efficiency of Australian broadacre agriculture '

3.2. I Definition of phosphorus-use efficiency

The efficiency with which P is used can be defined in a number of ways depending on the way in
which a systems analysis or an experiment is being conducted. The method chosen to define
efficacy will depend on the purpose of the comparison being made. This report aims to
determine the scope and method by which it may be possible to reduce the amount of P-fertiliser
required to support productive agricultural systems and most discussion will, therefore, be in
terms of mainly in terms of their P-balance efficiency. Various methods for evaluating the
efficiency of P use have been discussed by Syers at a1. (2008) and we have adopted their
terminology forthis review.

Agronomic efficiency (eqnl) defines the yield gained by using P compared with the control(no
P):

MCLau hlin et a1. (1992)

Subtotal

380

380

Flux (ktonnes Plyear)

56

,, ?
6-32 ?

<3 ?

65-91

White et a1. (2010. Appendix I)

Agronomic ,^jicienq, = ^^:^^!^!:_
Apptred P

The agronomic efficiency of P is used as a way of measuring crop response to applied P. This
diminishes with increase in the plant-available P level of the soil in a manner that can typically be
described by a Mitscherlich equation. Agronomic efficiency is very low and tends to zero at, and
above the critical value of the crop-soil system (Fig. 4). There is no yield benefit from fertilising
soil to levels of plant-available P above the critical P level. However, removal of P in harvested
materials, losses from the system, or accumulations of P in sparing Iy-available soil pools need to
be balanced by fertiliser use if plant-available P concentrations are to be maintained at (or near)
the non"!jiniting concentration so that crop yield may be maintained.

Agronomic efficiency is an appropriate measure and is often used for comparing the phosphorus
use-efficiency of different plant species, cultivars or crops provided they are being grown in soil
that is sufficiently P-deficientthatthe responses of the lines or crops being compared is not close
to the asymptote for yield response. Alternatively, the critical P level of the soil-plant system,
reported either as amount of fertiliser applied or as the soil's plant~available P level at which 90 or

470

470

105

12

20 ?

8?
133

' Information drawn primarily from draft reviews by Weaver and Wong (Appendix 2), MCLaughlin at at.(Appendix 4)
and Simpson at al. (Appendix 5) with additional information from othersources,

eqn I.
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95% of maximum yield was obtained, may also be used to compare the "efficiency" by which
plants acquire phosphorus.

Figure 4. Yield responses of
(a) silver andgrass
subterranean clover to

applications of phosphate in a
glasshouse experiment (after
Hill at a1, 2005) and (by grass-
dominant (nitrogen-fed) and
subterranean cloverrich

pasture at Bookham, NSW
showing critical P levels
(corresponding to 90% of yield
maximum) for each response
function (arrow).
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P-recovery efficiency (eqn 2)is a variant on agronomic efficiency that seeks to directly measure
the yield response of the crop relative to the amount of fertiliser P applied to the soil.

The results of both the "difference" and "direct" methods for calculating efficiency depend on the
intrinsic fertility of the soil in which the comparisons are being made because they are affected by
the proximity of the soil-plant system to the critical P level of the soil and because plants gain P
from both "fresh" fertiliser applications and from the "residual" P remaining after prior P
applications. Care must therefore be taken when interpreting P-use efficiency measured by
these means. For example, Carter and Day (1970) in a wethertrial on Kangaroo Island in South
Australia reported that 181%, 108% and 75% of applied P (8.5, 16.9, 25.4 kg P ha') was
removed in harvested pastures. This reflects the fact that residual soil P (from previous P
applications) was supplying some part of the pastures' needs and when low P application rates
are used, the residual P contribution can be demonstrated to be large relative to the amount of P
that was applied. This problem can only partly be addressed by using an isotope of p (32p or 33p)
to measure recovery directly because these isotopes have very short half-lives (14.3 and 25.0
days, respectively) and because P from freshl^applied fertiliser may only ever directly supply a
small component of the annual P uptake by a crop (e. g. MCLaughlin at a1. 1988a; Dorahy at a/.
2008).

P-balance efficiency (eqn 3) is used to address, in part, the issues associated with these other
measures of efficiency and because it can be used to assess the overall efficiency of P-fertiliser
use in farming systems under 'steady-state' management conditions. As such this measure
gives a useful measure for comparing the P-economy of crops, farm enterprises, farming
systems, farms and indeed countries.

P recovery <itciency= ^!t^L!:- XIOO
Appli^d P

P-balance efficiency

However, as with all measures of P-use efficiency, it is important to understand the context in
which P-balance efficiency is being measured so the efficacy of P-use may be interpreted
correctly. To illustrate this point, the expected P-balance efficiency of three contrasting soil
fertility management scenarios are discussed.

co Low-fertiliser input systems in which the plant-available P level of the soilis being allowed to
decline.

When P inputs to a farming system are less than the sum of P exported in products, P losses
and P accumulation in sparingI^available soil pools, plant growth depends on phosphate
released from soil P reserves which are not being replenished. Crop or pasture yields will be
relatively low but P-balance efficiency will appear to be high and may approach, or exceed 100%
(e. g. Carter and Day 1970; Burkitt et a1. 2007), However, this is only possible because soil P
reserves are supporting production. Although appearing to be highly efficient, such a farming
system is depleting soil reserves and current production levels will not be sustainable over the
longer term.

(ii) Fertilised systems in which the plant-available P concentration of the soilis being increased
(e. g. soil fertility build-up phase; Fig. 5)

eqn 2

. ^^^., ^^e, . x 100
input

eqn 3.
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Figure 5. Extractable soil P concentration (01sen soil P test) of surface soil(OnO cm)in paddocks that received P-
fertiliser to increase and then maintain soil P fertility (squares) or received no fertiliser (circles) at CSIRO's Ginninderra
Research Station, Hall, ACT. Pastures were grazed continuously by 18 yearling Merino wethers/ha (fertilised pasture)
or 9 wethers/ha (unfertilised pasture). The target range for sdl fertility management in the fertilised grazing system is
delineated by the dashed lines and times that fertiliser was applied are indicated by the arrows. Fertiliser amounts
were intended to achieve the target soil fertility after each application. The soil fertility build-up phase was
characterised by the need for higher but decreasing amounts of P fertiliser; the maintenance phase by a lower more
stable P input requirement, Fluctuations in the extractable soil P concentration reflectthe consequences of P-fertilizer
applications and typical seasonal variations in P availability (from Simpson at a1. 2010).
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In this instance, P inputs must exceed the sum of P exported in products, P losses and P
accumulation in sparing I^available soil pools by an amountthat supports the increase in soil P
fertility. P-balance efficiency will appear to be low but this is in part because the P-balance
includes an amount of P on the input side of the equation that is invested in soil fertility increase.

(iii) Fertilised systems in which the plant-available P concentration of the soilis being maintained
(e. g. soil fertility maintenance phase; Fig. 5)
P inputs, by definition, now equal the sum of P exported in products, P losses and P
accumulation in sparingIy-available soil pools and P-balance efficiency calculations reflect the
true efficiency of the farming system for the level of production that is being achieved. For a
grazing system, the components of the P-balance of the system are summarised by Equation 4.

2004

1998

2006

2000 2002 2004 2006

Page 22 of 98



,

Review of phosphorus availability and utilisation in pastures for increased pasture productivity

Where: Per, ort = removal of P in products; Pan, to, tonehj", = P lost by Ieaching, runoff or soil

Pfertiliser

movement; Pun, twits, ,,,, I = P accumulated in small areas of paddockslfarms as a result of uneven
dispersal of animal excreta rendering the P less available; Psojiacc, in = P accumulating as sparingI^
available phosphate or organic P compounds that are SIowiy mineralised.

Perp, ,I ' Per, ^haire^ching ' Pus^red^pusal ' Pants. ."in

To further demonstrate the importance of understanding the P-management context of a P-
efficiency evaluation, consider a farming system on a soil with low plant-available P content (i. e.
considerably less than critical P). If P is being applied to simultaneously increase production and
raise the soilfertility level, the system may have high agronomic efficiency but a relatively low P-
balance efficiency because a proportion of the fertiliser P is used to build soil P reserves
Alternatively, if the system is receiving low P inputs, it will have lower plant yields, similar
agronomic efficiency and high apparent P-balance efficiency. If the soil were at or above its
critical P value, agronomic efficiency would be relatively low but P-balance efficiency may be
either low or high. The P-balance outcome depends, in this instance, on the size of the P-loss
and P-accumulation terms; these in turn depend on the P-buffering capacity of the soil. For
these reasons it is expected that there will appear to be a reasonably wide range in P-balance
efficiency represented in any particular agricultural sector (e. g. see Fig. 6).
From the standpoint offertiliser design and evaluation, fertiliser efficiency is most commonly
measured by the "direct' or "difference" methods. Comparing the long-term efficiency offertiliser
P formulations is time-consuming and difficult to measure as it requires evaluation against freshly
added P for each crop cycle over several years. Because the "balance" method includes the
influence of residual P, the measured efficiency is higher when evaluated by this method (Syers
at a1. 2008). A drawback of the balance method for fertiliser evaluations is that it assumes all
residual P in the soil derives from previous fertiliser applications. This would, for example, not be
true in some northern cropping or grazing regions of Australia or indeed for many low P"input
systems in southern Australia and this is the reason why P-balance efficiencies in excess of
100% are sometimes recorded. Consequently, for comparing fertiliser formulations isotope
techniques (e. g. direct nutrienttracing or via isotopic dilution: Fried and Dean 1952; Larsen
1952), or comparisons using the difference method are favoured.

Various studies document material and nutrient transfers and storage by what are variously
called nutrient budgets or balances (Watson et a1. 2002; 0enema at a1. 2003; Syers et a1. 2008),
element or farm-gate balances (Oborn et a1. 2003), or input:output (10) accounting systems
(Goodlass at a1. 2003). These balances have been carried out at spatial scales ranging from the
farm (Moody, at a1. 1996; Berry et a1, 2003) to regional and national scale (Cassell et a1. 1998;
Lord at a1. 2002; Sacco et a1. 2003; Keller and Schulin 2003), In The Netherlands, farm-gate
balances are used in the 'Mineral Accounting System' (MINAS), to assess farm P and nitrogen
(N) surplus on dairy farms (van der Meer 2001), and provide the basis for regulating farm nutrient
use. Three types of balance can be identified at farm scale (Oborn at a1. 2003) ranging from the
'farm-gate balance' which is a simple assessment of inputs and outputs using available data for
nutrient contents of inputs and outputs (Reuter and Judson 2003) to 'soil surface balance' which
require more-detailed data on fluxes across the soil surface. 'System balances' are more
detailed, and deal with "partitioning of the changes in net loading between system components"
(Oborn at a!. 2003). The different levels have specific benefits associated with understanding
nutrient cycling processes, but become progressiveIy more difficult to undertake due to the
uncertainties associated with the more detailed data requirements. Farm-gate P-balances are
used here to provide a synoptic view of the P-balance efficiency of differentindustries.

.. eqn 4.
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3.2.2 Farm-gate P-balance of temperate agricultural systems (southern Australia)

P-fertilisers are regularly used in the higher rainfall areas of southern Australia to increase
production per hectare. However, the farm-gate P-balances of pasture and cropping enterprises
in are generally relatively low (Fig. 6a). The survey of farming enterprises undertaken for this
review demonstrated that there was, as expected, large variations in the P-balances within each
enterprise type. For example, there were instances where P output exceeded P input and P-
balance efficiency was greater than unity. These are usually instances where P inputs were very
low or nil, and hence where the removal of products has mined P from existing soil reserves.
Similarly, there are instances of very low P-balance efficiency which could, for example, reflect
overuse of fertiliser.

Median P-balance efficiency values are considered most likely to reflect industry or enterprise
norms. They differed significantly between the majorfarming enterprises that were examined:
48% for cropping, 29% for dairy cattle, 19% for beef cattle and 15% for sheep grazing (Fig. 6a).

Phosphorus inputs to cropping, cattle for beef and sheep grazing were riot significantly different
when the log values were compared using ANOVA, whereas with cattle for dairy, P inputs were
significantly greater than the other enterprises (Fig. 6b). Median P inputs were 9.8 kg PIha/yr for
sheep grazing, 11.3 kg PIha/yr for cattle for beef and cropping, and 25.6 kg PIha/yr for cattle for
dairy. Phosphorus outputs differed significantly between enterprises with sheep grazing (median
= 1.1 kg PIha/yr) < cattle for beef (,. 9 kg PIha/yr) < cropping (5.6 kg PIha/yr) < cattle for dairy
(7.7 kg PIha/yr) (Fig. 60). Cattle for dairy had a median surplus P of 18.1 kg PIha/yr which was
significantly greater than the other enterprises, whilst cropping had the lowest of 6.1 kg PIha/yr
(Fig, 6d).

Median P-balance efficiency values derived from the farm-gate analyses reported here agree
surprisingIy well with an earlier whole-of-industry analysis reported by MCLaughlin at a1. (1992)
(Table 2) indicating a degree of robustness in the relative P-balance estimates for the various
agricultural industries in Australia. The significant questions that these analyses raise are:
(1) why are there such large differences in the P-balances of differing agricultural enterprises,
and (ii) can the P-balance efficiency of each enterprise type be improved significantly?

On the first point, Weaver and Wong (Appendix 2) argue that high relative efficiency is
associated with enterprises that have a high potential for P-export in products, whereas
MCLaughlin at a1. (1992) suggested that the higher level of inefficiency associated with grazing
industries may be an inevitable consequence of harvesting an agricultural system at a higher
trophic level. The second question is specifically addressed in section 3.3.

,

Figure 6 (following page) (a) Farm-gate P-balances (denoted as "phosphorus use efficiency', of majortemperate
Australian farming enterprises, and their (b) phosphorus inputs, (c) P outputs and (d) P surpluses. Inputs and outputs
were derived from numerous published sources and P contents were assumed to be similar to those published by
NLWRA(2001). From Weaver and Wong (Appendix 2).
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Table 2. P-balarroe of major agricultural enterprises calculated from national budgets for fertiliser inputs and the
amounts of product harvested (adapted from MCLaughlin at a1. 1992).

Wheat

Barley, oats
Sorghum, maize, rice

Fresh fruit

Vegetables
Wool, meat, milk,
and live animals

Product P in fertiliser applied (1)
(ktonnes)

3.2,3 P-balance of northern Australian grazing systems '

Northern Australia is considered to indude all of Queensland and the Northern Territory, and the
Pilbara and Kiinberley regions of Western Australia, The boundary with southern Australia is
blurred in Queensland where the cropping and mixed cropping-grazing enterprises have many
similarities to those in southern Australia. The grazing industry in northern Australia is dominated

85

35

8
6

8

179

P in product harvested (0)
(ktonnes)

42.2

15.8
4.3

0.4

1.3

35.8

P-balance efficiency
(I/O * 100)

50%
45%

54%
7%

16%
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Figure 7. The phosphorus status of land in northern Australia as it relates to animal perlomtance (acute and deficient
(red shading), ^ ppm extractable P; marginal(yellow), 7-8 ppm extentable R and adequate (green), ^8 ppm
extractsble P) (from MCCosker andWinks 1994).
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by beef production. The dairy industry is restricted to localised areas in eastern Queensland, and
while wool and sheep meat production are stillimportantin some areas, they have declined in
the pastfour decades.

Although the behaviour of phosphorus in soil-plant-animal systems is likely to be similar in
northern and southern Australia there are some reasons why northern Australia might differ:
(i) temperatures are higher, particularly during the winter months
(ii) the majority of the rainfall occurs in summer rather than winter leading to a hot growing

(iii) the majority of the grasses have the C4 photosynthetic pathway.

Much of the beef production in northern Australia occurs on soils that are low in nutrients, notably
nitrogen (N) and phosphorus (P) and to a lesser extent sulphur(S)(Coatss at a1. 1990). The
pastures reflectthe fertility of the soils through differences in yield, botanical composition and
plant nutrient concentration. However forthe extensive grazing systems, due to variation in soil
and vegetation a grazing area will contain areas where P levels are higher than average; diet
selection undoubtedly disguises the worst effects of low pasture P (Miller et a1. I 990). Figure 7
from MCCosker and Winks (1994), shows that the diet of cattle would be deficientin phosphorus
over 68% of northern Australia (^ ppm extractable P), marginalIy deficient over 12% (7-8 ppm
extractable P), and adequate over 20% (;;8 ppm extractable P).

Many of the soils of northern Australia are ancientrelics. The high degree of weathering has
resulted in the loss of nutrients including P (Beadle 1962). Detailed soil, field and glasshouse pot
studies have shown that phosphorus deficiency for plant growth is widespread in northern
Australia and occurs on a number of soiltypes and in a number of regions (Gilbert and Shaw
I987; Gilbert et a1. 1987; Jones and Crack 1970; Jones 1973; Kerndge at a1. 1971; Maltby and
Webb 1983; Standley at a1. 1990; Webb 1975). The exceptions are extensive areas of cracking
clay soils, the red-brown texture contrast soils (Probert and Jones 1982) talthough Crack (1971)
reported responses to P in pot studiesl, and red and brown soils formed from basaltin semi-and
areas (Miller and Jones 1977; MCIvor at a1. 1988). The latter soils are some of the most deficient
in S forthe growth of pasture legumes.

There is little fertiliser applied to pastures in grazing systems in northern Australia. There is some
used on dairy pastures (in higher rainfall areas and often supplemented by irrigation) and also on
beef pastures in these regions, butthere is none over most of the extensive grazing areas.
(Garry Kuhn, pers coinm. ).

Because only limited data are available, the expected P-balances of four contrasting northern
beef production systems were calculated; extensive breeding (with and without phosphorus
supplement), intensive backgrounding, and a mixed grazing/cropping system (Table 3).

season

All of the beefgrazing systems were calculated to be net exporters of phosphorus (P-balance >
unity). The amounts of phosphorus exported annually are very low forthe extensive breeder
enterprises and the small outputis almost balanced when the breeders are provided with
strategic phosphorus supplements.

In the more intensive operations with higher animal numbers and turnover, and faster growth, the
phosphorus outputs were much higher and were not matched by the fertiliser applied to the
fodder and grain crops. These losses will have to be balanced in the long-term to maintain
phosphorus supply to plants and animals.
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Table 3. Farm-gate phosphorus balance of beef production systems in northern Australia.

Exlensive breeder herd in north

Queensland - no P supplement

Exlensive breeder herd in north

Queensland - P supplement

Production system

Intensive backgrounding

Mixed grazing/cropping systems

Annual

P input
(kg/ka)

Calculation assumptions:
Extensive breeder herdin north Queensland- no phosphorussupplement
Property size: 80,000 ha
Animal numbers: Ihe herd contains 3000 breeders that have their first calf allhree years and are sald arten years when they weigh
450 kg. The branding percentage is 50%, and annual mortality rates are 8% for breeders and I% for young animals. Forthese
numbers, 503 replacement heifers are needed each year and there are 275 castfor age cows.
Markets: young store cattle for the live export trade or sale to other producers allwo years of age weighing 300 kg. The herd
produces 1500 calves per year so 1440 are available for sale allwo years. After providing replacement heifers, 937 are sold
Inputs: Nil- no fertiliser, supplements, feed or animals are purchased.
Outputs Liveweight contains approximately 0.8% phosphorus (ARC 1980) so the annual outputis 3240 kg t(937'300*0,008) +
(275*450*0008)l or 0041 kg Pma.

Extensive breeder herdin north Queensland-phosphorussupplement
Property size: 80,000 ha
Animal numbers:the herd contains 3000 breeders that have their first calf arthree years and are sold at ten years when they weigh
450 kg. The branding percentage is 70%, and annual mortality rates are 3% for breeders and I% for young animals. (Notethatthis
hypothetical example represents a well managed herd with weaning. good animal husbandry, etc; using phosphorus supplements
alone is unlikely to increase branding percentage by 20%.) Forthese numbers, 420 replacement heifers are needed each year and
there are 336 castfor age cows.
Markets: young store cattle forthe live export trade or sale to other producers allwo years of age weighing 300 kg. The herd
produces 2100 calves per year so 2058 are available for sale artwo years, After providing replacement heifers, 1638 are sold.
Inputs: no fertiliser, feed or animals are purchased. All breeders are supplemented with phosphorus at 691day/animal for six months
during late pregnancy and early lactation. Inputs would be 6'183 = 1098 91breeder/year or 3000*,. 098 = 3294 kg or 0,041 kg Pina,
Outputs Liveweight contains approximately 0.8% phosphorus (ARC 1980) so the annual oulputis 5140 kg 1,638*300*0.008) +
(336*450*0.008)I or 0064 kg Pina

Intensive backgrounding
Property size: 4,000 ha
Animal numbers: 2000 growing steers (I steed2 ha). Steers are purchased at approximately 250 kg and sold after 6 months
weighing 400 kg (a gain of 150 kg). Approximately 1000 ha offodder crops (sorghum, oats) are used to supplement pastures
Markets: feedtots

Inputs: fodder crops receive 5 kg PIha each year or 1.25 kgfria overthe whole properly.
Outputs: the annual meweighlgain of 300 kg (2 drafts @ 150 kg) contains 2.4 kg P or 1.2 kgftia.

Mixed grazing flatteningIleropping systems
Property size: 4,000 ha
Crop area: 1000 ha of wheat and sorghum
Animal numbers: 1500 growing steers (I steer/2 ha grazed). Steers are purchased at 1-2 years weighing 250 kg and sold weighing
550 kg after 18 months (a gain of 300 kg)
Inputs: crops receive 5 kg Pma each year or 1.25 kg/ha overthe whole property.
Outputs:the annual liveweight gain of 200 kg contains 1.6 kg P or 0.6 kg/ha. A crop contains approximately 0.35% P (Dalai and
Probert 1997) so a crop yielding 2 Vha removes 7 kg PIha or 1.75 kg/ha overthe property.

Annual P

output
(kg/ha)

o

0.04

0.04

P efficiency

1.25

0.06

Net

extraction

1.25

2.40

150%
Net extraction

2.35

,

492%
Net extraction

Soil fertility

No fertiliser

No fertiliser; P input via
supplement to the cattle

5 kg PIha on fodder
crops

188%
Net extraction 5 kg PIha on grain crops

Note: that in all grazing system calculations no allowance is made for bulls in the breeding systems. orfor any phosphorus losses in
soil or runoff, or by Ieaching.
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3.3 Options for improving the effectiveness of soil-phosphorus and
phosphorus-fertiliser use

3.3. I The strategies by which significant P-efficiency gains can be made '

Although the reactions of phosphate with soil and the processes leading to P accumulation in soil
are very complex (MCLaughlin et al. review, Appendix 4), it is possible to assess the options for
improving P-balance efficiency by envisaging the main sources, flows and effective sinks for P in
farming systems (Fig. 8). The amount of P held in the cycling pools of soil P (i. e. plant-available
P) is the working capital of the soil and it is the effective concentration of plant-available P in this
poolthat supports potential productivity. In the higher-rainfall agricultural systems of southern
Australia, this is often considerably above the concentration of available P in natural ecosystems
because of the yield imperatives imposed by commerce, and the need to use water and land
resources efficiently.

For agricultural production to be maintained, the cycling pools of P must be topped up by fertiliser
applications whenever P is removed or lost from this pool. Alternatively, productivity may be
increased by applying fertiliser P in excess of the amount removed or lost from the cycling pool
up to the point where the cycling pool of available P equals the critical level for the soil-plant
system being farmed.

In a system where a target level of soil fertility is being maintained, the rate at which P must be
applied (Prertiji^er) and the P-balance of the system (Per, ,rt/Ptsrtjjj, er) are determined by the rates of P
removal or loss. This is also summarised by Equation 4 (section 3.2. I and Table 4).

In a sustainable farming system, improvements in farm-gate P-balance and thus long-term
reduction in P-fertiliser requirements can ultimately, only be achieved when fertiliser technology,
agronomic, microbial or plant-based interventions lead to reductions in the P-loss or P"
accumulation terms (see Eqn 4, Table 4 and Fig. 8).

The relative size and importance of the P-loss or P-accumulation terms to the apparent P-
balance efficiency of any system appears to depend mainly on:
(i) the level of soil P-fertility at which the farming system is being managed and is consequently

also related to the productivity perhectare of the system (see sections 3.2. , - 3.2.3);
(ii) the capacity or otherwise of the farming system to export large amounts of P in products

(section 3.2.2);
(iii) the trophic level at which the system is operating (MCLaughlin at a1. 4992);
(iv) the P-sorption characteristics of the soil on which the system is operated.

There have been very few experiments that have examined P-balance of farming systems that
are managed with "steady-state" soil-P fertility to illustrate this unequivoca!Iy. However, Table 4
shows three contrasting examples of farming systems that were managed in this way or can be
analysed to extract this information. These examples demonstrate how the P"loss or P-
accumulation components of P-balance efficiency can vary with farm enterprise and soiltype.
They also provide some idea of the magnitude of improvements in P-balance efficiency that
might be achieved by targeting different components of the P-balance of a farming system.

The wheat-sheep rotation at Wagga, NSW and the wool production system at Canberra, ACT
were located on soils with moderate Phosphate Buffering Indices (PBl, Burkitt at a1. 2008) and
loss of phosphate by Ieaching does not occur. Forthese farming systems, the most significant

' Arguments drawn primarily from draftreviews by Simpson at al. (Appendix 5) and MCLaughlin at at.(Appendix 4)
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P sources

Fertiliser
P

Supplementary
feed P

(11)

Soil

Fertiliser

P

Plant

P

(11)

Figure 8. Diagrammatic representation of the inputs, flows and outputs of P in agriculture illustrating the potential
components of the P-balance of a farming system (see also Table 4 and Equation 4, section 3.2. ,). The Roman
numbered paths indicate the main places where it may be possible to alter P-use efficiency (Modified from HeIyar and
Godden 1976)

Solution
P

Animal

P

(i)

P sinks

SIowiyAdsorbed
cydirgrapidly

exchanged (111) inorganicP

(Iv)

E>;port in
products

Organic
P

Table 4. P-balance budgets for farming systerris maintained with "steady-state" plant-available P levels (kg PIhalyear).
Pits the component of phosphate and Po is the component of organic P accumulated annually.

Uneven

waste dispersal

Farming system

Wheat-sheep rotation,
Wagga, NSW
(WWWw-PPIreatma'It: Hdyar
at a1. 1997)

Wool production,
Canberra, ACT
(PISR, 8 treatment;
Simpson et a1. 2010)

Erosion

Equation 4

Leadiing

Non-

equilibrating
soil pools

Grazed annual pasture,
Willalooka, SA
(Lads a a1. 1987)

Continuing
slow reaction

of Pi with soil

inputfor stable sallfa'1/1ity after drift in 018en P accounted for
' estimated as 5% of input based on M^herd (1994) and MCCaskilland Cayley (2000)

riot measured bun expected to be negligible in this syslern/soil
' proportions of accumulating Pi and Po estimated forthis systern from George a a1. (2007)
' P-balance striderIcy = (P. ,,,/ PI, ,,) * 100

Slow tornover

component of P
in organicmatler

Pwasledspeisal ' Pe, OSI"^fleahing '

~O
C

Psdlaccumula. on +

Pi = 2.4

P0 = 2.2
Total = 4.6

,, ,4-3d
P0 ~ 3.0

Total = 7.3

7.2

(61%) '

Pi ~ 0.8
P0 ~2.7

Total = 3.5

I .9

(, 9%)

I .2

(13%)
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terms contributing to P-balance inefficiency are the accumulations of phosphate and organic P in
the soil. He Iyar at a1(1997) demonstrate that in Iey-farming systems, longer pasture phases tend
to favour accumulation of P in organic matter. The annual grazing system at Willalooka, SA was
located on sandy soil(low PBl) with high potential for phosphate Ieaching. Consequently P-loss
by this path features as a large component of the P-balance inefficiency of this system. P-
accumulations in soil are much reduced, especially the phosphate component, but with moderate
organic P accumulation still occurring. It is very clear from these examples that the strategy for
improving P efficiency must take into account the nature of the farming system and the
characteristics of the soil on which it is located.

It is the purpose of this review to examine how agronomic interventions, fertiliser technology and
plant or microbial strategies may improve the P-efficiency of agricultural systems or plants, or
facilitate the extraction of the sparing Iy-available P that is accumulating in agricultural soils when
P-fertilisers are used. However, ifthese strategies do riot reduce the rates of P-loss or P-
accumulations in agricultural systems they will provide only short-term benefits and will make
little difference to the effectiveness with which scarce P resources are used. Briefly, therefore,
we first outline the rationale by which agronomic, plant or microbial strategies may minimise P-
losses and accumulations enabling improved P-balance efficiency.

P export in products (intervention point: (i) Fig. 8)
The objective of applying P-fertiliser is to increase or maintain agricultural production and export
of P in products is inevitable. The amount of P exported in products represents the minimum
amount of P that must be replaced by fertiliser application ifthe farming system is to be
sustained. In most situations, attempts to reduce P export simply by accepting a lower level of
production will be counterproductive. Even if care is taken to appropriateIy reduce nutrient(P, N,
etc. ) inputs to achieve a system where Pim, ,t approaches Pom, on production per hectare will be
low, profitability compromised, and the farm system will not be using land or water resources
efficiently.

However, P-balance and agronomic efficiency can be lifted by any practice that addresses
constraints to yield and leads to increased P, ,,. rt for a given level of P input. This requires, or will
lead to a greater level of P-extraction from the soil. Alternatively, improved agronomic efficiency
will also be achieved iflarger quantities of product with a lower P content can be produced,
provided that product quality or value are not compromised. Two outcomes are possible: (i) P-
balance will be improved, ifthe farming system is managed near critical P because less fertiliser
will be required, or (ii) production will be increased with little change in P-balance efficiency if the
farming system is operating at a soil P level below critical P.

However, it is perhaps ironic that agricultural enterprises that export more P in products tend to
be those with lower farm-gate P-balances (section 3.2,2; Weaver and Wong REVIEW, Appendix
2).

P inputs (ii)
Because a large component of the inefficiency in P-balances is associated with P accumulations
in soil strategies that"fertilise" the farming system whilst bypassing the soil have the potential to
deliver more efficient use of P. Examples of such practices include the supplementation of
livestock either with feed (e. g. dairy systems) or P-supplements to address dietary deficiencies
(e. g. grazing systems of northern Australia; section 3.2.3), and the use offo1iar fertilisers (e. g.
Bouma 1969). However, whilstthese strategies have their place in agriculture, they are often not
applicable in all situations. For example, supplementary feeding is only suitable when ms
economical!y viable and the efficacy of feeding plants through their leaves (foilar fertilisers) is
often constrained by issues of unreliability, leaf damage, timeliness of application or nutrient
uptake capacity limitation (Noack et a1. 2010; MCLaughlin at al. review Appendix 4).

Page 31 of 98



Review of phosphorus availability and utilisation in pastures for increased pasture productivity

Nevertheless, Noack et a1. (2010) have reviewed the case forfoliar application of P to wheat
crops and argue that there is a window of opportunity forfoliarfertiliser applications in strategic
management of crops provided smallimprovements in the efficacy offo1iar P applications can be
achieved. There is less opportunity in situations where fertiliser is to be applied in a single
annual dose (because of limits to the amount of P that can be absorbed via leaves) or to
sensitive plants where high levels of foliar uptake tend can be toxic (e. g. clovers). Other fertiliser
application strategies intended to modify fertiliser-P reactions with soil are further discussed in
section 3.3.4.

P-losses (erosion, runol^andleaching)
Reducing loss of P from a farm system will directly improve P-balance efficiency. However, in
many systems P loss due to erosion and runoff should be a relatively small component when
best-practice management is followed (e. g. appropriate forms and placement of fertiliser,
appropriate timing of fertiliser in relation to rain and crop growth, use of soil amendments to
reduce nutrienttransport, and the use of buffer strips to capture mobilised nutrients, attention to
ground cover: Nash and Halliwe11 1999; Mathers at a1. 2007). Losses due to Ieaching vary
considerably with soiltype, fertiliser management and botanical stability. Farming systems on
soils with moderate to high P-sorption capacity (the majority of soils Australia-wide) are usually
subject to relatively smalllosses (<0.4% - <5% of applied P: Ridley at a1.2003; MCCaskill and
Cayley 2000; Me 11and at a1. 2008).

However, farming systems on low P-sorbing soils with poor P retention capacity (e. g. in coastal
areas, and parts of South Australia and Western Australia) can experience very large P-losses
(43% - 69% of applied P: Lewis at a1. I 987 ; 0zanne at a1 I 961) which need to be addressed for
both financial and environmental reasons

Irrespective of the magnitude, any loss of P from a farming system to the wider environment is
environmentally undesirable and where losses are large they can clearly contribute to major
environmental problems.

Waste product dispersal
Accumulations of P within paddocks, within farm systems or within regions (e. g. associated with
feedlots) due to uneven distribution of excreta is a unique problem of livestock systems.
Adjustment to farm management can address these accumulations to some extent and will make
a contribution, albeit sometimes relatively small, to improved farm-gate P-balance. This is
discussed in more detail in section 3.3.4.

P accumulatibn in 'hon-equilibratihg" pools in soil (iii and iv)
P accumulation is sparing I^available soil pools is often a large contributor to P-use inefficiency
(e. g. Table 4). When phosphate is applied to many soils as fertiliser, it is subject to continuing
reactions with the soil particles and incorporation into organic matter that leads ultimately to
accumulations as sparing Iy-available phosphate and organic P. In low P soils the processes also
manifest themselves overtime as a decline in the residual value of freshly-applied fertiliser
(Barrow and Carter 1978; Barrow 1980c). In early literature, the pools of sparing Iy-available
phosphate were sometimes referred to as "irreversibly adsorbed" or "fixed", but this incorrect.
After the initial adsorption of phosphate to the surface of soil particles or precipitation with Ca, A1
and Fe (MCLaughlin at al. review Appendix 4; Sample at a1 1980; Pierzynski at a1. 2005),
phosphate continues to react with the soil and becomes increasing less-available for uptake by
plants (Barrow 1999).

The initial adsorbtion and/or precipitation of phosphate to, or within soil particles and the
continuing reactions of phosphate are decribed in more detail by MCLaughlin at al. (Appendix 4).
In this section, we will use the term "sorption"(see Barrow 1999)to describe the overall process
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of transfer of phosphate from soil solution to the solid phase of the soil(i. e. adsorption,
precipitation and continuing reactions), without specifying any particular mechanism unless
otherwise stated, as this greatly simplifies the description of the processes that lead to phosphate
becoming less available for plant uptake. Likewise, for simplicity in this section "desorption" will
be used to describe release of P from the solid phase to the liquid phase (soil solution) whether it
be by the reverse of adsorption, chemical eXchange or dissolution reactions,

The forward sorption reaction is driven by the phosphate concentration in the soil solution and is
considerably faster than the back (desorption) reaction that will occur when the soil solution
phosphate concentration is depleted (Barrow 1983a; 1983b). ConceptualIy, the accumulation of
P in slowly cycling organic matter is similar. The various components of organic matter that are
returned to soil are mineralised at very different rates depending on biological activity of the soil,
and their chemical and physical protection (Krull at a1. 2003). All organic matter, even the more
resistant materials (e. g. humus), turnover albeit sometimes at very slow rates (Krull et a1. 2003).
However, for a farming system being fertilised annually, to maintain soil P fertility the rate of
organic P accumulation will be determined by those components of soil organic matter that take
longer than a yearto be mineralised

In simple conceptual terms, the accumulations of P in fertilised soils are thus the net result of
phosphate sorption/desorption and precipitation/dissolution reactions, and the slower cycling
components of soil organic matter that release phosphate at rates slower than the rate of P
supply necessary for commercial agricultural production. To slow accumulation of P in sparingIy"
available pools, it will be necessary to shiftthe equilibrium between sorption and desorption
rates, and/or soil organic-P input and mineralisation.

3.3.2 The ground rules for influencing P accumulations in soil

Desorption of sparing!y-available phosphate
Barrow (1980d) cited comparisons of the ability of agricultural plants to access residual fertiliser
phosphate that had not revealed any significant differences between species, and the very slow
rates of phosphate desorption once phosphate had diffused within soil particles as reasons for
pessimism aboutthe chances offinding plants that can usefulIy access sparing Iy-available
phosphate. However, it is possible that plants that can lower the pH of the rhizosphere or are
able to secrete organic acids from theirroots, for example, may have improved access to some
component of the sparingI^available phosphate pool because low pH (Barrow 2002) and organic
acids such as citric acid (Gerke 1994) do increase phosphate desorption rates. In the case of
the much studied white Iupin (Lupinus albus L. ), it is very clearthat citrate exudation from
proteoid roots confers an ability to access P-pools inaccessible to many other plant species
(Gardner at a1. 1983; Dinkelaker at a1. 1989; Hocking et a1 1997) and, when grown in close
association with other species, enables the companion plantto also access sparing Iy-available
phosphate (Gardner and Boundy 1983; Horst et a1. 2001). On the other hand, buckwheat
(Fogopyrum exculentum Moench) which produces exudates with a lower pH in response to low P
conditions (Amann and Amberger 1989), has high P-uptake efficiency in calcareous soils (Zhu et
a1 2002) but is less effective in soils dominated by Fe and A1 phosphates (Otani and Ae 1996).
However, the general effectiveness of strategies intended to enhance phosphate desorption
remains an open question as there have been few demonstrations of crop species that gain
substantial P nutrition benefits by the "desorption" mechanisms observed in the limited number of
exceptional, P-efficient plants.

Reducing accumulation of sparingly-avarlable phosphate
It should also be possible to reduce the accumulation of phosphate by slowing the rate at which
phosphate continues to react slowly with soil making it less available for plant growth. The key
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elements that determine the potential extent of P sorption in soil are the chemical and physical
nature of sotoing surfaces; the ionic environment in the soil solution and the P concentration in
solution (Ryden and Syers 1975). Sorption of P in agricultural soils is therefore influenced by soil
clay content, organic matter content, soil pH, soiltexture, and A1, Ca and Fe concentrations in
soil solution (Pierzynski at a/. 2005; Hedley and MCLaughlin 2005). Although the reactions of
phosphate with soil are potentially complex (MCLaughlin at al. Appendix 4), ms helpful here to
consider the simpler empirical relationship between net phosphate sorbed by a soil(Ps), P
concentration in the soil solution (c) and time co observed for non-calcareous soils (Barrow
1980a; 1980b).

where: a approximates the amount of sorbing material in a soil, and b, and b2 are coefficients that describe the
shape of the sorption relationship.

In calcareous soils this equation also applies initially, but precipitation of calcium phosphates
decreases the phosphate concentration of the soil solution to levels that are determined by the
solubility product(Barrow 1980a).

For soil at approximately equivalent solution phosphate concentrations the sorption of P through
time is determined by the value of b2. Soils with a low b2 value have a fastinitialrate of
phosphate reaction followed by a slow rate of reaction, whereas phosphate reaction with soils
that have a high b2 value are initially slower butthe rate of the phosphate reaction persists,
These soils (which include many from Australia; Barrow 1980b) are expected to accumulate
sparing Iy-available phosphate. Soils with relatively low b2 values are be expected to require
maintenance P applications that approximate the rate of P export from the soil(i. e. high potential
P-balance efficiency).

In practice, Ps is found to vary somewhat between soils that differ in sorption capacity (Barrow
1973) but it is influenced very strongly by the characteristic bf and b2 values of a soil. The bf
and b2 parameters tend to correlated when compared across a wide range of soils (Barrow
1980a; 1980b). Because they are correlated, Ps can be shown to be influenced by the P
concentration at which soil solution is maintained in the generalised manner shown in Figure 9.
This indicates that fertiliser, plant or agronomic strategies that allow a farming system to be

PS ' a. C'. tb2

Figure 9. Generalised
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of the continuing reaction of
phosphate with soil(Ps) and
the concentration of phos-
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operated allower soil phosphate concentrations should reduce the rate at which slow reactions
of phosphate and soillead to P accumulation. Feasible ways to achieve this include fertilisers
designed to release phosphate at rates matched to plant demand to reduce the opportunity for
accumulation in sparingI^available inorganic and organic pools, and farm systems based on
plants that have low external critical P requirements to slow the rates of accumulation. The
effectiveness of these strategies in slowing phosphate accumulation will be greatest in soils with
high bf/b2 values and least in soils with low bf/b2 values. However, the latter soils would be
nearing P-saturation, would have low P buffering capacity and P-inefficiency will tend to be
associated with other issues such a Ieaching losses.

SoilorganicPaccumulation
Phosphorus application to pastures on low P soils in Australia generally results in accumulation
of organic matter and consequently organic P in the soil. The rate of organic matter
accumulation in terrestrial systems is directly related to their net primary productivity and the
subsequent rate of organic matter return to soil(Grace at a1. I 998). For geographical regions or
farming systems, relationships are thus found between soil organic carbon accumulation and
factors such as annual rainfall(e. g. Jackson at a1. 2002) or P-fertiliser use (e. g. Williams and
Doriald 1957; Russell 1960a; 1960b; Chan at a1. 2010) when these inputs regulate the net
primary productivity of the system. The amount of organic P accumulated will consequently also
be correlated with the amount offertiliser P applied (e. g. Williams and Doriald 1957; Kohn at al.
I977; Lewis at a1. I 987).

Rates of net organic P accumulation of the order 1.7 - 4 kg PIha/year have been recorded for
Australian pastures on P-deficient soils (Williams and Doriald 1957; Russell 1960a; ,960b;
Barrow 1969; Kohn at a1. 1977). There are few reports of P-balance and distribution in farming
systems where plant-available P concentrations have been maintained unequivocally in a
steady-state condition. However, the pasture-crop rotation experiment of HeIyar et a1. (1997)
was managed in this way for 18 years and organic"P accumulation in the soil(a red earth)
accounted for 2.2 - 3.0 kg Pma/year, or 19%-25% of the P applied annually as fertiliser. The
range in accumulation rates was associated with the length of the pasture phase; rotations with
shorter pasture phases accumulated less organic P. Other estimates of organic P accumulation
rates in permanent pastures which are of a similar order of magnitude are shown in Table 4.

When P-fertiliser applications are used to lift soil fertility and are then adjusted to maintain it in a
steady-state condition, the rate of organic P return to the soil should stabilise because no further
increase in primary productivity is possible. However, ms expected that soil organic carbon (and
organic P) will continue to accumulate in the soil for some time because the capacity of the soil to
retain organic matter(e. g. Six at a1. 2002) has not been saturated and/orthe balance between
input of plant residues and mineralisation has not been reached (Baldock et a1. 2007). Although
silt+clay content, aggregate structure (which physically protects organic matter from
mineralisation) and the blochemical complexity of resistant organic materials (chemical
protection) will determine the potential organic carbon saturation limit of a soil(Baldock and
Skiemstadt 2000), in many cases the practical limit will be set by the climatic constraints of the
farm, farming practices and the rates of soil organic matter turnover,

Fractionation of soil organic matter into physical(conceptual) classes (for example: Plant
residues (>2 mm in size), Particulate organic matter(0,053-2 min), Humus (<0.053 min) and
Recalcitrant organic carbon which is close to being inert and dominated by pieces of charcoal
[Baldock and Skiemstadt 1999]; or variants on this theme [e. g. Amelung and Zech 1999]),
permits the prediction of organic matter accumulation in soil because the fractions have
characteristic turnover rates (Skiemstadt et a1 2004). It is clearthat soil organic matter(and
consequently organic P) accumulation will equilibrate at some point but modelling of soil organic
matter accumulation for a pasture at Yass, NSW predicted that soil organic matter pools would
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only equilibrate after ~200 years of regular fertiliser use at this location (Baldock at a1. 2007)
The soil organic carbon saturation levelin this example was determined by the pasture yield that
can be achieved realistically at the site, This concept of eventual equilibration of organic P
accumulations is supported by empirical data from farming systems fertilised over very long time
periods: e. g. Park Grass (Rothamstead, UK) where after 100 years of superphosphate
fertilisation, only low proportions of accumulating P (,%-6% topsoil, to%-18% subsoillayers)
were in the form of organic P (On iani et a1. 1973), from various examples of soil organic carbon
stabilisation (as cited by Stewart at at. 2007a) and from pedological studies (e. g. Sineck I 985).
For many soils, it appears that the time frames for organic P equilibration may be sufficiently long
relative to the predicted longevity of global phosphate reserves (section 3.1.2), that waiting for
the equilibration of soil organic matter concentrations will not provide a practical solution to the
issue of P-balance efficiency.

The stoichiometric relationships between C:N:S in soil organic matter fractions are relatively
stable across a wide range of soils. However, C:organic P ratios can vary considerably (Kithby
et a1. 2010; Kirkby 2010). Presently it is unclear whether the variance in C:P ratios is a result of
differences between analytical methods or is reflecting real differences in the composition of
organic P in soils. Whilst onhophosphate monoesters (e. g. phytate) have been identified as a
majorform of organic P in many soils, along with lesser amounts of phospholipids, nucleic acids,
phDsphonates and other compounds (Turner at a1 2005; Sinemik and Dougherty 2007), often
large proportions of the soil organic P remains poorly identified and this limits our understanding
of the opportunities for mobilising organic P reserves for plant growth (Guppy and MCLaughlin
2009).

Ifthe stoichiometric ratios for C:N:S and C:P in soil organic matter prove notto be tightly
coupled, it is possible that enhancing release of phosphate from specific organic-P compounds in
soils by release of phosphatases from plant roots or soil microorganisms (section 3.3.5) could
potentially lower netrates of organic P accumulation independently of effects on soil organic
matter accumulation. However, for P-balance efficiency to be improved by limiting organic P
accumulation in soil, it is idealIy necessary to also increase the rates of organic matter turnover
(section 3.3.5) so that equilibration is achieved at lower soil organic matter concentrations. In
this instance, the objective of reducing organic P accumulations would potentially compete
directly with objectives to increase carbon storage in soils (Dalal and Chan 2001; La1 2004).
However, limits to the use of P-fertilisers in agriculture will also impact adversely on carbon
storage in soils.

3.3.3 Agronomic interventions'

Removing constraints to yield
Constraints to crop yield, other than those due to P~availability itself, can influence P-balance
efficiency in two ways. In some cases (e. g. compacted subsoil or an additional nutrient
deficiency), addressing the constraint to yield will increase the demand for P and require
additional fertiliser inputs. Alternatively, when yield is constrained by factors that limit root growth
and soil exploration (e. g. soil acidity, root diseases), alleviating the constraint will increase P
export for a given level of P input and will directly improve the P"balance of the farming system.
However, in practice it is impractical for the published targets for soil fertility management(e. g.
Moody 2007, Gourley et a1, 2007a)to recognise the existence of other constraints to yield, and P
will often have been supplied in excess of actual requirements when a yield constraint of any sort
exists. Thus, the alleviation of any constraint to yield will often improve P-use efficiency.

' Infonnation drawn primarily from draftthe review by Simpson at al. (Appendix 5) and from Weaver and Wong
(Appendix2).
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Factors that constrain root growth directly affect yield and also inhibitthe rootforaging
capabilities of a plant. This directly reduces a plants ability to acquire P from soil and P-use
efficiency. Constraints to yield associated with acid soils are a clear example of this.
Introduction of A1-resistance genes alone has been shown to increase efficiency of P uptake in
barley due primarily to improved root growth and soil exploration (Delhaize et a/. 2009).
However, the best yield outcomes are achieved when lime applications are combined with the
use of A1-resistant cultivars to overcome constraints associated with surface and subsurface soil
acidity in cropping (Scott at a1. 1997) and pasture systems (Scott at a1. 2000). This is most
probably because soil acidity inhibits the root hair and rhizosheath development of cereals
irrespective of their A1-resistance status and this continues to affectthe plant's ability to capture
soil nutrients under acid soil conditions (Haling at a1. 2010).

Root diseases also impact directly on the efficiency with which a plant can capture nutrients.
This is most dramatically demonstrated by the large increase in wheat yields for Australia that
accompanied the introduction of canola and improved break crops (Kirkegaard at al. a997;
Angus 2001). Breaking root disease cycles allowed yield responses to N-fertilisers that had
previously only given irregular benefits (Passioura 2002). Persistent and widespread root
diseases still plague annual crops (Harvey at a1. 2001; 2008) and are endemic in perennial
farming systems where break crops are not a practical option (Barbetti at a1. 2007). Resolving
these issues will also improve P-use efficiency and may do so more effectiveIy than many other
interventions because of the direct impact of poorroot health on capacity for efficient nutrient
acquisition.

Many other approaches to increasing productivity per hectare will also improve P-use efficiency.
New grass cultivars that tolerate high grazing pressure and enable higher stocking rates per
hectare (CUIvenor at a1. 2009) or improved animal genetics (e. g. better feed conversion
efficiencies; Arthur at a1. 2004; Hegarty at at. 2007) are examples of innovative options for yield
improvement, alleast one step removed from soilfertility management, that will nevertheless
improve P"use efficiency.

Targeted use ofP-fontlisers
Fertilising soils to levels in excess of the critical P requirement for a crop-soil system delivers no
advantages for yield (e. g. Fig. 4) and reduces profitability. From a P-balance efficiency
perspective, the rate of organic-P additions to soil are expected to increase more or less linearly
with yield but not to increase when soil P fertility beyond the critical P requirement of the crop.
By contrast, accumulations of sparing I^available phosphate, losses due to Ieaching, erosion and
runoff, and accumulations due to uneven distribution of excreta will continue to increase, at soil
fertility levels beyond critical P, because their rates of accumulation or loss are P-concentration
dependent.

Best practice is to set soilfertility management targets (e. g. Fig 4) and to use soiltesting to
manage within the logical(critical P) and sustainable (where P inputs just replace losses and
removals) boundaries that such targets represent. The upper boundary for management may be
less than P-critical, but it is not logical or environmentally responsible to exceed the critical P
levelthat is appropriate to the crop-soil system being managed.

Two independent analyses of soiltesting data (Table 5 and Fig, 10) have indicated that there is
scope to reduce fertiliser costs associated with managing soils in excess of their expected critical
P concentrations. The results suggest that some industries may have a more widespread high
soil-fertility culture than others butthe issue exists across the industries examined (dairy, beef-
sheep grazing and wheat). Consequently there is also scope to reduce unnecessary P
accumulations in agricultural soils. This can be achieved in many instances by using existing
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Table 5. PBl profiles for soil samples in south west WA, and on Australian Dairy farms (Gourley, 2010, pers. coinm. ),
and associated percentages of soils within each PBl group that exceed the critical Colwell P levels to achieve 95% of
maximum pasture production (Gourley at a1. 2007a) or 90% of maximum wheat production (Moody, 2007). (From
Weaver and Wong, Appendix 2).

PBl

group

PBl

range

2

Australian dairy
farms

<5

3

PBI Profile

(%)

540

10-15

15-35

35-70

4

5

<1

6

South

westWA

<1

7

70440

% in excess of critical P level

for pasture

<1

8

140-
280

I0.5

<1

Australian dairy
farms

12.7

9

9

' Critical P to achieve 95% of maximum pasture production (Gourley at a1. 2007a)
* These percentages assume the critical levels (90% of maximum production) defined by Moody (2007) for cropping apply to the

south west WA dataset. However, only I% of the samples were from cropping areas

280-

840

25.9

7.9

24.2

>840

31.5

, 9.6

technology to promote a more targeted approach to P-fertiliser use (e. g. Simpson et a1. 2009).
However, it is of concern that the Australian Bureau of Statistics are reporting that only about
40% of southern Australian farms (ABS 2007) use soiltesting as this is a primary toolin targeting
and managing soil fertility.

Waste product di^persal
Nutrient cycling by grazing animals is important to the overall availability of nutrients and
productivity of pasture-based systems (Haynes and Williams 1993). However, the tendency of
livestock to deposit excreta disproportionately in "camps", under shade, or close to water and
feeding points is also a component of poor P-balance efficiency in grazing enterprises. On flat
and low slope areas, 25% - 47% of sheep dung, for example, may be deposited in only 5% - 15%
of the total area of a paddock (Hilder 1966; Williams and Haynes 1992). A proportion of the P
deposited in camps is returned to the rest of the paddock, but over long periods of time the
uneven dispersal of P can lead to significant accumulations of P in a small area (Williams and
Haynes 1992) rendering this P less available for pasture growth. Where P audits of paddocks
have been conducted, the accumulations are of the order I - 2 kg PIha/year(typically 5% - 7% of
the annual P input in fertilised systems: Williams and Haynes 1992; Methere11 1994; MCCaskill
and Cayley 2000). The absolute rate of accumulation is proportional to the stocking rate for
obvious reasons, and to the rate of P-fertiliser input because it influences the P concentration of
herbage and, consequently, of excreta (Rowarth at a1. 4988). On steep hill country, livestock
camp predominantly on flat areas of paddocks and substantially higher proportions of P are
transferred from steep slopes to flatter areas because higher proportions of excreta (e. g. 55% -
60% of urine and dung) are deposited in the camp area (Haynes and Williams 1993). Uneven
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Figure 10. Proportions of softest results from 58 farming districts of south-east Australia that exceed the expected
critical extractable-P level (Colwe11 1963) for the soil test sample (determined using the PBl-critical Colwell P
relationship from Gourley at a1. 2007) and the average levels of excess (fold) in these 'high' softest results for beef-
sheep, dairy or wheat enterprises. Wheat and legume-based pastures were assumed to have similar caticat P
requirements (Ozanne at a1. 1976). Farming districts were identified by their Australian postsode. Each district was
assigned an arbitrary identification number; where numbers are the same, more than one farming enterprise was
represented in that district. The results are for soil samples that had been submitted for coinmereial soil testing (data
supplied by J Laycock and C Walker;Incitec Pivot). Only results clearly identified by enterphse type and for soils with
pH<7(caci, ) were used. This is an imperfect sample of agticultural soils because soil testing is used by only 40% of
southern Australian farms (ABS 2007) and it is presumed that the sample therefore reflects the situation for farmers
highly motivated to use P-fertilisers. In addition, soil test values do riot indicate the management reactions that they
may evoke. For example, a high soiltest value cannot always be regarded as indicating excessive fertiliser use ifthe
reaction to it, is to moderate P-fertiliser inputs. For these reasons generous margins (dashed lines) were used to
interpretthe information and only district average results where more than 50% of samples from a district were >1.5-
fold above the expected critical value (top right hand box) were regarded as indicating excessive soil P fertility.
Although only three farming enterprises were examined, the data indicated that industry-related cultures may be
influencing fertiliser practice (e. g. all dairy locations fallinto the 'excessive' category), and there was no enterprise type
that was predominantly in the lower soilferlility categories (From Simpson at al. Appendix 5)
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distribution of nutrients across a farm is also not unusual, butts most often associated with
regular patterns of stock movement, This is a particularissue on dairy farms, for example, where
nutrient concentrations are often highest in paddocks closer to milking sheds (Lawne at a1. 2004).

Although it has been suggested that rotational grazing instead of continuous grazing can reduce
camping effects (Haynes and Williams 1993), there is little evidence that increasing the
frequency of rotational grazing has any further benefitfor even distribution of nutrients in
paddocks (Mathews at a1. 1999) or on the P-balance of the grazing system (Chapman at al.
2003). In contrast, stocking rate does influence the distribution of excreta with lower stocking
rates having a disproportionately high deposition of excreta in camps (Hilder 1966; Williams and
Haynes 1992). Any impacts of paddock subdivision or rotational grazing on the distribution of
excreta will reflectthe change in short-term stocking rate achieved by such interventions.

80% 100%
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Zone management andprecision agriculture
Productivity gradients in paddocks whether a result of nutrient(N, P and K) gradients created by
grazing animals (e. g. Matthews at a1. 1994; Giningham and During 1973) or as a result of
topography, aspect, botanical composition, grazing preference or differences in soiltype and
depth (Murrey at a1. 2007), can result in ineffective use of P when it is applied uniformly across
the landscape. The situation is analogous to uneven yield distributions in cropping paddocks
which, when managed using variable rate technology, can significantly improve the net
profitability of the crop (e. g. Passioura 2002). Hackney (2009) has shown that as P-fertiliser
prices increase, differential fertiliser applications combined with grazing management to ensure
pasture is utilised adequately, will increasingly deliver economic benefits from paddocks that
have uneven productivity (Fig. 12). Whilst yield mapping of crops is now an accessible
technology and its use is increasing rapidly, it is more difficult in pasture-based systems to
assess the existence of productivity gradients. Where large and easily identified differences in
nutrient requirement can be identified (such as camp areas) differential fertilisation is easy and
commonplace (e. g. Gillingham and During 1973). However, more complex orfragmented
productivity patterns can now also be determined using 'passive' or 'active' ground level, airborne
or spaceborne canopy reflectance sensing devices with or without pasture modelling backup
(e. g. Fig. I2; Hill at a1. 1999; Murray at a1. 2007; Trotter at a1. 2010). The resolution being
achieved with these technologies now far exceeds that needed for zone management in pastures
(e. g. Beini at a1. 2009). When combined with GPS technology, productivity maps should enable
variable rate fertiliser delivery in grazed landscapes. However, because the plant-available
nutrient status of soils cannot be mapped remoteIy, the spatial mapping of nutrient gradients (e. g.
Kozar at a1. 2002) to underpin variable fertiliser rate decisions is a potentially expensive and rate-
limiting step in the application of this technology for fertiliser management.
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Figure 13. Effect of phosphate applied 20 years earlier on the response of wheat to newly applied phosphate. The
original rates were: O kg PIha (circles); 86 kgA'Ia (triangles); and 599 kg!ha (squares). Lines are fits to the Mitscherlich
equation and are extended to the horizontal axis to indicate the amounts of P available from the original application.
(Redrawn from Bolland and Baker 1998. )
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LowP farming systems
The agronomic interventions mentioned so far, serve to improve current practice by eliminating
waste or unguided use of P-fertilisers. However, these practices will still only bring farming
systems up to the levels of P-balance efficiency currently being achieved in the most productive
agricultural enterprises with P export being in the range 15% (sheep grazing)- 50% (cropping) of
P input. The development of farming systems that are productive allow soil"P concentrations is
a strategy likely to provide both environmental(lower P-!OSses) and efficiency (less P"
accumulation) benefits.

(1) Impact of prior fertiliser use
It has been clearly demonstrated that previous applications of phosphate lower the P-sorption
capacity of soil(Barrow at a1. 1998; Bolland and Allan 2003; Burkitt at a1. 2008) and increase the
availability of subsequent fertiliser applications (Fig. I3; Bolland and Baker I 998). The
implication is that continued P-fertiliser use will gradually lead to reduction in the critical P value
of the crop-soil system and thus a decline in the available P concentration at which the
agricultural enterprise can operate without compromising productivity. Forthese benefits to be
realised, it is critical that farmers adopt a targeted approach to fertiliser use and monitor P-
sorption capacity of soil overtime. It is also importantthat single-step sorption capacity tests that
are not"corrected" for current extractable-phosphate concentrations (e. g. phosphorus retention
index, Bolland and Allen 2003; phosphorus buffering index, Bolland and Allen 2003; Burkitt at al.
2008) be used forthis purpose as the 'corrected' versions of the test do not detectthe change in
P-sorption capacity. However, the large quantities of P-investment required to underpin
substantial changes in P buffering capacity mean that this is not a management path that will
achieve a rapid improvement in farm-gate P-balance.

0.4 1.0 2.0

Fresh phosphorus applied (g PIPot)

0.1

I. "'^^

0.2
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(2) Biologically-fixed N versus fertiliser N
Legume-based pastures underpin the productivity of a majority of grazing and cropping
enterprises in temperate Australia and New Zealand (Moore 1970; White et a1. 1978; Puckeridge
and French 1983) and are used to a lesser extent elsewhere in the world. Inputs of N via
biological N-fixation are economicalIy favourable, particularly in waterlimited, extensive
agriculture, buttend to be less favoured in well-watered environments with more intensive, high-
value production systems. Increasingly fertiliser-N can become the preferred N source in these
systems (e. g. Mundy 1996; ECkhard at a1. 2003). The productivity of legume-based pastures
thus depends on adequate nutrition of the legume and, in many cases, this translates to
adequate supply of P. Forage legumes typically have the highest P"requirements of the plants
that comprise a pasture system (e. g. Fig. 4; Hill et a1. 2005; 2010; Haynes 1980). Figure 4b
demonstrates how it would be feasible to shift to N-fertilised pastures to achieve a substantial
reduction in the critical soil P fertility levels necessary for pasture production. The final target
levels for soil P management would then be determined by the requirements of the major grass
species. A change such as this has already occurred in the dairy industry of southern Australia
which was traditionally based on white clover(T. repens L. )-perennial ryegrass (Lollum perenne
L. ) pastures with N"fixation estimated to provide about 70% of the N necessary to achieve
potential production (Mundy 1996). However, as N applications have increased it is now more
likely that white clover will comprise 10-25% of the pasture mix and provide <20 kg N/ha/year
(MCKenzie et a1. 2003). Unfortunately, the potential improvements in P-use efficiency that could
accompany such a major change in nutrient management on dairy farms has riot been
appreciated and indeed, the indications are that soil P-fertility has often been increased well
beyond where it needs to be for a legume-based system, let alone an N-fed, grass-based system
(Fig. 10, Table 5, Lawne at a1. 2004; Burkitt and Coad 2006).

The feasibility of shifting to N-fertilised pastures to gain improvements in P-balance efficiency will
rest on the future relative costs of P- and N-fertilisers and the prices obtained for commodities
produced in such systems. It is highly likely that N-fertiliser prices will increase as it is expected
that the costs of energy and compliance with potential carbon emissions constraints are
expected to rise. In addition, the use of N-fertilisers will bring new environmental challenges.
Losses of N from N-fertilised dairy systems, for instance, have emerged relatively quickly as a
major environmental issue (Ledgard at a1. 1996; Ledgard at a1. I 999; ECkard at a1. 2003) and
have been a significantissue in N-fertilised systems of Europe and North America for many
years (e. g. Bussink and Oenema 1998).

(3) Farming systems that utilise soil organic P
The cycling of organic P underpins productivity and P-availability on allfarms in every year. For
example, the organic P cycle is estimated to contribute ~52% of the P used annually for pasture
growth in a grassland production system at Bookham, NSW (Simpson at a1. 2007). Although,
opportunities to increase the rate of organic P cycling are not easily accommodated in Australian
broadacre agricultural systems, soil organic matter is often used strategically as a nutrient
resource. In cropping systems, soil organic matter (organic P)levels OScillate between
accumulation and mineralisation across the pasture and crop phases of farming systems (White
at a1. I 978). This is clearly illustrated by Iey-farming where soil organic matter concentrations are
increased during clover-based pasture phases (e. g. Grace at a1. 1995; Dalal at a1 1995; He Iyar at
a1. 1997) and nutrients are mobilised from soil organic matter and used during crop phases, bare
follows and continuous cropping (e. g. White et a1. 1978; Dalal and Mayer1986; Daial and Chan
2001). Although the focus of soil organic matter management is usually transfer of N from the
pasture (legume) phase to the crop phase, phosphorus supply to the crop is also a consequence
of this form of resource management and some p. art of the generally better P-balance efficiency
of cereal crops (Fig. 6)is atinbutable to net mineralisation of P from soil organic matter during the
crop phase.
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(4) Intercropping and phase farming
The ability of particular grain legumes to mobilise sparingI^available P has stimulated research
to examine the possibility that P-efficient plants may be used to improve the availability of P from
other crops by (i) mixing P-efficient with inefficient species in either crops or pastures
(intercropping) or (ii) utilising the residues of the P-efficient crops for subsequent P-inefficient
crops (crop rotation). The sorts of species that have been examined in this contextinclude
organic acid secreting crops such as white Iupin (Gardner and Boundy 1983; Hocking and
Randa11 2001; Cu et a1. 2005), pigeon pea (Ae et a1. 1990), faba bean (Li at a1. 2007) and
chickpea (Veneklaas at a1. 2003) which are considered capable of accessing sparingI^available
phosphate, or species thought capable of mobilising P from organic sources (e. g. chickpea (Li at
a1. 2003; Li at a1. 2004) and cowpea (Makoi at a1. 2010). The principle that P-mobilising species
can enhance growth and P uptake by cereals when intercropped or rotated in P-deficient soilis
well established. However, the majority of evidence comes from pot experiments where the
crops were not grown to maturity and periods between 'rotations' are short. Enhanced growth
and P uptake was demonstrated for wheat in pots intercropped with chickpea (Li at 81. 2003),
Iupin (Cu at a1. 2005; Kamh at a1. 1999) and faba bean (Song at a1. 2007), or by exploiting
residues of white Iupin and pigeon pea (Hocking and Randa11 2001), faba bean and Iupin
(Nuruzzaman et a1. 2005a; 2005b) as ifin a rotation. Other evidence of positive responses by
cereals in pot experiments include maize (Li at a/. 2004) and barley (Gunes at a1. 2007)
intercropped with chickpea, and maize rotated after groundnut(EI Dessougi at a1. 2003).

Horst at a1. (2001) considered that of the two management options, intercropping should lead to
most efficienttransfer of P because the opportunity for re-sorption of mobilised phosphate would
be less. However, field results have been mixed. There is clear evidence that cereals can gain
P that would otherwise not have been accessible (Gardner and Boundy 1983; Li at a1. 2007), but
in many cases the component species have poor yields because of interspecific competition
(Gardner and Boundy 1983; H;^toter and Horst I 9911 Hardter at a1. 2008). In some cases,
beneficial outcomes have been attributed to factors other than P-transfer, such as improved N
nutrition and reduced allelopathy (Horst and Hardter 1994). Heriry et a1. (2010) have examined
the impact of'intercropping' different lines of the same species (i. e. 'multilines' of common bean,
Phaseo/us vulgaris L) which differed in root architecture as a way of reducing the agronomical
challenges of intercropping and achieving improved uptake of P and water. However, they found
that root growth in competition varied with both soiltreatment and genotype mix. The multilines
did not suffer yield penalties but, against expectations, the root architecture differences were
often not sustained and differences in P or water uptake, and yield advantages were only
observed in a few cases. No work has been done to assess the potential of this strategy for
improved P-efficiency in natural"intercrop" situations such as pastures.

Using phase farming to exploitthe residues of P-efficient grain legumes for subsequent cereal
crop(s)is considered likely to hold more promise (Hocking and Randa11 2001; Richardson at al.
(2009). However, it is not clear whether P extracted by plants in one phase of a rotation will be
transferred successfully to a subsequent crop under field conditions. Positive responses have
been reported from rotating maize after high P-efficiency genotypes of cowpea and soybean, but
not after less P-efficient genotypes (Jemo at a1. 2006). However, gains to maize P nutrition
following P"efficient grain legumes in African studies were small and not considered sufficient to
substitute for fertiliser application, particularly on high P-fixing soils (Horst at a1. 2001; Kamh at al.
2002).

Research is required to extend the promising glasshouse experiments to the field where crops
are grown to maturity and translocation of P to the grain occurs. ms necessary to determine the
size of any potential P nutrition benefit under practical farming conditions and how long the
residual P benefitfrom organic acid-secreting crops can persist in the field. Limited work to date
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has shown that organic acid secretion and P uptake by chickpea and Iupin was variable across a
range of low P soils from WA, secretion being higher in low P-sorbing soils (Veneklaas at al.
2003). In another study and contrary to expectation, faba bean and chickpea grown in other low
P soils from WA were not found to mobilise P from sparing I^soluble soil pools, pointing to a
need for a better understanding of how and when these crops gain access to sparing Iy-available
P (Rose at a1. 2010).

(5) Pasture plants with low P-requirements
Phosphorus-efficient plants are required fortwo sorts of grassland farming system:
(a) low P-input systems in marginal or low rainfall environments (e. g. low-rainfallfarming,
Western Australia, Pang at a1. 2010a; extensive grazing systems of northern Australia, MCIvor
and Probertreview Appendix 3) where plants need to be as productive as possible given that soil
will be maintained in a relatively low P-fertility condition because other constraints limitthe
production system as a whole.
(b) fertilised systems in well-watered environments, where productive plants with low critical-P
requirements could contribute to improved P-balance efficiency without compromising
productivity per hectare.

The agronomic potential of Australian native herbaceous legumes has been examined in recent
years in an effort to harness their natural adaptation to low P environments prone to drought
stress (Ryan at a1. 2008; Dear and Ewing 2008; Ryan at a/. 2009; Bennett at a1. 2010; Bell et a/.
2010). This work has shown that native species have few consistent advantages and there is no
justification for focusing solely on native plants despite their adaptation to low P soils. Some
exotics and some natives grew well in low P conditions. When soil P was very low, P uptake was
typically correlated with root surface area and total rootlength. Plant growth under low-P
conditions was also correlated with physiological P-use efficiency (plant DW/ plant P content).

Table 6. Species recognised for reasonable productivity in low P soils and lowrainfall environments

PMotuspo!ystachyus(Gaudich, ) short-lived native
F. Muell. perennial herb

Species

Kennedra prorepens F. Muell. , K.
prostrata R. Br.

Glycine cariesGens F. J. Herin

Lotononis bamesiiR. Br. )
Bituminaria bituminosa (L. )
C, H. Stirl. var. albo-marginata

,

Guilen australasicum (SchttoI. )

Herbage type

Lotus unginosus Sohkuhr

Australian native

legumes

Trffolium ambiguum MBieb

exotic legumes

shoot weights greater than
chicory (Chicorium intybus
L. ) in low P soil

good growth relative to Iuceme
in low P soil but does not

tolerate high P soil

Attribute(s)

Australian native

legume

good growth relative to Iuceme
in low P soil

relatively tolerant of dry
conditions; presently being
developed as pasture
species for the low rainfall
wheatbelt

Caucasian clover

Reference

Ryan at a1. 2009

Pang at al.
2010a; 2010b

good tolerance of low P soil

good tolerance of low P soil

Pang at al.
2010a; 2010b

Surlyagoda at al
2010; Dear at al.
2007; Hayes at
a1. 2009

Balocchi and

Phillips 1997;
Kelman 2006

Virgona and
Deari996
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Table 7. Studies of the intra- orinterspecifc differences in the external P requirement of keystone legumes used in temperate and Mediterranean pastures.

Species

Intraspecific variation

Trifolium subterraneum L.

Number Significant
of lines variation

examined found

Trff'churn repens L.

Review of phosphorus availability and utilisation in pastures for increased pasture productivity

10

2

Yes
Differences in response to P present even among lines of similar shoot
weight but much of the data confounded with physiological stage of
development. All cultivars outclassed.

More effident cultivar at low P also more prone to toxicity at high P
suggesting difference in P uptake. Interestion with Zn levels; differences
between cultivars not observed at excess Zn. Not confounded by size,
maturity differences. Salution culture, outclassed cultivars

Natural populations from high and low P soils. Populations from high P
soils showed much larger decline in growth at low P. Differences were
due to P uptake ability. Sand culture, deliberately harvested at approx.
similar shoot size over a 17 day period. Probably indicative of variation
present naturally in this species.

No difference in growlh at low P but one cultivarwas more responsive
and had higher catical P. Low P sallin pots.

EGOtypes from NZ and Europe, some from field stands of cultivars. Only
very small variation observed although slight suggestion that some may
exist. Low P soil in pots.

Available cultivars plus naturalised strains from low, medium and high P
soils. Low P soilin pots.

European and NZ cultivars grown in low P soil in pots. Clear differences
due to selection for high and low response to P.

Field study on lines selected for differences in response to P in
glasshouse. Concluded that selection fortolerance to low P should be
conducted in field.

Two lines selected for long, fine roots or short, thick roots conducted in
low P soil in pots. Claimed that long, fine root plants displayed higher
emdency ofP use. Did growmore and take up more P butthis was at
higher P levels. Both lines similar at low P. Crttical external P was
higher for the long, fine root plants.

Yes

7

2

Yes

Notes

26

Yes

7

No?

11

Yes

37

Yes

2

No

Source

No?

Jones at a1, 1970

(Agron J 62, 439-442)

Millikan 1963

(AUSt J Agric Res 14, 180-205)

.

Sriaydon and Bedshaw 1962
(J Expt Bot 13, 422-434)

Scott I 976

(Proc NZ Grassl Assoc 38, 151-159

Cared us at a1. 1980

(NZ J Agric Res 23, 211-217)

Godwin and Blair, 991

(AUStJ Agric Res 42, 531-540)
Caradus at a1. 1992

(Plant & Soil 146, 199-208)

Caredus and Dunn 2000

(NZ J Agric Res 43, 63-69)

Crush at a1. (2008)
(NZ J Agric Res 51, 279-285)
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Intraspecific variation (continued)

Trifolium amb@uum M. Bieb

Trffoflum hfr'turn All.

Medicago truncatu/a Gaertn

Interspecific variation

T, subteiraneumvs T, hitum
vs T. cher/eri

8

Review of phosphorus availability and utilisation in pastures for increased pasture productivity

T, subterraneum

vs T. 910meratum vs
Omithopuscompressus

6

No

2

Yes

Soil and solution experiments. Complicated by big differences in size.

Differences claimed but confounded by plant size and physiological
stage of development. Only small differences among vegetative plants
of similar size.

T. repens & T. amb@uum
from low P soils

I cultivar
of each

species

Yes?

No for

vegetative
growih.
Yes at

flowering.

Complicated by large difference in size. Soil in pots

I line of
each

species

T. subteiraneum, T.
vesiculosum, M. polymorpha,
M. intertexta, M. trunoatuk, ,
Lotus pedunculatus, 0.
compressus, Vibia dasycarpa

Mean of8
lines of
each

species

T. subterraneum had lower requirement than other Trifolitrm species at
flowering. Soil in pots.

No

Complicated by large difference in size. Claimed that T subterranuem
and O. compressus more efficientthan T, 910meratum butthis seemed
to be due to more growth overall. Difference in relative responsiveness
or P requirement was not obvious

Comparison in soil complicated by differences In size. There was a
possible difference between species when compared at same size.
Noted that T. amb^}uum had much larger roots relative to shoots so
likely to be able to scavenge P in field better than T. repens.

I cultivar
of each

species

Yes? in soil

I cultivar
of each

species

Yes in
solution

Spencer at a1. ,980
(NZ J Agric Res 23, 457-475)

Jones at at. 1970

(Agron J 62, 439-442)

Jones at at. 1970

Compared at same shoot size. T. ambiguum had lower requirement.

Yes Soilin pots. 0. compressus had lowest requirement.

A ron J 62 439-442

Ozanne at a1. 1969

(AUSt J Agric Res 20,809-818)

Blair and Corner0 1978

(Plant & Sd1 50, 387-398)

Spencer at a1. (1980)
(NZ J Agric Res 23, 457-75)

De Ruiter, 981

(NZ J Agric Res 24, 33-36)
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T, subterraneum, I:
incamatum, T, hitum, M.
hispida, 3 Trifolium sp. native
to California, Lotuspurshianus

T. repens vs Stylosanthes
hamata

T. subteiraneum

vs M. polymorpha L. vs
Omithopus compressus

T. subterraneum, M.
polymorpha, M. inurex, 0.
compressus, 0. perpusillus,
O. pinnatus

I cultivar
of each

species

Review of phosphorus availability and utilisation in pastures formcreased pasture productivity

Yes

T subteiraneum

vs M, polymorpha L. vs
Omithopus compressus

I cultivar of

Omithopus,
2 of other

species

Soil in pots, Interaction of response with temperature.

Yes?

T. subteiraneum

vs T. infohelianum Savi(var.
baiansae)

Solution culture. Stylo extracted P better from low P concentration and
grew slightly better but responses were rather similar otherwise

I cultivar
of each

species

Yes

2 cultivars

of M.

polymojpha,
I of other

species

M. truncatufta, M. inurex, M.
polymorpha

Soilin pots. 0, compressus had lowest external requirement and M.
polymorpha the highest. Due to uptake differences. No intraspecies
differences.

Yes

Field experiments. Comparative requirements varied with harvest atlast
panty because the species had different maturltytimes. Omithopus
generally had lower P requirement. M. polymorpha may have required
less P than T subteiraneum on neutral soils but riot on acid soils.

I cultivar

of each

species

Yes

3 cultivars

of M.

polymorpha,
I cultivar of

other

species

Field experiments. 0, compressus had lowest external requirement
and M. polymorpha the highest although M. polymorpha and T.
subterraneum similarfor seed production.

No Pots and field. Concluded that T inicheffanum probably requires slightly
more P.

MCKell at a1. 1982

(Agron J 54, 109-, 13)

Yes
Field experiment. Differences between species and within species that
changed with time. Difference within P. polymorpha smallest by the last
harvest.

Chisolm and Blair, 988

(AUSt J Agric Res 39, 807-816)

Paynter1990
(AUSt J Exp Agric 30, 507.514)

.

Boiland and Paynter, 992
(Fertilizer Res 31, 21-33)
Paynter, 990; 1992

Paynter, 992
(AUSt J Exp Agric 32, 1077-, 086)

Boiland 1993

(AUSt J Exp Agric 33, 307-18)

Boiland 1997

(J Plant Nutr 20, 1029-, 043)
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Species recognised for reasonable productivity o1n low P soils in low rainfall environments are
described in Table 6.

Productive species with low critical-P requirements have also been identified for higher rainfall
environments. Numerous pasture grasses hithis category of plants including most, if not all of
the productive~volunteer and cultivated grasses used in temperate grasslands (e. g. Hill at al.
2005). Amongstthe grasses are a few species with exceptionally low critical P requirements
(e. g. ryegrass (Lollum rigidum Gaud. ), silver grass (Vulpia bromoides/myuros): Hill at a1. 2010),
grasses noted for vigorous growth in acid, infertile soils (cocksfoot(Dactylis 910merata L. );
Lollcato and Rumba111994) and some native perennials with capacity to capture phosphate from
less soluble sources (e. g. AUStrodanthonia spp. : Barrett and Gifford (1999); AUStrost47a spp. :
Marschner et a1, (2006)). Unfortunately, P-efficient grasses do not have any impact on the poor
farm-gate P-balance of Australian temperate pasture systems. Grasses generally have low
critical P requirements because they have fine-roots with long root hairs which explore soil
efficiently, whilst subterranean clover(Tri^flum subterraneum) and white clover(T. repens), the
key legumes in these grasslands, have course roots and short root hairs and are the least P-
efficient species (Hill at a1. 2006; 0zanne at a1. 1969; 1976; Haynes 1980). Cloverbased
pastures are fertilised with phosphate to meetthe requirements of the clover because it is the
source of biologically-fixed N and this drives overall productivity. The grasses in these systems
experience luxury P-fertility conditions. To improve the P-balance efficiency of cloverbased
pasture systems, it will be necessary to shiftthe legume component to a lower critical-P position.

There are few reliable studies of the variation in P-use efficiency of the keystone legume species
used in temperate pastures (Table 7). Although, intraspecific variation has, in some cases, been
claimed to be as large as interspecific differences (e. g. Cum I 983; Gartrell and Boiland I 987),
close examination of the evidence does not support these claims. In short, there has been
insufficientinvestigation of most species and the work that is reported for some species involves
cultivars that are now outclassed. However, there are examples of differences in the external P
requirements of some of the keystone legumes (Table 7); enough to indicate that further
investigation would be warranted. In addition, yield improvement for some legumes (e. g.
subterranean clover) has been impressive (e. g. Sandral at a1.1998; Nichols et a1. 2007) and this
alone means that gains in P-use efficiency are being made. The factremains that there are no
Tri^11^in or Med^^ago spp. cultivars that are recommended on the basis of improved P-use
efficiency. The most consistent effort has been applied to improving the P-efficiency of white
clover(T. repens L. : Caradus 1994) but results to date have been disappointing. P-efficiency,
measured as response to a given level of applied P, was shown to be heritable under glasshouse
conditions (Caradus at a1. 1992). However, differences in response under field conditions proved
to be minimal(Cared us and Dunn 2000).

Currently, the only substantive attempt being made to improve the P-use efficiency of the
keystone temperate legume species is further work with white clover where the emphasis is on
selection for roottraits such as long, fine root systems that are likely to influence P uptake from
soil(Crush at a1. 2008). In Australia, where agricultural productivity is highly dependent on use of
P-fertiliser and a limited number of key pasture legume species, it is remarkable that there is not
a continuing effort to examine the potential for improving P-use efficiency. Subterranean clover
(Trifoffum subterraneum), is currently the focus of a large research project which aims to produce
a QTL map for six importanttraits in two populations and a core collection (Ghamkhar at al.
2009). Recombinantlnbred Line (RIL) populations are also being developed. This provides an
invaluable resource for efforts to improve P-efficiency traits. Roottraits have riot been examined
to date, but promising preliminary results have been reported in a similar exercise with white
clover(T. repens)(Jahufer at a1. 2008).

,
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Adoption of some alternative legumes to the commonl^used Trifoffum and Medibago species
appears to also hold some promise for developing more P-efficient pasture systems. The critical
P requirement of yellow serradella (Omithopus compressus L. ) was most often ~55%-65% of
that required by subterranean clover(T. subterraneum L. )in field experiments in Western
Australia (Paynter1990; Bolland and Paynter I 992; Paynter 1992). Subterranean clover, in turn,
had a lower critical requirement than burr medic (M. polymorpha L. var. brevispina). The lower
critical P requirement of serradella is attributed to it having longer, finer roots (Paynter 1990;
1992). Serradella is recommended primarily for acid, infertile sandy soils in WA (Anon. 2007)
and NSW (Zurb0 2006). However, the same rates of P application are stillrecommended for
serradella and subterranean clover despite the higher P-efficiency of serradella (Paynter and
Bolland 2006).

Many other new legume species have been released as cultivars in the lasti5 years in response
to the need for attributes such as adaptation to difficult soils and other niche environments,
higher levels of hardseededness, deeper root systems, length of growing season and ease of
seed production (Nichols at a1. 2007). A number of these may potentially offer higher P-use
efficiency. For example, Biserrula pelecinus L. , a deep-rooted species also adapted to acid
sandy soils, is claimed to have higher P-efficiency than subterranean clover and burr medic
(Howieson at a1. 2000). However, it is clearthat forthe benefits of lower P-use efficiency to be
realised, it is necessary to evaluate the P requirements of new legumes under field conditions
and to release them with revised guidelines for soilfertility management. More commonly the P~
requirements of new species are ill-defined and there has been no demonstration that farming
systems (grass-legume pasture, Iey farming, etc. ) can be highly productive at lower soil P fertility
levels when P-efficientlegumes are used.

(6) Plants with low P-requirements for cropping systems
As is the case for pasture species, there have been numerous comparisons of the P-use
efficiency of key crop species (Simpson at al. Appendix 5) and many claims of significant
differences in P-use efficiency. Intraspecific variation in the P-use efficiency of major crops is
important because the option of using an alternative species will in many cases riot be realistic.
With the possible exception of the white Iupin (Lupinus albus), however, few if any crops or crop
varieties are promoted as low-P plants.

It has been reasonably well established that there are significant differences in the critical P
requirements of some of the mainstream crop varieties used in temperate cropping rotations.
For example, comparisons of wheat(Triticum aestivum L. ), narrow-leaf Iupin (L, angustifi, flus L. ),
canola (Brass^ca napus L. ) and the pasture legume, subterranean clover(T. subterranean L. )
indicate that the critical P-requirements of the narrow leaf Iupin are marginalIy (, 0%; Bolland and
Brennan 2001;) or considerably greater (70%+; 0zanne at a1, 1976; Bolland 1992)than the
critical requirements of wheat or subterranean clover (Ozanne at a1. 1976), which are, in turn, 25-
60% greater than the critical requirement of canola (Bolland 1997; Brennan and Bolland 2001;
Brennan and Bolland 2009). The rankings are very consistent and indicate that better(targeted)
management of soil P-fertility should be possible across cropping rotations than is practiced
currently. However, occasionally experimental results indicate wide fluctuations in the critical P
requirements of crops (Bolland 1992) suggesting that factors such as root diseases may alter P-
requirements and may need to be considered when developing management guidelines.

,
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3.3.4 Fertiliser technology and strategies '

Evaluation of the efficiency of P fertilisers using ISOtopic techniques under field conditions has
been carried out in Australia mostly on alkaline cropping soils, and has not been adequately
studied on other soil or farming system types. Two studies in alkaline soils using isotope
techniques have reported that P uptake in the year of application is less than 12% of the P
applied, with most of P uptake coining from residual P (presumably from previous fertilisers
applications assuming low concentrations of available geogenic P (MCLaughlin at a1. 1988a;
Dorahy at a1. 2008). This means that nearly 90% of added P enters phosphate or organic-P
cycles where it is exposed to reactions that slowly result in it becoming sparing I^available to
plants. Many of the strategies to improve the efficiency offeruliser P are, therefore, aimed at
increasing the proportion of P that is taken up by plants in the year of application.

Why is the P-recovery efficiency of added P so low in the year of application? P-recovery
efficiency is affected by the volume of soilto which the fertiliser is applied (i. e. as shown by the
difference in effectiveness of banded vs broadcastfertiliser), poor rootinterception and uptake of
P in bands, soil reactions which reduce P availability, and variable soil moisture in the field.
Under glasshouse conditions where P is uniformly mixed with soil, and soil moisture conditions
and root exploration are optimised, P-uptake determined by the direct method can be up to 60-
70% in Australian soils (Bertrand et a1. 2006).

Placement to improve P-recovery efficiency
Since P moves primarily to the root zone through diffusion and the P diffusion coefficients are
very smallin soil (10~" to I O"/in'/s; Marschner I 995), a readily available supply of P in soil near
the root zone is necessary to optimise plant uptake, especially during the most active growth
period. Therefore, banding of P fertiliser near the root zone is the best placement option for most
cropping systems (Mitchell 1957). Banding will improve P-recovery efficiency where sorption
reactions dominate, but where precipitation reactions are dominant, banding may actually reduce
P-recovery efficiency. For pasture systems, broadcasting has been the predominantfertiliser
placement method due to cost considerations, although subsurface placement has shown
potential to increase P-recovery efficiency (Scott 1973), likely through interactions with soil water
(see below).

Soil water plays a significant role in P-recovery efficiency through the interaction with soil
chemical reactions, and the diffusion of P to the rhizosphere. Dry conditions may exacerbate P
precipitation reactions with the solid phase in fertiliser bands by increasing the concentration of P
around the point of application. When water is inadequate, P diffusion is also reduced due to
reduced water"filled porosity and increased tortuosity of water-filled pores. Therefore, the
efficiency of P use in soils with adequate water is much higher than in dry soils and the
placement of P (i. e. surface or subsurface) may be critical in determining P-recovery efficiency
(Pinkerton and SImpson 1986; Cornish and Myers 1977; Scott 1973; Officer at a1. 2009; Jarvis
and Bolland 1991). In any cropping season, soil moisture appears to affectthe availability of
residual P in soil more than that of the applied fertiliser in that year (Bolland 1999; Officer at a/,
2009).

Deep placement in the subsoil may also increase P-recovery efficiency on some soils. Research
in both southern and northern Australia has shown that enormous yield increases are possible
when fertilisers are applied to infertile subsoils (Graham and Ascher I 993; Singh at a1. 2005).
Graham and Ascher(, 993) measured 3.6-fold yield increases when N, P and trace element
fertilisers were mixed into the subsoil, compared with surface fertiliser application. Residual
benefits from subsoilfertilisation were measured for seven years. Similarly large increases in

'Information drawn primarily from the draftreview by MCLaughlin at at.(Appendix 4).
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crop production were observed by Singh at a1. (2005) in northern Australia. Unfortunately the
difficulty of applying fertilisers to subsoils limits the use of this technology, but if effective subsoil
fertilisers could be developed, large increases in crop production could be achieved in many
soils.

Bypassing the soil
Due to the low P-recovery efficiency of P applied to soil, ms reasonable to expectthat foliarly
applied P might have a higher efficiency. In general, P uptake by leaves is either via cuticular
pores or via the stomata. The dissociated species H2P04" which dominates at pH 2-3, is
absorbed more readily than the undissociated form H3PO4(Wittwer and Teubner1959).
However, the foliar application of acidic solutions may cause damage to leaftissues. There no
consensus in the literature on the agronomic and P-recovery efficiencies offoliar application of P;
it has been reported to either increase, decrease, or have no effect on P uptake in comparison to
soil-applied P (Noack at a1. 2010). Absorption and translocation of P applied to the leaves is very
rapid and this may translate into an early season P response but may not be sufficient to supply
P need unless severalfoliar applications are performed throughoutthe growing season
(SIIberstein and Wittwer I 951).

Linking P supply to plant demand
For optimal yield of most crops, a readily available P pool above the critical value is required to
meetthe plant demand. Phosphorus demand differs for different crop species and even for
different genotypes within species with most of the differences attributed to root architecture
(Marschner 1995). Annual crops demand P earlier during their growth while perennial tree crops
require P supply slowly over several seasons (Benzian, 1965; Johnson 1980; Rahmatullah et at.
2006). Therefore, for annual crops, fertilisers with high P solubility are essential in meeting the
crops requirement. On the other hand, a slow release P fertiliser will be more suitable for slow
growth perennial species. Furthermore, slow release P fertilisers can improve the P-balance
efficiency of pastures growing in high-rainfall areas and/or on coarse-textured soils where
dissolved P can be lost via Ieaching (Lewis at 81. 1987; Yeates at a/. 1984).

Fertiliser formulatibns to improve P-recovery enjo^ency
The scientific literature suggests that fertiliser effectiveness may be improved by technologies
that either alter the pH around fertiliser granules (Owino-Gerroh and Gasch0 2004), slow the
release rate of P from fertiliser granules (Pauly at a1. 2002) or increase P solubility (Babana and
Antoun 2006; Holloway at at 2001; Rudresh 2005). The most applicable technology will depend
on the source and speciation of the P source used and the main cause of poor P-recovery
efficiency, which is soil dependent.

As soil pH has a major influence on the reactions that remove P from soil solution, methods have
been developed to increase P solubility by modifying the pH around fertiliser granules. Elemental
sulfur(S') and ammonium salts have been co-granulated with phosphates to reduce soil pH on
neutral and alkaline soils. Silicate compounds have been used to increase soil pH on acidic soils
and reduce P retention by A1 and Fe oxides. These technologies are not new. Elemental S has
been co-granulated with phosphate fertilisers since the late 1940's (Mitchell at a1. 1952). A net
release of protons results from the oxidation of S'into sulfate, which may reduce soil pH and
increase P solubility. Mitchell at a1. (1952) found that S' co-granulated with dicalcium phosphate
and MAP significantly increased fertiliser P uptake by wheat in the glasshouse using non-sulfur
responsive soils (Fig. 14). However, there was no improvement in P availability under field
conditions (Mitchell at a1. 1952). Since then, there have been a large number of dual P and S'
fertilisers made available to farmers, such as SF45 (Incitec Pivot Ltd. ), Super M (Hi-Fert Pty
Ltd. ), Super and Sulfur (Clarkson et a1. 1989), MicroEssentials (The Mosaic Company) and
Granulock (Incitec Pivot Ltd. ). However, most published studies have focussed on the nutritional
value of S in these products, rather than the effect of S on P solubility (Clarkson at all989;
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MCCaskil! and Blair 1989; MCLaughlin and Horrord 1982). More recently, Evans and Price (2009)
found that ground S' applied with ground phosphate rock increased 01sen-extractable P in five
out of eleven soils compared with phosphate rock applied on its own. However, very high rates of
S' (up to 400 kg/ha) were applied. The lowest rate of S' (100 kg/ha) significantly increased 01sen
P on four soils and decreased 01sen P on one site. The average increase in 01sen P was only
0.9 ing PIkg with a S' application rate of 100 kg/ha.

On alkaline and neutral pH soils, P solubility can also be increased by co-application of
ammonium salts. Rahmatullah at a1. (2006) found that the application of ammonium-sulfate
nitrate (AsN) with phosphate rock increased P concentrations in maize shoots, from 1.0 ing PIg
to 2.1 ing PIg. However, even with AsN, P uptake was less than half of that achieved with single
superphosphate due to the poor solubility of the rock phosphate. The authors concluded that
ammonium application reduced soil pH, from pH 7.1 to pH 6.7, which improved P solubility. The
authors did riot state whether the soil was S responsive. It may also be possible to increase P
solubility by co~granu!ating ammonium sulfate with phosphates; however, no studies were found
in the literature that tested this hypothesis.

Silicon compounds have also been used to modify soil pH and reduce P retention in soils.
Application of sodium silicate to an acidic sandy-clay soilreduced P sorption and increased P
concentrations in maize shoots, from 0.55 ing/g to 0.91 ing/g (Owino-Gerroh and Gasch0 2004).
The authors concluded that P solubility was improved by an increase in soil pH and reduced
precipitation with A1 or Fe, rather than the substitution of silicates for phosphates on soil binding
sites. Sinyth and Sanchez (, 980) also measured a reduction in P sorption to an acidic Oxisol
following Casio3 application and an associated smallincrease in soil pH, Duque and Samonte
(1990) also claimed that Casio3 increased P-recovery efficiency on an acidic clay soil. The effect
was also associated with a smallincrease in soil pH, however statistics for fertiliser P-recovery
were not provided in this study.

Fluid fontlisers

Recent studies have shown that fluid fertilisers can improve P-recovery efficiency on some soils
in southern Australia. On calcareous soils granular P-fertilisers are very ineffective. Only slight
yield responses to P were observed even at application rates as high as 100 kg PIha (Holloway
at a1. 2001). Holloway at a1. (2001) found fluid P fertilisers were up to 15 times more effective
than granular sources at equivalent P application rates, Subsequently, Loinbi et a1, (2004)
observed that fluid P sources significantly increased P diffusion and availability (measured by
isotope dilution)in calcareous soils compared to granular sources (Fig. 15). By contrast, soluble
calcium from the soil diffused into the granularfertilisers and precipitated phosphate as apatite-
like minerals (Loinbi at a1. 2004; 2006). The increased diffusion measured with fluid P reduced P
concentrations at the point of application, which in turn reduced P precipitation (Loinbi et al.
2006). To date, however, improvements in agronomic and P-recovery efficiency from the use of
fluid fertilisers have been limited to calcareous soils and some alkaline non-calcareous soils

(MCBeath at a1. 2005).

Slow-release coatings
Slow release coatings may also increase P-recovery efficiency. Nyborg at a1. (1998) simulated
the effect of slow release P by making small periodic additions of P to soil. Compared to a large
single addition of P, smaller periodic additions increased P uptake in barley by 12.2%, 25.8% and
19.4% when MAP, DAP and ammonium polyphosphate were applied, respectively.
Subsequently, Pauly at a1, (2002) coated MAP and DAP fertilisers with synthetic polymers to
slow the rate of P release from the fertilisers, In barley, the slow release polymer significantly
increased P uptake from MAP by 9.7% and 10% on the sifty loam and sandy clay loam soil,
respectively. However, the polymer did notincrease the P uptake from DAP. Other studies have
found no significant benefits from slow release coatings. Garcia at a1. (1997) coated Iignin and

,

,
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rosin onto DAP and triple superphosphate. The fertilisers were supplied to ryegrass grown on a
highly calcareous soil. Phosphorus uptake from the DAP-treated soil was significantly higher
than from TSP and the P-free control(Garcia et a1. 1997). However, the coatings did not affect P
uptake by ryegrass.

Sparing!^soluble P sources, such as magnesium ammonium phosphate and reactive rock
phosphates, also have slow release characteristics. These compounds may be effective P
fertilisers for slow growing perennial species where soluble salts are rapidly lost by Ieaching
(Benzian, 1965; Johnson 1980). However, they may be relatively ineffective when supplied to
annual crops that have a high P demand over a short time period (Rahmatullah at a1. 2006).

Coatings claimed to reduce precfy>itation or 'fixation"reactions
A review of the patent and scientific literature reveals that a number of products have been
designed to either enhance the efficiency of applied P or unlock P already retained in the soil.
Two recenttechnologies that appear in the patentliterature, but notthe scientific literature,
include the use of polymers to complex cations that might otherwise precipitate P following
application to soil(e. g. Us 6.51 5,090) and the use of silicon based compounds to reduce P
fixation (e. g. W0 2005/097947). The use of silicates is also mentioned in the scientific literature
butthe mechanism attributed to the silicate effectis different(Owino-Gerroh and Gasch0 2004).

Fein^sertechnologies intended to increase the avarlabilityofaccumulatedP reserves in soil
To this pointwe have addressed reactions of added P to soil systems, theirform and strategies
to increase the availability of those additions to plants in the short term. Here we address
strategies to increase the availability, through fertiliser design, of added P after it has transformed
to more recalcitrant soil P forms (inorganic and/or organic). More commonly fertiliser design
strategies focus on placing P in an available form in the soil and limiting the rate at which it reacts
with soil constituents.
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Figure 14. Effect of elemental S on phosphate uptake by wheat(adapted from Mitchell at a1. 1952).
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Figure 15. Diffusion of labile P from granular MAP and fluid MAP (TG-MAP) away from the point of application on a
grey calcareous soil(redrawn from Loinbi at a1. 2004). Total available P from fluid MAP was significantly greater than
granular MAP (P ^0.05).
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A comprehensive literature search revealed very little mainstream research effort has addressed
application of products to increase the availability of existing reca!citront P sources. However,
internet (Google") searching of this topic reveals enormous amounts of literature referring to
products claiming to do just that. Unfortunately, the quality and intent of the majority of this
literature is aimed at sales of the products. Some products and claims raise questions regarding
potential mechanisms by which the availability of recalcitrant P sources might be increase but
most of the information is speculative, unsupported by solid evidence.

What product marketers have correctly identified is that in terms of available P resources, more
than half of P in soil exists in forms that are difficult to extract chemically (Cross and Schlesinger
1995). Consequently, products that target existing P sources rather than adding new P sources
into the soil have considerable potential. Whilst acid extractable P reserves are most likely
insoluble inorganic phosphorus compounds, it is less clear what proportion of the residual P pool
in fraction ation schemes is organic or inorganic. Certainly, the use of concentrated acids has
been suggested to liberate P from the soil"bank"in calcareous soils (Ryan and Stroehlein 1979),
but even then difficulty in handling and expense has prevented this from being a commercial
reality.

It is clear that further research is needed to understand the nature of the residual P fractions in

soils prior to investing considerable effort in developing strategies to mobilise or render this
fraction "bio-available".

MAP control

.

MAP granular MAP powder TG-MAP

Page 54 of 98



.

Review of phosphorus availability and utilisation in pastures for increased pasture productivity

3.3.5 Plant and microbialstrategies

There are three potential approaches by which plant and microbial strategies may be able to
improve P-balance efficiency:
(i) strategies that slow the rate of P-accumulation into sparing Iyavailable pools,
(Ii) strategies that enhance the desorption or mobilisation from sparingIy-available P,
(iii) plants that produce more dry matter per unit of P uptake.

In each case the efficiency with which fertiliser P is used when building soilfertility will also be
improved by these strategies. Prospects and/or progress in development of plant or plant-
microbial strategies to realise P-efficiency gains are now discussed. For progress to be made
the adoption of any particular strategy must also consider ecological context of the farm system
or soil environment in which it is to be employed.

There are numerous examples at various levels of system organisation that illustrate the
importance of understanding the ecophysiological context of P nutrition for P-efficiency gains.
Attempts to improve P-efficiency by breeding white clovers with longer root hairs proved
ineffective because the root hairlengths achieved by breeding were notlong enough to acquire
more P than already provided by mycorrhiza (Carradus 1981). Traits such as root hairs and root
exudates are potentially synergistic with root architectural traits, which locate root axes in soil
domains with varying P availability and the interactions of some roottraits can be very positive. P
acquisition by Arabidopsis thanaria is the interaction of 4 distinct root hairtraits whose combined
effect on P acquisition is estimated to be 371% greater than their additive effects (Ma at al.
2001b). However, root architectural traits may also interact to alter the extent of inter-root
competition, which is also an important component of overallrootforaging efficiency (Ge at al. ,
2000; Rubio at a1. , 2003; Rubio at a1. , 2001; Walk et a1. , 2006). An importanttradeoff associated
with topsoilforaging in beans has been increased sensitivity to drought stress (less deep roots)
(Ho et a1. , 2005). George at a1. (2010) demonstrated that the P-efficiency of spring and winter
barley cultivars was modified by tillage practices. Likewise it is logical to expect fertiliser
placement strategies may interact with plant-efficiency traits. For example, ms unclear whether
deep placement of fertiliser to avoid surface soil drying (section 33.4) would compliment, or
counteractthe P-efficiency benefits of plants developed with enhanced topsoilforaging roots
(3.3.6). Finally, it is critical that plant improvement strategies be directed at keystone species,
There is, for example, little point improving the P-efficiency of pasture grasses in clovenbased
pasture systems because it is the inefficiency of the clover that determines how much P is
applied to the pasture (e. g. Hill at a1. 2010).

3.3.6 Slowing the rate of P-accumulation into soil pools (traits conferring lower critical P
requirements)

Topsoilibraging
Phosphorus bioavailability is typically greatest in the topsoil, so root traits that enhance topsoil
foreging enhance phosphorus acquisition (Lynch and Brown, 2001). Substantial differences exist
for Architectural traits that can enhance topsoilforaging within and among species inclduing:
shallower growth angles of axial roots, enhanced adventitious rooting, and greater dispersion of
lateral roots (Lynch, 2007).

Shallower rootgrowth angle
In maize, bean, and soybean, shallower growih angles of axial roots (basal roots in legumes,
seminal and crown roots in maize) resultin greater topsoilforaging and thereby P acquisition.
Variation in root growth angle among closely related genotypes is associated with up to 600%
increase in P acquisition and 300% increase in yield in bean (Bonser at a1. , ,996; Liao at al. ,
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2001) (Fig. 16), and 100% increase in P acquisition in maize (Zhu et a1. 2005a). Quantitative trait
loci(QTL) controlling root growth angle in bean, co-segregate with yield under P stress in the
field (Liao et a1. , 2004). Direct phenotypic selection for root growth angle has been successfully
used breed P-efficient beans for low fertility soils of Africa and Latin America, and soybean
breeding in China (Lynch, 2007).

Adventitious rooting
In many dicot crops, adventitious roots emerge from the subterranean portion of the hypocotyl
and grow horizontally through the topsoil. Substantial genetic variation for adventitious rooting is
present among bean genotypes, it is under strong genetic control(Ochoa et a1. , 2006) and is
associated with growth and P acquisition in a low P soilin the tropics (Miller at a1. , 2003; 0choa
at a1. 2006). The adventitious roots have greater specific rootlength, lower tissue construction
cost, more aerenchyma, and less lateral branching than other axial roots (Miller et a1. 2003).
These traits are advantageous by reducing the metabolic costs of soil exploration (Lynch and Ho
2005), However, SIinRoot modelling (Lynch at a1. 1997)indicates that excessive adventitious
rooting may be counterproductive for plant P acquisition by diverting carbohydrates from lateral
branches of basal roots (Walk et a1. , 2006), thereby decreasing total soil exploration.

Lateral branching
Low phosphorus availability changes the distribution of growth among various roottypes. In
bean and maize, growth of axial roots is maintained under low P, while initiation of lateral roots is
reduced and lateral root density declines (Boreh at a1. , I 999; Mollier and Pellerin, I 999). Maize
genotypes with increased or sustained lateral rooting under P-deficiency had up to 100% greater
P accumulation and relative growth rate than closely related genotypes with less lateral
branching (Zhu and Lynch, 2004).

Roothairs

Root hairs are importantforthe acquisition of immobile nutrients such as phosphorus (Clarkson
1985; Jungk 2001; Peterson and Fanguhar 1996; Gahoonia and Nielsen 1998). Genotypic
variation in root hairlength and density in maize and common bean is controlled by several major
QTL (Yan eta1. 2004; Zhu at a1. 2005c), suggesting that this trait could be selected in crop
breeding programs through marker aided selection as well as through direct phenotypic
screening. Root hairs are particularly important for P acquisition in nori-mycorrhizal plants, since
mycorrhizal hyphae fulfil some of the same functions as root hairs. However, genotypic variation
in root hair length and density is importantfor P acquisition regardless of the mycorrhizal status
of the plant(Fig. , 7; Migue1 2004). Root hairs are attractive targets for crop breeding programs
because there is large genotypic variation, substantial effect of this variation on P acquisition,
regardless of mycorrhizal status, relatively simple genetic control, and opportunities for direct
phenotypic selection (Gahoonia and Nielsen 2004; Lynch 2007).

,

3.3.7 ATbuscularmycorrhizal symbioses

Arbuscular mycorrhizal(AM) symbioses infect many agricultural species (exceptions include
Brassica spp, and Lupinus spp. ), and are particularly prevalentin pastures. They have an
important role in improving the P nutrition of some species (e. g. clovers) in low P soils. Research
into AM symbioses has mainly focused on plants that have positive mycorrhizal growth response
at low available soil P. For example, in pasture legumes with short root hairs and barley lacking
root hairs, mycorrhizas compensate forthe limitations associated with short or absent root hairs
and substantially improve the ability of the plant to acquire P under low P conditions (Cared us
1981; Jakobsen at a1. 2005 ). However, the P-uptake advantage diminishes with improving soil P
nutrition and there is little advantage to be observed at soil fertility levels necessarily for near-
maximum pasture growth rates (e. g. Hill at a1. 2010). Fungal hyphae are known to extend further
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from roots than root-hairs (centimetres compared with millimetres) and the larger soil volume hat
can be exploited by AM plants is speculated to enable greater P uptake via the mycorrhizal
pathway. Despite this, plants with long root hairs and extensive finel^branched root systems
tend to show little or no positive mycorrhizal growth response even in low-P soils (e. g. Schweiger
at a1. 1995), whereas plants selected for longer root hairs show improved rootforaging and P-
uptake capacity (Fig. 17; Migue1 2004; Gahoonia and Nielsen 2004). Because of the extent of
external AMF hyphae and their relatively small diameter, it is notintuitively obvious why this
should be the case. It may be relevantthat nori-mycorrhizal controls in experiments can have
higher root hairfrequency and length compared with the AM plants, and also change their root
architecture (e. g. Kothari at a1. I 990).

Positive mycorrhizal growth responses decrease with increasing plant-available soil P. At a
given P levelthis effect varies greatly among plant genotypes (BaOn at a1. 1993 - barley cultivars;
Hetrick at a1. 1996 - wheat cultivars) and also AMF fungal genotypes (e. g. Thornson et a1. 1986).
Similarly, the proportion of root-length that is colonized also tends to decrease with increasing
soil P. This is often taken to mean that the plantis suppressing the AM symbiosis, but
colonization per plant does not necessarily decrease until soil P levels are very high (e. g.
Thornson at a1. 1986). Studies in southern Queensland have shown that crops grew poorly when
AM fungal propagules were depleted by long fallow (Thornpson 1987, 1991). However, AM
symbioses have poorreputation as a means of improving crop growth because under high soil P
AM fungi(AMF) provide little nutritional benefit to crops and may have "parasitic" effects that
reduce yield. Consequently, it has been suggested that there may be benefits for production in
having less AMF colonization either by selected crop rotations or targeted breeding (Ryan and
GEham 2002; Ryan at a1. 2005). However, supply of ''P or ''P to external hyphae of AMF has
shown condusively that, as with plants showing positive mycorrhizal growth responses, the
mycorrhizal path for P uptake operates in wheat, barley and other plants with no or negative
mycorrhizal growth responses and in such plants the direct(plant root) path for P uptake is
suppressed (e. g. Li at a1. 2006). This has also been demonstrated qualitative Iy with wheat in the
field (Schweiger and Jakobsen 1999). Thus, !ack of a positive mycorrhizal growth response may
not mean that AMF are riotinvolved in the P nutrition of a plant.

From an agronomic perspective, AM roots are the rule rather than the exception in those species
that become infected. Root architecture is the scaffold for AMF colonization and although P
nutrition can improved by altering root architecture and root-hair length and density (Lynch 2007),
few opportunities exist presently to manipulate the symbiosis to enhance P uptake. It is not
intuitively obvious why mycorrhiza on plants with long root hairs (which are expected to be able
to exploit a larger volume of soilthan plants without mycorrhiza) provide little if any P-uptake
advantage in low-P soils (e. g. Schweiger et a1. 1995). It is also unclear why P uptake by the
direct and mycorrhizal paths for P-uptake are not additive, so giving a positive mycorrhizal
growth response in every case,

3.3.8 Reducing the metabolic costs of soil exploration

Root metabolic costs are an important component of plant growth under low P availability (Lynch
and H0, 2005). Variation for root costs is associated with P acquisition among closely related
genotypes of maize and bean (Lynch and St. Clair 2004; Nielsen at a1. 2001; Nielsen at a1. 1998;
Zhu and Lynch 2004; Zhu at a1. 2005b; Zhu et a1. 2009). Various roottraits alter the relationship
of root growth and cost:

(i) Root architecture alters the carbon cost of soil exploration by regulating the extent of root
competition within and among root systems (Ge et a1. , 2000; Rubio et a1. , 2003; Rubio at al. ,
2001).
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Figure 16. Relationship between root shallowness and (2a) phosphorus uptake and (2b) relative yield of contrasting
genotypes of common bean growing in low-P soil. (From Bonser at all996 and Liao at a1 2001).
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Figure 17. Effect of root hair length on
phosphorus content of common bean
genotypes. Plants were grown for 35
days in low-P soil in the field in Costa
Rica. Each point is the mean of 4
replicates of one genotype; the set of
genotypes are six recombinant inbred
lines having long or short root hairs,
Miguel and Lynch, unpublished.
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(Ii) Biomass allocation to root classes that are less metabolically demanding per unit of P
acquisition, riotably adventitious roots, reduce overall root system cost (Miller at a1. 2003).

(iii) Morphologicaltraits such as root hairs enhance P acquisition at minimal root carbon cost
(Bates and Lynch, 2000a; Bates and Lynch, 2000b; Ma at a1. 2001a).

(iv) Anatomical traits such as root corncal aerenchyma and delayed root etiolation (reduced
secondary development and expansion in favour of root elongation) are associated with P
acquisition in low P soil by roots with low metabolic costs. Aerenchyma formation in maize is
strongly related to root P content and lower respiration and root growth maintenance in low P soil
(Fan et a1. 2003).
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3.3.9 Enhancing the desorption or mobilisation of P from sparing Iy-available pools in
soil

P-mining'by specialist root structures and carboxylate-secreting roots
In soils with extremely low available P, including many Australian soils under native vegetation,
clustering of rootlets with abundant root hairs is a prominent root specialisation. Proteaceae and
a number of phylogenetical!y unrelated species have proteoid (cluster) roots, while dauciform
and capillaroid roots are found in Cyperaceae and Restionaceae respectively (Lambers at al.
2006). The concentration of rootlets in small soil volumes, rather than exploring larger soil
volumes, is clearly riotthe optimal morphology for scavenging low concentrations of diffusely
available PInstead, the cluster root morphology is consistent with a mining strategy (Lambers at
a1. 2006). Species with cluster roots are particularly abundant on severely weathered soils where
recycling of P from aboveground litter and belowground roottumoveris virtually the only source
of P, and on strongly R'Sorbing soils that do have reasonable amounts of total P but where this is
not available to plants that do not have a specialised mechanism to extractthis resource
(Lambers eta1. 2006). Root clusters are positioned in soil horizons or patches that have above-
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average total P but low levels of plant-available P (e. g. Pate at a1. 2001), are rich in organic
matter, or are positioned under decomposing litter(Lainont 1973; Gaxiola and Veneklaas,
unpublished). They mobilise unavailable P through alteration of soil chemistry. The mechanism
involves root exudates including carboxylates, enzymes, phenolic acids and protons with
carboxylate secretion usually regarded as a primary factor in the mobilisation of sparingIy-
available P.

While cluster roots, dauciform roots and capillaroid roots are most abundant in Proteaceae,
Cyperaceae and Restonaceae on severely P-impoverished soils, their presence is notlimited to
these phylogenetic groups nor are they limited to extremely infertile soils (Skene 1998). Lupinus
a/bus is an established crop species that has cluster roots indicating that the specialised root
structures can be used in agricultural production systems. However, because increasing soil P
availability reduces investment in cluster roots of all species to almost zero (Reddell at a1. 1997;
Shane at a/. 2003a; Shane et a1. 2003b; Shane at a1. 2006 Abdolzadeh at a1. 2010), the P-
acquisition traits of these plants may not be expressed in all cropping situations. This will tend to
reduce their effectiveness when being deployed to mobilise P for use by other crops or as part of
a strategy to reduce the accumulation of sparing I^available P in fertilised soils.

Considerable plasticity in cluster rootinvestment, placement and activity has been demonstrated
in Australian perennial legumes (Adams at a1. 2002) and in L. albus (Shu et a1, 2007a, 2007b).
Both studies exposed different parts of the root system to differentlevels of P, and showed that
while overallinvestment in cluster roots is suppressed when more P is available, cluster roots
preferentialIy grow in the P-enriched parts of the soil, even when enriched with inorganic P.
Moreover, rhizosphere carboxylate concentrations were enhanced when the added P was iron
phosphate or hydroxyapatite (Shu at a1. 2007a, 2007b). Split root experiments indicate that the
response of cluster root species to localI^enhanced P can also differ marked Iy. When one side
of the root system experienced higher P concentration in hydroponics, Hakea prostrata and H.
trifuroata produced less cluster root mass on that side than on the low P side. In contrast,
Lupinus albus, L. inutabiffs and GrevMea Grithmiiblia produced more cluster root mass on the
high P side (Shane and Lambers 2005). The adaptive deployment of the cluster roots leads us
to condude that it may be feasible to encourage more efficient P acquisition in agriculture by
using cluster root species in combination with banded fertiliser placement where the
concentrated fertiliser bands allow adequate fertility for high production but also a patchy
distribution of P suitable for expression of the P-mining attributes of cluster roots.

Alteration of rhizosphere chemistry is notlimited to species with root clusters. In the Lupinus
genus, species that do notform cluster roots have similar rhizosphere pH and carboxylate
concentrations to those that do (Pearse at a1. 2006). High rhizosphere carboxylate
concentrations have also been reported in other grain legume crops such as pigeon pea Gait?nus
ceil^n, chickpea Cicier anatihum and field pea Ptsum sativum (Ae at a1. 1991; Veneklaas at al.
2003; Nuruzzaman at a/. 2005a; 2005b; Pearse at at. 2006), as well as a range of Australian and
exotic herbaceous perennial legume species (Pang at a1. 2010a). In many species, exudate
concentrations are responsive to plant P status and are reduced at higher levels of soil P fertility.
In some species, exudation appears to be constitutive, sometimes at high rates (e. g. chickpea,
Wouterlood at a1. 2005).

There is good evidence that cluster roots enable plants to access soil P pools that are riot
available to species that do not have this mechanism (e. g. Hocking at a1. 1997). It is less clearif
exudation of carboxylates from plants that do not have the cluster root morphology also
increases their access to sparingI^availble P. For example, Pearse at a1(2007) found that
wheattook up more P from A1P04than three Iupin species. So it should be remembered that
even though diffuse fine root systems may riot be effective in mobilising poorl^soluble P, there
will always be small amounts of P in solution and these may be scavenged by such roots. It was
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also rioted that field pea and chickpea were unable to access A1P04 or FeP04 in sand culture
despite releasing carboxylates into the rhizosphere (Pearse et a1. 2007). However in a separate
study, P uptake by chickpea from 11 different soils did correlate with rhizosphere carboxylate
concentrations (Veneklaas at a/. 2003).

Can the release of organic anions from roots alone mobilise soilphosphorus ?
Carboxylate exudation from roots has been embraced widely as a likely mechanism for improving
the access to sparingI^available P by agricultural crops. The observations of P nutrition in
species that naturally secrete carboxylates indicate that that the process(es) by which these
plants extract sparing Iy-available P, regulate cluster rootformation and release carboxylates is
reasonably complex. This raises the question: can enhanced carboxylate release from roots of
agricultural species deliver the promise of improved P-use efficiency in agricultural systems by
mobilising fixed pools of Piinto the soil solution? It is thoughtthat organic anions may occupy
sorption sites on soil minerals that might otherwise bind Pi, and can replace Piin the sparing Iy-
soluble complexes that form with aluminium, iron and calcium.

In addition to the observations of cluster-root forming species, the idea is based on many studies
reporting: (i)the release of citrate, malate and oxalate from roots of certain species increases with
the onset of P deficiency (Jones 1998; Vance at a1. , 2003; Ryan at a1. , 2001; Neumann and
Martinoia 2002) and (ii) organic anion treatment of soil can liberate more Piinto soil solution than
similartreatments with water(Fox at a/,, 1990; Gente 1992; Jones I 998; Khademi at a1. , 2010),

Organic anion emux from roots has now been reported in many different species in response to P
deficiency and Altoxicity. Although comparing anion release between different species is difficult
due to the range of units employed the highest rates appear to occur in white Iupin and members
of the Proteaceae which show ~311m01 9''FW h~' for citrate emux (Roelofs at a1. , 2001). Despite
an extensive literature implicating root exudates in P mobilisation, the evidence that organic
anions perform any of these interactions sufficiently to impact plant nutrition is modest,

Precautibnaiy comments: Support forthis hypothesis typically comes from studies that compare
genotypes grown in hydroponics, artificial media, or occasionally P-deficient soils and associate
physiological differences with their growth responses. When some better performing plants
release more citrate emux than the others this is offered as an explanation fortheirimproved
performance in P-limited conditions. These studies usually do not consider whether the
magnitude of emux is sufficient to influence Pi availability and nor do they explore whether other
plant responses occurring in parallel also contribute to nutrient efficiency. Even the seminal
studies on white Iupin (Lupyhus albus), the species upon which the hypothesis was largely based,
provide indirect evidence forthe hypothesis only. For example, while organic anion efflux from
white Iupin roots is among the highest recorded from any species it occurs concomitanty with
other exudates including phosphatases, protons and secondary metabolites all of which have the
potential to contribute to P nutrition as well(Neumann and Martinoia 2002; Lambers et a1, 2006).
Furthermore, allthese compounds are released from specialised roots structures called cluster
roots that develop in response to P deficiency (Dinkelaker at a1. ,1989; Neumann and Martinoia
2002). Dissecting the contribution of the organic anions in mobilising Piin isolation from the other
exudates and in isolation from the enormous increase in root surface area afforded by the cluster
roots is a daunting task. Recent data suggests that organic anion emux does riot explain the
variation in P efficiency among different landraces of white Iupin (Pearse at a1. , 2008). Therefore it
may be misleading to conclude that organic anions are the main player conferring the remarkable
P-efficiency in these and other species.

Evidence in favour of a role for organic anions: In vitro studies have demonstrated that the local
injection of citrate and oxalate into the rhizosphere can mobilise Pi and increase Pi uptake by
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plants (Strom at a1. , 2002; Khademi at a1. , 2010). Furthermore the presence of these carboxylates
can increase the diffusion coefficient of Pi in the soil solution by two or three orders of magnitude
(Gerke I 994). Lastly a series of models generated on varying soiltypes and with different species
support a role for organic anions in mobilising P bound by metal ions (Kirk 1999). While riot
compelling in themselves these results provide proof-of-principle that organic anions have the
capacity to enhance Pi availability in soil. A key question is whether the magnitude of this
response in natural systems is sufficient to impact plant nutrition, or indeed, whether plants can
be bred or engineered to do so.

Soluble organic anion concentrations measured in a range of soiltypes are generally <50 PM.
Their concentrations in the rhizosphere are usually greater than the bulk soil. Values of 5 to 50
pinol citrate g~'soil around the cluster roots of white Iupin (Dinkelaker at a1. , 1989; Gerke 1992)
likely correspond to soluble citrate concentrations of I to to inM which are consistent with recent
measurements using ceramic suction caps (Dessureault-Rompre at a1. , 2007). These
concentrations are substantial and likely to benefit plant nutrition because in vitro studies estimate
>I inM citrate or oxalate can mobilise Piin some soils (Gerke 1994; Kirk 1999; Jones at a1. ,2003;
Khademi at a/., 2010). What remains unclearis whether these localised increases in organic
anion concentration affect a sufficiently large volume of soil to provide meaningful supply of Pito
the plant.

In principle, standard physiological methods of study should be able to answer to these
questions. However, in practice, soil properties are difficult to measure accurately at the scale of
the rhizosphere and spatial heterogeneity and uncertainties with soil chemistry further complicate
interpretation. While soils rich A1- and Fe-(hydr)oxides and allophone generally have greater
sorption capacity (Jones and Brassington 1998)the time constants that govern these reactions
are unknown. Yetthese constants determine the rate with which Pi and organic anions are
removed and replaced from the soil solution. Sampling scale is also important because organic
anions released from roots are unlikely to diffuse farther than a few millimetres, with most
remaining much closer to the root surface. The exception appears to be white Iupin where the
high efflux increases organic anion concentrations >6 min from the cluster roots (Dessureault-
Rompre at a1 2007). In any case soils sampled too far outfrom the root will underestimate the
true concentration in the rhizosphere. Even careful measurement on soil closely adhering to the
root might underestimate the local concentrations in microscopic water-filled spaces near the root
surface by orders of magnitude (Jones at a1. , 2003). Diffusion of organic anions in a soilis
influenced by its bulk density, water content and ion-eXchange capacity.

Other variables that will influence the efficacy of organic anions to mobilise soil P include their
longevity in soil and the accompanying ion fluxes that balance anion release from root cells.
Emux of organic anions from cells must be accompanied by an equal efflux of cations or an equal
influx of anions to satisfy electroneutrality. These counterions are important because they can
influence the effectiveness of the Iigand-eXchange reactions. Citrate and malate emux from white
Iupin is balanced, alleastin part, by H' emux because the rhizosphere around cluster roots
becomes significanty more acidic than the bulk soil(Dinkelaker et a1. , 1995; Yan at a/., 2002).
Although pockets of low pH might assist in mobi!is ing Pi, especially in alkaline soils, organic
anions are unlikely to be as effective in very acidic environments because a greater proportion
will carry smaller net charge. For instance, the pKa's of inalic acid are 3.4 and 5.11 which means
that at pH 3.4 approximately halfthe malate is present as in alic acid and half as H:(malate)'.
Neither of these species will bind with Fe, A1 or Ca ions as well as the divalent anion malate'~
which is more prevalent at higher pH. However acidification would suitthe activity of acid
phosphatases also released from these cluster roots (Zinn at a1. , 2009) and perhaps retard the
degradation of organic anions by microorganisms (see below: Khademi at a1. , 2010). However,
proton emux is notthe only ion movement helping to balance the charges. The emux of a large
range of organic anions from cluster roots of several members of the Proteaceae is not
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associated with acidification (Roelofs at 81. , 2001). Even in white Iupin there is evidence that K',
Na' and even Mg" efflux help maintain electroneutrality (Zhu at a1. , 2005d). Malate emux from
A1"-resistant wheat roots is accompanied by K' and not H' effiux, alleast overthe firstfew hours
(Ryan at a/., 1995). In factthe pH around those root apices of wheatincreases (Wherrett at al. ,
2001) which would be expected as malate equilibrates in the apoplasm and a proportion of the
divalent anions bind with protons to become monovalent anions. These fluxes are likely to show
significant temporal variation as well.

The rhizosphere generally supports a larger microbial biomass than the bulk soil because organic
anions and other root exudates represent a ready carbon source. The persistence of organic
anions in soil depends to a large extent on size and vigour of these communities as well as the
physical properties of the soil. In vitro estimates forthe half-lives of organic anions varies from
less than 0.5 h for malate in a Cainbisol to more than 24 h for oxalate in a Podsol(Jones and
Darrah 1994; Kirk 1999; 0burger at a1. , 2009). Decomposition of organic anions can be slower on
soils with high sorption capacity perhaps indicating that anions bound to mineral surfaces are less
likely to be degraded by microorganisms (Oburger at a1. , 2009).

Definitive evidence

Two approaches are likely to provide the best opportunity for quantitying the influence of organic
anions on plant nutrition. They are:

(i)to exploit natural genotypic variation to generate populations that segregate forthe trait of
interest (eg. recombinant in bred lines, doubled haploid lines or F3 families etc). Scoring
individuals in these populations for organic anion emux and P-efficiency enables the association
between PUE and organic anion emux to be assessed. Segregating populations can also be used
to identify quantitative traitloci(QTL) by developing framework maps of molecular markers
between the parental lines. This works bestfortraits controlled by relatively few genetic loci. An
alternative method, and one with advantages over bi-parental populations, is association or
disequilibrium mapping. This approach also requires a framework map of molecular markers but it
allows traits to be finely mapped among a wide range of genotypes or ecotypes, These genetic
approaches provide a means of assessing the relative contribution of individual traits
independently of other characters that may be contributing to the same phenotype.

(ii)to use molecular genetics to engineer plants with noveltraits that can be assessed in isolation
from other factors. Success requires CDNAs from candidate genes, a suitable expression system
and sufficiently strong phenotypes in the transgenic lines. Several groups have already attempted
to engineer plants with greater organic anion emux by ovenexpressing genes controlling organic
anion synthesis or organic anion emux.

Progress in the engineering plants for organic anion emux
Attempts to genetically engineer enhanced organic anion emux from plantroots can be broadly
divided into strategies that aim to alter biosynthesis and those that focus on transport processes.
For an organic anion to be secretsd by roots requires a biosynthetic pathway with the capacity to
generate and maintain sufficient amounts during periods of peak emux. However, the organic
anions considered to be effective in mobilising mineral P (citrate, malate and oxalate) exist as
anions in the cytoplasm and do riotreadily move unassisted across the plasma membrane to the
external medium. Transport of these organic anions is facilitated by specific transport proteins
embedded in the membrane and in many cases it is the transport of organic anions and nottheir
biosynthesis that appears to be the rate limiting step fortheir secretion. Nevertheless, in the
absence of cloned genes fortransport proteins the earliest attempts at enhancing organic anion
efflux focussed on biosynthetic pathways for which many of the genes were readily available for
genetic manipulation.
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The most spectacular success claimed for modifying organic anion biosynthesis came from
tobacco engineered to express a bacterial gene for citrate synthase. Originally designed to
enhance citrate secretion as a means of conferring aluminium (A1") resistance on acid soils (de
Ia Fuente et a1. 1997), the same plants genetically engineered to express a citrate synthase gene
from Psuedomonas aeruginosa showed a greatly enhanced ability to mobilize soil P from an
alkaline soil and, under restricted P nutrition, yielded more seed than a control(Lopez-Bucio at
a1. 2000). The transgenics had about 2.5 fold greater citrate synthase activity in roots than the
control and this resulted in an over 4-fold increase in citrate emux from roots. White powdery
deposits were found on roots of transgenic plants grown on the alkaline soil and these were
interpreted to be precipitated calcium citrate (Lopez-BUGio at a!. 2000) reminiscent of similar
deposits found around roots of white Iupin (Dinkelaker et a1. 1989). However, this interpretation is
questionable in view of the relatively small amounts of citrate secretsd by the tobacco when
compared to white Iupin. Reports showing that overexpression of citrate synthases of
mitochondrial origin in Arabidopsis and carrot cell cultures conferred similar phenotypes and,
although somewhat attenuated, appeared to support the notion that enhancing the biosynthesis
of organic anions could increase the efflux of organic anions from roots to enhance P nutrition
(Koyama at a1. 1999; Koyama at a1. 2000). The transgenic Arabidopsis plants with the greatest
citrate synthase expression had larger rosettes and accumulated more P in their leaves
compared to sibling nulllines and the wild type parental line when grown with limiting P on an
andosol(Koyama at a1. 2000). The increase in citrate emux was only two-fold and whether these
effects can be attributed to enhanced dissolution of soil P by the citrate is not certain.

Subsequent attempts to repeatthe findings with the citrate synthase genes from P. aeruginosa or
a mitochondrial citrate synthase gene from tobacco were unsuccessful(Delhaize at a1. 2000;
Delhaize at a1. 2003). Indeed, despite generating tobacco plants with 100-fold more citrate
synthase protein than the original report by de Ia Fuente et a1(, 997) as well as using the same
plants from that study, enhanced citrate emux was not detected (Delhaize at a1. 2000).

his doubtful whether engineering plants with citrate synthase genes is a reliable strategy for
enhancing organic anion emux. Despite this, Knoop at at.(2003) reported that Brassica napus
engineered to express a mitochondrial citrate synthase gene from Arabidopsis had enhanced
A1" resistance (associated with increased citrate efflux). Citrate emux was increased in the
absence of A1", however, effluxfrom both wild type and transgenics was increased 8 to 10 fold
when roots were exposed to A1" so ms unlikely that the relatively smallfluxes found in the
absence A1" would have been beneficial for P nutrition. Overexpression of malate
dehydrogenase but not phosphenolpyruvate carboxylase (PEPC) has also been claimed to
enhance emux of a range of organic anions from roots of Iuceme (Medicago sativum) and the
enhanced P nutrition of the transgenic plants when grown on acid soil was attributed to the
greater emux of organic anions (Tesfaye at a1. 2001). However, organic anions were collected
from roots under non-sterile conditions over 24 hours and it is likely that microbial degradation
could have confounded the results. Enhanced A1" resistance (Tesfaye et a1. 2001) and changes
in microbial communities around roots of the transgenics grown in soil(Tesfaye at a1. 2003)
provided indirect evidence that organic anion emux had been enhanced. If A1" resistance was
enhanced then the effect on P nutrition was more likely to have been indirect due to more
vigorous root growth in the acid soil. In contrast to Iuceme, overexpression of PEPC in rice
enhanced oxalate efflux from roots butthe effectthatthis may have had on the P nutrition of
plants grown in soil was not assessed (Begum at a1. 2005).

The cloning of genes encoding proteins that transport organic anions provided an alternative
means of enhancing efflux. These proteins belong to two distinctfamilies of membrane proteins
named the MATE and ALMT families (Delhaize at a1. 2007, Ryan and Delhaize 2010). Initially all
the cloned genes encoded transport proteins that were A1" activated and responsible for A1"
resistance mechanisms. For instance, barley genetically engineered with the TaALMTf gene
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from wheat showed alleast a 20-fold greater A1"-activated malate emux than controls and this
conferred greatly increased A1" resistance (Sasaki at a1. 2004, Delhaize at a1. 2004). When
grown on an acid soil, the transgenic barley had improved P nutrition. This due mainly to
improved root growth allowing better exploration of the soil(Delhaize at a1. 2009).

Subsequently, genes encoding members of both the MATE and ALMT families were cloned that
transported organic anions in the absence of A1" activation. When overexpressed ectopically,
AtFR03 from Arabidopsis (Durrett at a1. 2007) and HVALMT, from barley (Gruber 2009) confer
organic anion efflux that is independent of A1". but any effects on P nutrition have not been
assessed (Durrett et a1. 2007, Gruber 2009).

In summary, although there is evidence that altering organic anion biosynthesis can change
internal concentrations of the major organic anions the resulting effects on emux appear small
and the impacts claimed for plant P nutrition are, to date, arguable. The more recent cloning of
genes encoding transport proteins is a promising strategy for increasing organic anion efflux but
whether emux of organic anions from roots allevels required for improved P nutrition remains to
be established. To achieve efflux of organic anions to levels approximating those found in white
Iupin may require that both transport and biosynthetic capacity be engineered in concert.

Phosphatases and utilisation of solorganicphosphorus by plants
Organic forms of P in soil constitute a significant component of total soil P (often about half) and
contribute substantially to the overall operation of the soil P cycle. Cycling of P through organic
pools is important in natural ecosystems, lowl^fertilized grasslands and well-fertilised systems.
Substantial flows of P occur between inorganic and organic pools of soil P through jinmobilization
and mineralization processes mediated largely by the activity of soil microorganisms
(Richardson, 1994; 0berson and Joner 2005).

Mineralization of organic P occurs through the activity of phosphatase enzymes. Soils have
demonstrable phosphatase activity and substantial increases in activity have been shown to
occurin the rhizosphere of plants, with many studies showing this to be associated with a
depletion of soil organic P (Asmar at a/., 1995; Gahoonia and Nielsen, 1992; Chen at a1. 2002;
George at a1. 2002; Tarafdar and Jungk 1987). However, the relative contribution of different
phosphatases, derived from either plant or microbial origin (including those from mycorrhizas), to
this process is poorly understood along with knowledge of the chemical nature of the organic P
substrates that are utilized. There is need to link studies of the identity of organic P forms in soil
(e. g. , through fractionation and extraction procedures, or by direct analysis of extracts using
NMR) with work that aims to understand the biological availability of P pools and forms. Recent
studies using in vitro assays with excess concentrations of different phosphatase enzymes
indicate that, depending on soiltype and fertilizer history, significant amounts of onhophosphate
can be released from soil extracts/suspensions (George at a1. , 2007; Bonemann, 2008). Greater
understanding of the factors that limit such P release under field conditions and the role of
specific phosphatases in mediating the hydrolysis of different sources of organic P in soilis
needed.

From a 'P-use efficiency' perspective the challenge exists as to whether the utilization of organic
P by plants can be managed or manipulated for agronomic gain. In the broadest sense, this will
need to be able to be achieved through modifications to agronomic practice or by germplasm
selection. For any strategy to be effective it will require either: a) an increase in the net rates of P
cycling through organic pools so that more P from organic sources contributes to the annual or
temporal requirements of crops and pastures; or by increased mobilisation of specific forms of
organic P that accumulate in soil and are poorly available (or unavailable) to plants and
microorganisms. For example, mineralization of organic P is enhanced by cultivation (Condron
et a1. , 1990; Magid at a1. , 1996) butthis is only useful in systems where cultivation can be
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accommodated environmentally, economicalIy and sustainably. It is also possible to increase the
cycling of P and its net availability to plants by manipulating microbial processes (e. g. increased
organic mater inputs, use of legumes in pastures, etc). However, these options must also be
practical and provide a sufficient agronomic and economic gain to be useful. Underpinning any
intervention to enhance the availability of p from organic sources, is the need to better
understand the factors that contribute to the stabilization and turnover of soil organic matter pools
in relation to the mineralization and subsequent availability of organic P to plants.

Organic forms of P may also accumulate in soilindependently of soil organic matter. For
example, the in OSitol phosphates (isomers and lower order derivatives of inOSitol
hexakisphosphate), which constitute a significant component of the total organic P in soils
(Turner 2002; Turner 2007), are readily adsorbed to soil particles and, depending on pH, react
with cations (e. g. , Fe and A1 in acid soils, and Ca in alkaline soils) to form poorly soluble
precipitates (Anderson at 81, , 1974; Shang at a1. , 1992; Cell and Barberis, 2005). Reactions of
inOSitol phosphates in soilthat lead to reduced availability as a substrate for phosphatases can,
therefore, be analogous to the processes that lead to declining availability of phoshate for plants.
Strategies to either 'intercept' the initial deposition or formation of inOSitol phosphates in soil or to
mobilize P from accumulated pools of inOSItol phosphate in soilrepresents an alternative
approach for improving P-use efficiency of plants (Richardson at a1. , 2007). Plants generally
have limited capability to access P directly from this source (Hayes at a1. , 2000; Richardson at
a1. , 2001). This is aiributable to various factors including, poor availability of substrate, low
extracellular phosphatase (i. e. , phylase) activity in roots and low efficacy of enzyme-substrate
interactions (Richardson et a1. , 2007). Moreover, in soilthe availability of inOSitol phosphates to
plants is influenced primarily by the presence and activity of soil microorganisms that possess
phytase activity, and their interactions within the rhizosphere (Richardson at a1. , 2001; Unno at
a1. , 2005).

Vanatibn in phosphatase activity of plants and the potenti^librgenetic improvement
his recognized widely that extracellular phDsphatase activities of plant roots varies considerably
across different species and that significant within cultivar variation exists for a wide range of
agricultural plants (e. g. ., Tadano et a1, 1993; Li at a1. , 1997; Gilbert at a1. , I 999; Hayes et al. ,
1999). In most instances it has been shown that various phosphatase activities are also highly
responsive to plant growth under P deficient conditions and are a key component of the plants
general response to P starvation'(Richardson at a1. 2005). Phosphatases are thus proposed to
play a number of roles in improving plant P nutrition including; enhanced recycling of internal P,
efficient capture of organic P compounds that may be lostfrom roots and to provide greater
access to organic P substrates in soil(Barrett-Lennard et a1. , 1993; Duff at a1. , 1994). It is a
common belief, therefore, that enhancement of phosphatase activity in roots may be an effective
strategy for improving plant P-use efficiency. Despite this, there is little evidence to support this
notion and there are few examples where selection (or genetic modification) of a species for
enhanced phosphatase activity has been of clear benefit. For example, George et a/., (2008)
reported significant variation in the activities of various intra- and extra-cellular phosphatases
(measured against a range of model and actual organic P substrates)for different wheats, but
this did not accountfor any differences in plant P nutrition when plant growth was assessed over
a range of soils. Therefore any benefits in organic P utilization derived from root phosphatases
were considered to be common to all genotypes. That is notto say that extrace!Iular root
phosphatases and enhanced activity in the rhizosphere do riot play an importantrole in plant
nutrition. The question is, whether or notthe function of plant phosphates is already 'optimized'
for utilization of soil organic P, is negated and/or complimented by the activities of soil
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Figure 18. Growth of transgenic tobacco (NICot^na jobacum) in three Australian soils that differ in phosphorus
availability. Shown are transgenic tobacco plants (ex::phyA) that express constitutively a phylase gene from
ASPergillus niger and release it from roots as an extracellular enayme and a controltransgenic line without phy!ase
expression. Chemical characteristics of the soils (represented by an Amsol and two Ventsols)from Canberra (ACT),
Cainderi(NSW) and Nanabrl (NSW) are shown as pH (,:5 w/v 0.1 M CaC12), total soil P and total organic P (as
determined by the ignition-exlraction [550'C; 0.5 M H2S04]), organic P extractable in water(,:5 w/v) and the portion of
waterextractable organic P that was amendable to hydrolysis by purified phytase, Source: George, Richardson,
Simpson at al, (unpubfshed).
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microorganisms (i. e. ,is functionally redundant), or is simply limited by the availability of substrate
in soil(Tarafdar and Claassen, 1988).

Phosphate activities in the rhizosphere of some plant species (e. g. , agro-forestry and PIhus spp. ,
as reported by George at a1. , 2002; Chen at a/. 2004, respectively) have however, been reported
to confer a significant benefit to plant P nutrition when compared along side agricultural plants.
Other species, such as chickpea, also appear to increase the mineralization of organic P in soil,
and when intercropped with wheat or maize is reported to enhance plant P nutrition when grown
under controlled conditions (Li at a1. , 2003; Li at a1. , 2004). Whether enhanced utilisation of
organic P occurs as a direct consequence of root phosphatases, or as an indirect effect due to
other factors, such as root growth or exudation of organic anions, remains unclear. Similarly ms
unknown ifthese species are able to access forms of organic P that are otherwise unavailable to
other plants. Indeed the capadty of white Iupin to mobilize P in soil may be a consequence of a
range of mechanisms that include the release of both phosphatases and organic anions (GIIbert
at a1. , 1999; Weisskoph at a1. , 2006).

Genetic modification of plants to ovenexpress phosphatase genes has been investigated as a
potential means for improving the utilization of soil organic P with a specific focus on accessing P
from inOSitol phosphates. Richardson eta1. ,(2002) first showed that arabidopsis plants
engineered for extracellularrelease of a microbial phylase showed enhanced P nutrition when
supplied with inOSitol phosphates. A range of plants have subsequently been developed that
over-express different sources of phytases and/or phosphatases (e. g. , Lung at a1. , 2005; George

53

463 5

2147

71

57

75

875.9

215.8

29 9

36

Page 67 of 98



Review of phosphorus availability and utilisation in pastures for increased pasture productivity

at a1. , 2004; Wasaki at a1. , 2009; Ma at a/., 2009; Warig at a1. , 2009). Collectively these studies
have shown greater P nutrition for engineered plants (compared to controllines) when supplied
with organic P sources, albeit generally under controlled growth conditions only and without
limitations to substrate availability. In contrast, limited success has been observed when the
plants have been evaluated in soils or in growth conditions where the availability of substrate is
restricted irrespective of its total supply (George at a1. , 2005a; George at a/., 2005b; Lung and
Lim, 2006). George at a1. (2005; 2007) showed that interactions between phytases and soil(e. g. ,
deactivation of enzyme activities through either adsorption or degradation reactions) may further
influence the efficacy of enzyme interactions with substrates. They also demonstrated that the
efficacy in soil of different phytase enzymes differs marked Iy and success in enhancing phytase
activity will depend on a well-informed choice of the enzyme isomer. Transgenic plants that
release phytase from their roots have been shown to be effective in some soils, particularly those
with relatively high waterextractable organic P (Fig. I8). Once adsorbed to soil mineral or clay
constituents inOSitol phosphates cannot be easily hydrolysed (Giavano at a1, , 2009), More
detailed understanding of how such interactions might be manipulated to enhance the capacity
for hydrolysis of in OSitol phosphates in soil or to increase the availability of organic P is needed.
For example, organic anions have been shown to enhance the enzyme-lability of soil organic P,
including in OSitol phosphates (Hayes at a1. , 2000; Tang at a1. , 2006), and further work to
investigate their capacity to mobilize organic P and interact with phosphatases in soil
environments is warranted.

Microbialinoculants

Rhizosphere microbialinoculants have been proposed as a promising component of intergrated
nutrient management(Adesemoye and Kloepper 2009; Harvey at a1. 2009; Khan at a1. 2010) and
there is a considerable history in their promotion and potential application to increase crop P-
availability (Gerretsen 1948; Kucey at a/, 1989; Bowen and Rovira 1999, Jakobsen at a1. 2005).
Inoculants and inoculant mixes intended to aid plant nutrition or stimulate root growth or both
(excluding Rhizobi^in spp. for N~fixation by legumes) are also available for application to
pastures (e. g. WWW. yladlivingsoils. coin. au; WWW. microbials. coin. au; WWW. ausmin. net. aU;
WWW. biofarmag. comau). Strong claims are made for some of these products, some have
unknown microbial composition, others are comprised of microorganisms known to have
beneficial attributes, butthere is little scientific literature that examines the efficacy of such
inoculants in pastures. The symbiotic association between plant roots and arbuscular mycorrhizal
fungi has long been recognised as an important plant-microbial association by which plants
acquire P (Smith and Read I 997, Jakobsen at a1, 2005) butthe inability to readily culture AMF in
artificial media and their establishment of host plant-specific associations limits their development
as rhizosphere ino0ulants. From a practical point of view, it has been suggested that research
should be directed at the introduction offree-living beneficial microbes that form non-specific
associations with a range of plant hosts, can be mass-produced and have increased potential to
persist in the environment(e. g. prolific sporulators; Bowen and Rovira 1999; Han/ey et a1. 2009;
Khan et a1. 2010).

Microorganisms play a fundamental role in the biogeochemical cycling of inorganic P in the
chizosphere and detritusphere (Whitelaw 2000; Jakobsen at a1. 2005; Han/ey at a1. 2009; Khan at
a/. 2010) with 15 and 5 % of the total cultureble bacterial and fungal communities respectively
reported to have P-solubilising activity (Kucey at a1. 1989; Bowen and Rovira 1999). Most
research into the development of microbialinoculants to enhance P availability and root uptake
has centred on soil microflora capable of solubilising inorganic P sources (Kucey at a/. 1989;
White law at a1. I 999; Wakelin at a1. 2004; Leggett at a1. , 2007). Bacteria (most commonly
Bacillus and Pseudomonas: Babu-Khan at a1. 1995; Richardson and Hadobas 1997; Tye et at
2002; Taurian at a1. 2010), actinomycetes (El-Tarabily at a1. 2008) and fungi, (primarily
Penicillium and ASPergyllus: Kucey 1983; Wakelin at a1 2004; Kuney et a1. I 989; White law at al.
1999; Wakelin at a1. 2004), have all been identified as being able to liberate phosphate from
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inorganic and organic substrates under laboratory conditions by releasing organic anions,
protons, phytases and cation chelating compounds. However, the main effort to improve P
availability using microbialinoculants has focused on P-solubilising fungi and in particular
PerilcMium species (Kucey, 1988; Whitelaw at a1. 4999; Leggett at a1. 2007; Wakelin at al.
2007b). Penicillium are considered as key functional components of P cycling in soils, generally
attributable to the release of organic anions (e. g. 91uconate, oxalate, citrate) that can directly
dissolve P precipitates, or chelate P-precipitating cations with the concomitant release of P into
solution (Cunning ham and Kuiack 1992; White law at a/. I 999). Whilst Penicillium are known to
mineralise organic forms of P (Yadav and Tarafdar 2003), little is known of the relative
importance of extracellular phosphatases in providing plant-available P compared with inorganic
P-solubilisation. Peril^Inurn species do riot exhibit specific plant or soil associations, having been
isolated from the rhizospheres of diverse agricultural and natural plants (Kucey 1983; Hocking at
a1, 1998; Wakelin at a1. 2004; Babana and Antoun 2006), indicating potential to select and
develop inoculants for a broad range of agro-ecological conditions.

P. bilaiae has been shown to solubilise P (Cunningham and Kuiack 1992; Takeda and Knight
2006) and improve plant P uptake (Kucey 1988; Chambers and Yeomans 1990) with inoculated
wheat obtaining up to I8% of its P from sources unavailable to nori-in o0ulated plants under
glasshouse conditions (Asea at a/. 1988). P. bilaiae does not produce any known toxic
secondary metabolites (Savard at a/. ,994) and is reported to stimulate production of root hairs
(GUIden and Vessey 2000) and increase overallroot growth (Vessey and He is inger 2001).
Inoculation with P. braiae has improved growth of many crop species including wheat(Kucey
1987; Kucey 1988; Anstis 2004), canola (Kucey and Leggett1989) and grain (Kucey 1987,
Gleddie 1993) and pasture legumes (Beckie at a1. 1988, Rice at a1. 2000) and a commercial
inoculant product based on P. bffaiae (Jumpstart", Novozymes Biologicals Pty Ltd) has been
used in North America for at least 15 years'

Strains of Penicillium capable of solubilising highly recalcitrantforms of inorganic P have been
isolated from Australian cropping soils (P. radioum, White!aw at a1. 1997; P. bilaiae, Wakelin at
a1. 2004). The strain with the greatest P-solubilisation efficacy (Wakelin at a1. 2004) and plant-
growth promotion (Wakelin at a1. 2007b) was identified as a novel genotype of P. bilaiae (P. R.
Han/ey, unpublished). Although P, radioum was selected for its ability to solubilise inorganic P
and improve plant growth (Whitelaw at a1. 1997; Whitelaw at a/, 1999), further studies showed
that the P-solubilisation efficacy of the P. radioum in o0ulant was significantly lower than other
Penicillium strains, including P. bilaiae (Wakelin at a1. 2004). The major mechanism of plant-
growth promotion by P. radrcum may be related to production of plant growth hormones (Anstis
2004), compounds known to increase proliferation offine root hairs and enhance a plants ability
to capture available nutrients, whilst not increasing nutrient availability per se. Opportunities also
exist to develop novel'multifunction al' microbial strains as inoculants, such as P-solubilising and
N-fixing strains of Me80thIzobium mediterraneum (Peix at a1. 2001) and disease bio-control
strains of Triohoderma harzianum with capacity to solubilise P (Altomare at a1. 1999). Similarly,
enhanced plant nutrition and growth may be achieved by using mixtures of PGP microbes.
Positive synergistic responses have been observed when inoculating cereals (Kucey 1987;
Babana and Antoun 2006) and legumes (OSorio and Habte 2001) with PenicMium-VA
mycorrhizae and legumes with Penicillium-Rhizobium (Downey and van Kesse11990; Rice
2000), the latter also being used in a commercial product(TagTeam", Novozymes Biologicals
Pty Ltd).

Although, positive responses to non-symbiotic inoculants are often observed in controlled
(laboratory and glasshouse) environments, they are less consistently observed in field trials. The
results obtained from some broadly-based field trials have been described as inconsistent, not
significant, or random events (e. g. P. bilaiae on wheat, tKaramanos at a1. 20/01 and papers cited
therein).
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Indeed, it is the inconsistencies in the field performances of introduced rhizosphere microbes that
has significantly impeded the development and adoption of P-solubilising, plant growth promoting
and root disease suppressive inoculants for cropping and pasture systems (Bowen and Rovira
1999).tin proved efficacy and on-going successful adoption of chizosphere inoculants to improve
access to P will require rigorous ecological and genetic analysis of the interactions between the
inoculants (e. g. Penicillium, Pseudomonas), soil-borne microbial communities with which they
compete and their plant hosts, in both a spatial and temporal context. A thorough understanding
of the rhizosphere ecology, genetic stability and mechanisms associated with enhancing P~
availability in soils will assist selection and deployment of inoculants across phases of the
cropping system, thereby improving field efficacy and ensuring greater consistency of
performance.

The adoption of hierarchical molecular ecological approaches in microbiologicalresearch
(Anderson and Cairney 2004) has significantly advanced our understanding of the impacts of
environmental factors and management practices on the structure and function of soil microbial
communities (Xu 2006; Edel-Hermann at a/. 2008). Application of these methods provides
opportunities to define the impacts of rhizosphere inoculants on specific root-microbe interactions
critical for P cycling and plant growth and soil microbia! communities in general. Application of
molecular markers will enable an ecological understanding of theirinteractions with crop roots,
other rhizosphere microbiota and the impacts of management practices on their survival. This will
be essential for predicting field efficacy and manipulating inputs to maximise inoculant
colonisation, survival and function, defining the most appropriate conditions to achieve consistent
performance and adoption by industry.

The efficacy of P-solubilising or P-mineralISIng inoculants depends also on their competitive
abilities in soil environments and their capacity to colonise, survive and multiply in the
rhizosphere (Van Veen at a1. , 1997; Gyaneshwar at a1. 2002). Extensive DNA sequence data
bases have assisted with the development of DNA-based diagnostic tools and real-time
quantitative assays (Q-PCR)fortaxonomic groups of soil"borne bacteria (Costa et a1. 2006) and
fungi(Haugland at a1. 2004, Sampson at a1. 2004; Seifert at a/. 2007)involved in enhancing P
availability. Application of these techniques will enable studies of the rhizosphere competence
(i. e. colonisation and survival) and population dynamics of inoculants at the genus or species
level, but need to be refined to differentiate specific inoculants from related taxa present in
natural soil communities.

3.3.10 Plants that produce more dry matter per unit of P uptake.

Plants with low internal P requirements (low plant P concentrations)for growth may potentially
also provide gains in P use efficiency either because they can achieve similar yields by taking up
less soil P or because for a given level of production/ha, less P will be exported. On face value
this strategy is attractive, butthere are a few counterintuitive observations that may indicate that
the predicted gains in phosphorus efficiency may not be realised. In addition, reduced
concentrations of P in planttissues may impact of the downstream use of the plant material.

Low internal P concentrations are a commonly observed characteristic of plants adapted to low P
soils and these species appear not to be seriously disadvantaged in that they often have high
photosynthetic rates per unitleaf area and per unit of leaf P (Lambers at a1. 2010). Indeed, Hill at
a1. (2005) observed that among pasture grasses, two native Australians species (AUStrodanthona
richardsoniiand Microlaena stfy, oldes) had internal critical P concentrations that were 30-45%
less than a range of alternative introduced pasture grasses. However, across all of the grasses
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examined there was no relationship between the critical external P concentrations (a relative
measure of the P-fertiliser requirements) and their critical internal P concentrations. This is not
an uncommon observation and is considered to reflectthe higher importance of root size, growth
rate and morphology for soil exploration and P acquisition (NYe 1973, Silberbush and Barber
I983), at least at an interspecific level.

The other counterintuitive observation is that low faringate P-balance efficiency is almost
invariable associated with agricultural industries that export relatively low P amountin products
(Fig. 6). This may reflectthe factthat accumulations in soilin both Po and Piforms dominate the
P-balance of agricultural systems on soil with high P-sorption capacity.

With these provisos in mind it is nevertheless possible to make a case for modifying the
concentrations of P in grains with the aim of reducing the Per on component of the faring ate P-
balance (Equation 4).

P-efficientcrops and crop systems
There is clear evidence for variation in the P-use efficiency of growth and in the efficiency of P
acquisition in a variety of crops, under both glasshouse and field conditions. However, a number
of studies indicate that ability to acquire P may be more important to high yields that P-efficiency
perse.

A very large fraction of P in leaves of plants grown at a high P supply tends to be inorganic P,
e. g. 75% in barley leaves (Chapin and Bieleski, 982), mostly located in the vacuole (Foyer and
Spencer I 986). It is therefore expected that leaves function equally at significantly reduced leaf P
concentrations. Indeed, tomato plants exhibitthe same relative growth rate (RGR) at 5 ing P g~'
DM as at 10 ing P g~' DM (De Groot at a1. 2001). At lower leaf P concentrations, leaf area ratios
(LAR) and net assimilation rates (NAR) dedine, with changes in LAR being more important at a
mild P limitation and those on NAR and photosynthesis (De Groot at a1. 2003) more important at
more severe P limitation. Similar effects of severely limiting P supply on photosynthesis have
been found for spinach (S^hacia oleracea L. )(Brooks 1986) and barley (Fay at a1. 1996). The
increase in leaf starch concentrations at mild P limitation shows that reductions in RGR and LAR

are due to an effect on leaf area expansion, rather than a limitation by assimilate supply (Brooks
1986; Rao and Terry 1989; De Groot at a1, 2001).

In a comparison of 14 Brassica cultivars, grown at a range of P supplies in hydroponics, a two-
fold difference was found in total biomass production at both low and high P supply (Akhtar etal,
2008). P-efficient cultivars produced most shoot and total biomass and the lowest shoot P
concentrations. Ifthese results can be validated under field conditions and ifthere are no

penalties associated with greater P-use efficiency it would appear a desirable strategy to pursue.
A much broader comparison was made of 355 Brassica oleracea accessions: 74 commercial
cultivars and 90 doubled haploid mapping lines grown at a minimum of two P concentrations
(Hammond et a/. 2009 found that shoot yield was a majorfactor driving P-use efficiency in
Brassica;i. e. forthe same amount of shoot P, higher shoot biomass can be obtained. Similarly, a
glasshouse evaluation of 73 bread and durum wheat genotypes grown in a P-deficient
calcareous soilfound that shoot dry weight and shoot P concentration tended to be negatively
correlated (Ozturk at a/. 2005). These studies and that of Vesterager at a1. 2006 (21 genotypes of
pigeon pea (Ceilanus cal'an (L, ) Millsp. ) indicate there is variation in P-use efficiency in crop
species, however, the correlations observed between absolute shoot dry weight and shoot P
content under P-deficient conditions suggests that P acquisition is more importantfor yield than
biomass production per unit shoot P (i. e. P-use efficiency).

Alternatively, the P efficiency ratio of grain production (grain yield to total P in shoots ) differs
substantially between the majorfield crops used in Australia and this may potentially be exploited
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to manage P removals from a cropping system. For instance, canola has a P efficiency ratio
(grain yield to total P in shoots)less than halfthat of wheat when grown with or without P
fertiliser; field peas were intermediate (Ryan and Angus 2003). The low P efficiency ratio of
canola reflects a high concentration of seed P and a low harvest index. Adding P fertiliser or
growing crops on soils naturally high in P tends to reduce the P efficiency ratio. Batten and Khan
(1987) screened a large number of wheat genotypes over 3 seasons and 3 levels offertiliser and
found that P efficiency ratio varied by as much as 100%. A large component of the differences
was variation in harvest index, but differences were also present between genotypes with a
similar harvest index. They concluded, however, that negative relationships between grain P
concentration and both P efficiency ratio and harvest index indicated that breeding had already
made some progress indirectly, in improving the internal P~utilisation efficiency in wheat.

Potential to reduce P exportin grain
Crop plants concentrate P in seeds and fruits, with little remaining in straw and roots (Rose at al.
2007). Indeed, the P-harvest index (proportion of total shoot P in the grain at maturity) is usually
>50%, and sometimes up to 90%, for field-grown crops in Australia (Batten and Khan 1987;
Zubaidi at a1. 1999; Saritonoceto at a/. 2002; Ryan and Angus 2003), although it can be reduced
by factors that reduce harvest index such as a dry spring or disease (Zubaidi et a1. 1999). The P-
harvest index differs between the majortemperate crop species. For instance, at a field site near
Ternora, New South Wales, wheat(Triticum aestivum L. ) and field peas (Pisum sativum L. ) had a
P-harvest index of 82-84% compared with canola (Brassica napus) at 87-89% which reflects the
higher P concentration of canola seed (Ryan and Angus 2003). The P-harvest index was little
affected by addition of P fertiliser and P nutrition has been reported elsewhere to have only minor
impacts on the harvest index for yield (Elliot at a1. 1997). Saritonoceto at a/. (2002) reported a P-
harvest index of 63% for jinola (Linum usitatisSImum), 76% for Indian mustard (B. juncea) and
78% for canola (data from Dimaseer site, averaged across years and N application levels). In a
glasshouse, canola had a lower harvest index than wheat and narrow-leafed Iupin (Lu^hus
angusti^/jus L) Bolland and Brennan (2008). The above P-harvest index does riot consider P in
roots. However, a substantial proportion of plant P at crop maturity may remain in roots and is
therefore not removed from the system, For instance, Rose et a1. (2007) reported roots at
maturity contained 6-11% of plant P for 3 canola cultivars and 22% for wheat. For wheat, priorto
arithesis, the proportion of plant P in roots was 14% less in P-starved than in P-sufficient plants
(Elliot at a1. I 997).

Due to the high P-harvest index of the major crops, large amounts of P are removed from farms
in grain. This contributes to the more favourable faring ate P-balance of crop systems (Fig, 6).
The P concentrated in the seed of crops is mostly in the form of phytate; a mixed cation salt of

Table 8. Concentration of ph^ic acid (PA), the proportion of grain P stored as phy!IC acid and
the Ca x PA:Zn molarratio, an indicator ofZn bioavailability, in whole-grain wheat grown with
and without P fertiliser in a trial near Ternora in southern New South Wales (data averaged
across 4 precrop treatments)(Ryan at a1. 2008),

P applied
(kg/ha)

* A Ca x PA:Zn ratio >200 may indicate poorZn availability to humans

o

20

Phytic acid
(91kg)

5.8

6.9

Phytic acid
,% of grain P)

65

67

Ca x PA:Zn ratio*

259

404
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phytic acid (Raboy 2003). The high phytate content of grains and fruits contributes to a number
of nutritional issues including poor availability of essential micronutrients, such as zinc, calcium
and iron, to humans due to chelation by phytic acid (Kumar at a1. 2010). For example, Ryan et a/.
(2008) found zinc bioavailability in whole-wheat grain was low, and became extremely low when
P fertiliser was used (due to a higher phytic acid and a lower Zn concentration)(Table 8). It is
likely that reducing the phytic acid concentration in Australian grains would resultin benefits for
human health as sections of the population, even in developed countries such as Australia, have
an inadequate dietary intake of zinc (Record at a1. 1985; Watt at a1. 2001). An additional problem
with high phytate grains is that they do riot provide adequate P for some intensive animal
industries (e. g. pigs, poultry) (Raboy 2009).

A substantial effort has been made to selectlow-phytic acid grain crops. This research has
recently been reviewed by Raboy (2009) and Rasmussen at a1. (20.0), Mutations in 7 genes
involved in the metabolism of phytic acid have been identified and characterised among plant
species, including maize (Zea mays L. ), rice (01yza sativa L. ), potato (Solanum tuberosum L. )
and soybean (Glycine max L. (Merr))(Rasmussen at a1. 2010).

The agronomic traits of low-phytate mutants stillrequire attention, although, seedling emergence
has been increased for low-phytic acid soybean lines through backcrossing (Spear and Fehr
2007; Trimble and Fehr 2010). Some low-phytate barley (HDrdeum vulgare L. ) mutants have
been registered as cultivars (Rossnagel at a1. 2008). Also requiring consideration are reports of a
range of health benefits for humans from currentlevels of phytate, especially in protection
against a variety of cancer and heart-related diseases, diabetes mellitus and renal stones
(Kumar at 81, 2010).

A significant problem with the currentlow phytic acid mutants is that their seed P concentration is
generally little changed from their high phytate parents due to seed phytate being replaced by
inorganic P (Raboy 2009). For instance a low-phytic acid wheat mutant had 43% less phytic acid
in the bran, butthe bran total P concentration was reduced by only 12% and total P in other
milling fractions actually increased (Guttieri et a/. 2004). However, the development of numerous
low-phytic acid mutants gives hope that other seed P characteristics can be manipulated. Raboy
(2009) speculates that an alternative way to address the development of low grain P crops could
be to aim for plants with low total seed P, but no change in the proportion of seed P that consists
of phytate. It is not known if selecting for plants with a low total seed P will result in plants with
higher P-use efficiency or a low P-harvest index due to retention of P in straw and roots. If P is
simply retained in straw this could marked Iy change on-farm P cycling due to the input of large
quantities of organic P.

In Australia, seed P content has been repeatedly shown to be positively related to seedling
vigour, especially under P-limiting conditions (Bolland and Baker I 988; De Marco 1990;
Thornson and Bolgeri993) and it would almost certainly be necessary to overcome this problem
in low-P seeds;for example, by soaking seeds in a potassium phosphate solution to enrich their
P content prior to sowing (Sekiya and Yan0 2010).

Prospects for low internal-P plants in grazing systems
The potential for selecting pasture plants with lower internal P requirements has been examined
on a number of occasions and it is generally agreed that there is a reasonable prospectfor
reducing the P-concentration of herbage by breeding (e. g. Godwin and Wilson 1976). In
addition, some native Australian pasture species (e. g. AUStrodanthonia spp. , Microlaena
sti^oldes) already have relatively low internal P concentrations (e. g. Hill at a1. 2005). For
legume-based pastures, the targetforimprovement must be the legume componentfor all of the
reasons outlined previously (e. g. Section 3.3.3). However, the critical P concentrations of
pasture herbage are already relatively close to the P-concentrations needed in ruminantfeeds for
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growing and Iactating animals (Table 9), and that of seriesGing and dead herbage or unfertilised
pasture is often less than required for grazing ruminant production (e. g. Ozanne 1980; Freer at
a1. 2007). This castes serious doubt on the wisdom of attempting to improve P-efficiency by
selecting for herbage with lower internal P concentrations

Table 9, (a) Recommended P allowances for sheep and came and the derived concentrations of P needed in
herbage intake for various livestock classes and (b) catical P concentrations of whole shoots formaximum
growth by some keystone pasture species. Lower P concentratbns are found in herbage when soilfertility is
below optimum levels formaximum pasture growth rates, in older plants, in dry soil and when pasture is drying
off or dead. Higher concentrations are found in young leaves, and may be found when growth rates are
constrained by some other factors (e. g. lowtemperatures).

(a) Recommended P allowances for sheep and cattle*

Weight gain
(91d) or other
condition as

specified

Growing wearier sheep

Animal

Adult sheep

Pregnant ewe

Lactating ewe

Weight(kg)

Growing wearier calf

20

20

40

40

50

50

50

Adult cow

Lastating cow

100

200

400

200

o
week2i

of gestation
I. 7 kg milk/d

Intake

(kg DM/d)

(b) Critical** internal P concentrations (whole shoots)- key temperate pasture species (91kg DM)

Meatcago inurex/polymorpha/truncatula annual medics 2.6 - 3.5

TrifoliUmrepens/subterraneum white clover/ subterranean clover 2.5 - 3.2

Medibago sativa 2.1 " 2.6Iucerne

phalarisPhalaris aquatiba 1.8 - 2.0

Lollum perenne perennial ryegrass 2.0 - 2.5

Stylosanthes spp. stylo 1.3- 1.7

150

150

400

400

500

500

500

0.61
0.95

0.97

1.45

0.69

0.96

1.77

P intake

(91d)

500

1000

500

1000

o

18 kg milk/d
32 kg milk/d

P concentration

of diet required
(g/kg DM)

1.28
2.37

I. 53

2.66

0.6

3.99

5.31

* source: Freer et a1. (2007)
an P concentration required for maximum growth of plants during active growth priorto flowering (Pinkerton at a!
1997)

2.9

4.1

5.7

7.5

4.4

9.0

16.8

2.1

2.5

I .6

I .8

0.9

2.0

3.0

6.2

10.9

8.5

13.2

4.3

34.5

62.3

2.2

2.7

1.5

I .8

1.00

3.8

3.7
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4 Impact on meat and livestock industry
4.1 Phosphorus - a critical inputfor high productivity

4.1. , A significant input cost

Phosphorus is an essential input for farms on low P soils. Even in low-input agriculture it is
essential to at least replace P removals to protect the sustainability of production. However, for
most commercial farms, it is also essential for high production per hectare which allows a
business to minimise overhead costs per DSE and to maximise profitability and return on
investment.
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benchma^ing groups (Source: Holmes Sackett 2010).
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Presently, P-fertiliser inputs accountfor about 10% of all expenses (including wages)(Fig. 19) on
'average' grazing farms (Holmes Sackett benchmarking group; Homes Sackett 2010).

Although Holmes Sacketttreats fertiliser as an overhead costfortheir accounting purposes, ms
more often regarded as a direct cost of production. As such, it amounted to 2, % of total
enterprise costs in 'average' and 'top-20%' farms, and 26% of enterprise costs in 'bottom-20%'
farms,

4.1.2 Impact of increasing P costs on business risk

Phosphorus remains a profitable investment for a grazing business. However, increases in
fertiliser cost reduce profitability as shown in the example illustrated in Figure 20 where cash

Expenses

Overhead
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flows associated with lifting soilfertility for a pasture with a low soil fertility base are shown.
Because the pasture was not being fertilised priorto the implementation of the new soilfertility
strategy, the livestock enterprise had been slowly exploiting soil P reserves. The new fertiliser
plan to lift stocking rate and improve income per hectare must now cover both maintenance and
capital P-fertiliser applications.

Whilst high fertiliser prices directly reduce profitability (see: net cash results black linesl), they
also have a significantimpactin business risk by lengthening the pay back period (cumulative
cash flow differences Iblue linesl) for a fertiliser investment, This can substantially reduce the
attractiveness of an investment. In this example, it is expected to take between 8 and 9 years to
break even when the fertiliser price is $600/tonne, compared with between 5 and 6 years for
fertiliser at $300/tonne. The payback periods for lifting soil fertility from low levels are similar in
duration to those required for pasture improvement. All of the cost. however, is not associated
with the fertiliser itself; often about half of the cost or more is associated with the extra livestock
needed to utilise the extra pasture that is grown.
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4.2 Threats to the meat and livestock industry

4.2. , Sources of P for agriculture in Australia

Presently Australia sources about half of its annual P requirements domestically and half from
overseas sources. The majority is used in agriculture with a P-balance efficiency of only 25%.
About 90% of the P in agricultural products is exported, the rest is consumed domestically (Fig.
3). In some countries, global P-shortages would result in increased emphasis on recovery and
recycling of P from waste streams. For some countries, this will go close to covering P needs.
However, in Australia recycling will cover only 5-, 0', of the annual P requirements of agriculture
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(Fig, 3, Table Ia). While these is no doubt that there will be an increasing role for P-fertilisers
derived from waste streams, the major avenue for addressing pending increases in P-fertiliser
costs in Australia will be through improved P-use efficiency in agriculture. Significant
opportunities exist to lift the profitability and sustainability of agricultural production and to
improve the environmental credentials of farming, if the efficiency with which P is used in
agriculture can be improved.

4.2.2 Threats to production, profitability and sustainability

Global reserves of phosphorus are unlikely to be entirely depleted in the foreseeable future but
high-grade sources of P are finite and are being depleted. This is resulting in steady expansion
of mine capacity to include sources that are of lower grade or harder to mine. The cost of P-
fertiliser is also rising steadily. If predictions of peak P by 2033 are correct, it is anticipated that
fertiliser costs will rise dramatically. The immediate problem is that 25 years is a very short
timeframe for the industry to position itself to achieve substantive improvements in P-use
efficiency.

Even if predictions of the timing of the peak in P supply prove to be inaccurate, most
commentators agree that there will be increasing upward pressure on fertiliser prices which will
contrlbute further to the declining terms of trade for agriculin. ,Ire. The large inefficiency associated
with P use in agriculture and the grazing industries in particular, represents a substantial
opportunity to reduce costs by promoting a targeted approach to soilfer!ility management and by
researching and developing P-efficientfarming systems.

4.2.3 Potential threats to Australian meat as a global commodity

ms believed by a number of commentators that amongst a range of efficiency options in the food
production and consumption chain that one of ways to rationalise P use globalIy is to promote
change in human diets. More specifically, to reduce the consumption of meat(e. g. Cribb 2010)
which, on face value, has a poor P-efficiency "footprint" (e. g. Fig. 21).
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outputs represent edible products, not actual food consumed. The latter is approximately ha\; losses occurring during
fetaling, storage, foodpreparation andfood consumption stages. (From White at al. Appendix I).

Based on global averages and assumptions which include, a high reliance on feedlotlivestock
production, meat"based diets have been calculated to result in the depletion of approximately 2-3
times as much phosphorus as a vegetarian diet(Cordell et a1. 2009a; Cordell et a1. 2009b).

These sorts of calculations are intended to highlightissues but suffer from the factthatthey gloss
over a variety of details which are, in fact, important to understanding how efficient or inefficient
food production may be. For example: feedlot production represents only 14% of livestock
production in Australia;the assessment of P embodied in meat-based foods does not accountfor
the fate of by-products removed as carcasses are rendered down to saleable meat products
(some by-products are used as animal feeds, others are used in clothing and other industrial
applications, and some is returned to agriculture in fertiliser products); and finally a major
proportion of Australian red meat production is sourced from Northern grazing systems (Section
32.3) which generally have negative P-balances (not necessarily a good outcome; see Table 3)
but may in some cases be lifted to a 'near perfect' P-balance efficiency by solving issues
associated with P supplementation. The calculations also do not consider that meat production
often uses non-arable land, or is produced from pasture Ieys necessary for soilfertility
improvement and crop disease control, or has other social consequences (landuse efficiency,
jobs, nutrition, etc) both here and across the world,

The calculations do, however, highlightthe threatthat P-supply issues may create for meat as a
commodity that is traded globalIy.

It is recommended that the P-efficiency footprint of Australian meat production systems be
quantified along with other aspects of the industry's environmental footprint so that the industry's
position and environmental costs and benefits can be defended.

4.3 Whatis the potential for improving P-use efficiency and reducing the P-
fertiliser costs of production?

There are now reasonable estimates of the faringate P-balance of the major southern Australian
broadacre farm enterprises (e. g. Fig 5; Table 2). Industry and enterprise outcomes vary from
extremely poor (5-15%, some horticultural enterprises), through poor (20-40% for grazing
industries, to average (45-60% in cropping enterprises). Only very low input-low production
systems, or enterprises on very low P-sorbing soils (such as sands) approach 100% efficiency. In
each case they do so at a cost (e. g. low productivity, or nutrient-leaky and environmentally
problematic).

Unfortunately there is relatively little data about the nature and lability of the P that is
accumulating in Australia's agricultural soils and consequently it is very difficult to estimate the
magnitude of savings in P that can realistically be made by moving agriculture towards improved
P~efficiency.

The few examples that are available from experiments, or studies of farming systems managed
to maintain plant-available soil P (Table 4) indicate that accumulations in paddocks managed at
sensible levels of soil fertility with inputs in the range 9-, 2 kg PIha/year can range between 4-8
kg PIha annually depending on enterprise and soiltype. Higher levels of accumulation are
expected on very high P-sotoing soils and when excessive levels of fertiliser are being used
(Simpson at a1. 2010). The studies summarised in Table 4 are considered likely to represent
enterprises on low to moderately P-sorbing soils which are common in major agricultural areas.
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Figure 22, Estimated annual rates of accumulation of P in paddocks maintained at contrasting soil fertility levels and
grazed by Merino wethers in a grazing systems e><perlment near Hall, ACT (from Simpson at a1. 2010)

o

Simpson at a1. (2010) have recently published estimates of the amounts of P accumulated in a
sheep grazing system based on a low-moderate P-sotoing soil(PB1 = 50). Data derived from
this experiment permits an estimate of the potential annual savings in P that may accrue in one
soil type, by adopting a farming system capable of operating at a lower soil P concentration (Fig.
22), With current technology, a grazing system operating at near optimum soil P fertility on this
soil would aim to maintain Colwell P at 30 ing/kg soil. If similar productivity could be achieved at
Colwell P = 20 ing/kg, as a result of sowing a P-efficient pasture legume, the recurrent saving in
P fertiliser is estimated to be ~3.2 kg/ha/year as a result of a lower rate of P-accumulation in the
paddock (Fig. 22). This is a 29% saving in fertiliser(presently worth about $12,401ha/year; Sept
2010).

The maintenance fertiliser requirement at Colwell P = 30, is estimated to be ~, 1.9 kg PIha and
the grazing system would have a faringate P-balance efficiency of about 24%. If the system
were able to operate at Cowell P = 20, annual fertiliser inputs would be 8.7 kg PIha with a P-
balance endency of 32%.

Currently, many farms appear to be operating at soil fertility levels in excess of the level
necessary for maximum production (Fig. 10), so savings of this magnitude or greater can be
achieved simply by encouraging adoption of current best practice. However, it is suggested in
this report that it will be necessary to prove by demonstration, that soilfertility can be managed in
a targeted manner using critical P values suitable for the farming system. On the basis of the
limited available data, there appears to be either a lack of understanding, or a lack of confidence
in the application of critical P values to guide fertiliser decisions. In addition, it will be necessary
to prove that low-P systems based, for example, on alternative P-efficientlegumes can reduce
the magnitude of P fertiliser inputs even further.

o 10 20 30 40

Level at which soil P-fertility is being maintained
(Colwell P, ing/kg soil)
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Efficiencies derived by lowering the soil P concentration at which a farm can operate, are
obtained because the rate of P accumulation in sparing I^available soil P is slowed at the lower P
concentration (Fig. 9). It is possible that larger savings in P-fertiliser may be made if novel plants
are found, or developed with traits that also enable solubilisation or extraction of P already
accumulated in sparingI^available soil pools (e. g. organic acid secretion from roots; access to
organic P [e. g. Fig. 18]). Such plants would establish new P accumulation equilibria in soils and
should reduce the net accumulation of P. However, it is difficult to estimate the magnitude of the
potential benefits of such traits because there are few examples of plant-based systems from
which the estimates may be determined

5 Conclusions and recommendations

5.1 RD&E opportunities to underpin improvements in the productivity,
profitability and sustainability of livestock systems as influenced by
phosphorus use.

Achieving substantial improvements in the P-balance of Australian agriculture will riot be an easy
task despite the clear imperative and obvious production and environmental benefits that could
be realised. P is such a universally important inputin Australia that changes would already have
implemented were there easy solutions available. Despite this, there are some very obvious
immediate goals that will deliver benefits with relatively little effort and there are a variety of
options for improving the efficiency with which P fertilisers are used, for developing lower-P
farming systems, and for reducing the rate at which P is accumulated in agricultural soils. Most
of the latter options will take a committed RD&E investment and it is therefore essential that the
benefits and feasibility of alternative options are clearly evaluated and understood.

5.1. I Immediate priorities -soilfertility management practices

Despite nearly 60 years of widespread P use in grazing systems, it is clearthat many graziers
find it difficult to manage soil P fertility with confidence. Alternatively, they attempt to manage soil
fertility without a clear understanding how pastures respond to P, orthe relationship between soil
P fertility and stocking rate. The proportion offarmers that use soiltesting is believed to still be
very low and, where tests are used, there is reasonable evidence to suggest that soils are often
being over-fertilised.

A clearfinding of this report is that there is no financial or production benefitto be gained from
applying more P than is necessary to achieve the production goals of a farm. Over-use is also
environmentally undesirable and in some circumstances is an irresponsible use of a scarce
resource that can lead to adverse off-site impacts.

. Promote wider adoption of soiltesting and its interpretation by farmers

. Develop through demonstration and extension, confidence in the use of critical soiltest
values and targeted use of P-fertilisers

. Continue to focus on achieving improvements in the total factor productivity of grazing
systems. The most profitable use of P arises from good pasture and livestock management
and use of the best-available pasture and livestock genetics.

. Develop the capability necessary for future application of variable rate fertiliser technology in
pasture systems before fertiliser prices rise to the levelthat will justify this technology.
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Ensuring adoption of best management practices will provide relatively easy improvements in
profitability and will reduce the costs associated with inappropriate fertiliser practice. Faring ate
P-balance will also be improved where over-use of fertiliser has occurred. However, for
continued improvements into future, the industry needs to research the development of novel,
lowerP farming systems that can provide measurable improvements in P-efficiency. Ifthe
timeframe to peak P is indeed only 25 years, this is onlyjust enough time to develop novel
pasture systems, new fertiliser technologies and/or new plants and to getthem adopted. Ifthis
timeframe is found to be overly pessimistic, the same novel systems and technologies will still
deliver input cost efficiencies, improved profitability and improved environmental outcomes for
the industry.

5.1.2 Low-P farming systems

Operating agriculture at the correct soil P concentration forthe production goals of the farm and,
in the future, allower P concentrations than are currently necessary, is a powerful way to slow
the accumulations of sparingIy-available P in soils. Lower P concentrations will also minimise the
chances of P loss to the environment by runoff and Ieaching.

. Prove the economic and P-efficiency benefits of low-P agricultural systems that can still
support high productivity

. Quantify the P-requirements of the keystone and alternative legume resources that underpin
Australian pasture systems

. Develop new high productivity, low-P grazing system options

5.1.3 Fertiliser technology

Improvements in fertiliser can arguably provide the fastest improvement in P efficiency as uptake
and adoption can potentially be very rapid. However, the problems of matching P supply to plant
demands (Fig. 23), or minimising P sorption reactions in soil are substantial. There have been
very innovative solutions addressing soil-specific P-use problems that have delivered large P-
efficiency gains (e. g. fluid P fertiliser for calcareous soils). However, technology change has
otherwise been relatively slow, probably reflecting the amount of research effort in this area.

. Reduce the amount of P that becomes sparingIy-available in soils by developing technology
or management options to controlrelease of phosphate to soil and address the seasonal
mismatch between availability of P in soil and pasture requirements for growth

. Examine fertiliser placement options to increase P availability for plants

Figure 23. Schematic illustration of
the seasonal mismatch in availability
of P versus plant P requirements for
growth, following annual autumn
applications of fertiliser. Iriset shows
actual patterns of P-availability in a
grazing system experiment at Hall,
ACT. Black dots are annual soil

fertility monitoring points (February)
and grey symbols show the seasonal
fluctuations in P-availability. The
period to 2001 was regarded as a soil
fertility build-up phase, thereafter
fertiliser was applied for maintenance
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of soil P fertility (from Simpson at a1. 2010).

5.1.4 Plantimprovement

There is good evidence from crop species that a roottrait-oriented approach to plant
improvement can produce varieties with significantly improved P efficiency. Although it seems
likely that some low-P pasture systems can be developed based on a limited number alternative,
P-efficientlegumes, there will still be large areas of agriculture reliant on the keystone species
that carry modern Australian farming systems. Although P-efficiency may be gained by moving
away from legume-based pasture to N-fed pasture, this is unlikely to be a viable option for
grazing systems producing lower-value animal products and would bring substantial
environmental issues as is the present experience in the dairy industry.

. Evaluate the variation in key roottraits of the keystone pasture legumes; use this to select P-
efficient cultivars

. Address the widespread problem of root damage on pasture legumes which may negate
attempts to improve P-use efficiency and the value of improved legumes

. Position the industry to take advantage of nutrient efficiencies currently being developed in
crop species using conventional and GM technology.

5.1.5 Threats

All commentators agree that it is inevitable that P-fertiliser prices will increase as the industry
moves to lower grade P deposits, or sources of P that are harder to mine or process. Meat
production and consumption is claimed to be very P inefficient. In a P-constrained world, the
image of meat as a sustainable product will come under scrutiny. Thus, the industry may
potentially face the dualthreats of high prices for an input essential to productivity, and loss of
market share.

. Quantify the P-footprint (paddock to plate) of the alternative meat production systems used
in Australia

. Protectthe export industry against simplistic evaluations of the P-cost of meat production.

5.1.6 Northern grazing systems

Australia's extensive northern rangelands are P-deficient butthere are few economic options for
using P-fertilisers. A desktop audit(Table 3)indicates that the systems are alllikely to be slowly
extracting P without replacement. In most cases, the rates of P loss are low and are not
considered to be a threat to production at the presenttime. However, where productivity is
higher as a result of introduction of exotic species (e. g. Leucaena-based systems ), nutrient
extraction is thought to be a factor in the effective collapse of grazing system productivity and the
issues of P extraction and replacement need to be explored. Direct strategic P-supplementation
of cows in extensive breeding systems is likely to lift both productivity and to bring the P-balance
of these systems closer to an 'ideal' P-balance efficiency.

. Conduct a benchmark audit of P-(and other nutrients: S, N) balances of Northern grazing
systems that quantifies and extends the "calculations" undertaken forthis report

. Develop practical methods for identifying when P-supplements will resultin livestock growth
responses and assess theirrole in closing the P-imbalance of extensive breeder systems
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. Assess N and P constraints and options for nutrient restoration in established rangeland
systems considered to be experiencing nutrient exhaustion

5.1.7 Underpinning knowledge

There are still a surprising number of gaps in knowledge aboutthe reactions of phosphate in soil
and around fertiliserSI especially those leading to P accumulations as sparing Iy-available
phosphate and organic P. Relatively little is known aboutthe P-acquisition mechanisms of P-
efficient plants and the role and ecology of soil micro-organisms (including mycorrhiza) in making
P available to crops and pastures. Strategic investment in new knowledge is ultimately the only
way to develop innovative answers to difficult problems. Presently innovative fertiliser
technologies and the development of novel plants that may access organic P in soil are
potentially constrained by a limited understanding of soil P reactions and the chemical forms of
organic P in soil. However, if investment in fundamental knowledge is to be contemplated it
should be sensibly aligned with applied research programs to ensure a wellfocussed research
effort. For example see: Section 5.3: "P reactions in soils - Understand the processes leading to
accumulation of Po in soil and the bioavailability of Po substrates" as an example of the need for
integration offundamental and applied research,

It is always difficultto know how to most effectiveIy make investments in fundamental knowledge
because scientific breakthroughs are not predictable. However, what can be predicted is that if
no investment is made, there will be no new discoveries.

. Develop a measured program of investments in the science that underpins the most
intractable problems of P supply, soil P reactions and P-use efficiency by plants. Ensure
that it is linked to allied, applied research and use it to train young scientists who will go on to
serve the grazing industries.
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5.2 A quick guide to P-efficiency RD&E opportunities that specifically
address issues for Australian grazing industries.

Three levels of information aboutthe RD&E opportunities to lift P efficiency in agriculture are
provided.

The firstis the a visual key to the major areas of RD&E for grazing systems alone, this is more
detailed than the preceding summary and targets issue of particular concern to grazing
businesses. It includes and indication of the likely priority areas of RD&E based on informal
consideration of both urgency and feasibility.

This is followed (Section 5.3) by a more detailed assessment of each topicfor grazing and
cropping systems grouped into potential programs of research.

Finally, considerably more detailis provided in the body of the report which summarises reviews
of the scientific literature underpinning altopics. These reviews were the basis from which the
RD&E opportunities were identified.

HIGH

priority

linkages

MODERATE

priority
LOWER

priority

dependencies
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P-efficient agriculture:temperate (southern) grazing system RD&E opportunities

Develop planningJinod. 111ng capability to
i) put a $-value on P-efficiency RD&E proposals
I) guide RD&E approaches in P-efficiency resea, ch

Improve PUE by continuous TDIalFactor Productivity improvement

Industry soil P-fertility
slitiation analysis

I Estimate IheP-requirements I
for Australian agricuituralsoils I

ddress unreliability of b Garbo
100reous/alkaline soils

(Also arises under GlobalP-
supplyIss, ,s) I

to reach Ginical P levels, and
saturated P shius. etc.

Targeted &
efficient

P. use

practices

romote targeted use of P-fertilisers using newly developed
soiltests and DS tools

Liftsoiltestin ado tion rates.

Demonstrate productivity, profitability, PUE benefits of
managing soil P fertility using targets set in relation to critical

soil P levels

Itesls in

Improve profitability and PUE by applying zone management
& varable rele technology in pastures

Assess P-requirements of newer, and alternative
pasture legumes

Develop 'novel'
low Gnucal-P

farming systems

Develop PCfficient keystone pasture legume and
crop species

Penclent

plants

Learn from naturally P^incienl planls

Investgale expenmen al pasture systems Ihat capture the Peffic' ncy
benefits of int rplanting with P-mining species (e. g. Iupin(SI, alem live(?)
leg mes dan honia)

DemonstrateIProve that low critical P systems
(using low P legumes I experimental use of -
fertiliser) will be as productive when inariag d at
the relevantlow soil P concentration and wil

achieve lower P-balance efficiency

Solve or manage root
disease issues in pastures

^

Development of'novel' plants with:
(1) capacity to access fixed' Po and/or
tiny capacity to secrete of organic anions from

roots

National plant breeding capability (paslures)
for Australia's ke tones ecies

National GM-readycapabilily (pastures) for
Australia's kg lone s ecies

Critical basic mycorrfiiza research: understand the mechanism(SI by
which mycorrhiza cause plant hosts to decreasethe direct(plant) P
uptake path; determine illhere are associations with additive (plant and
mycoal, izal) P uptakecapacity.
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Address gaps in knowledge of the fate of P applied 10 soil as inorganic fertiliser orin organic materials

In conjunction with research/demonstration of the targeted management of soil P quantifythe cyclng
and contribution of P via inorganic and organic cycles to crop/pasture nutrltion

. OLEnrfy the size and dynamics of P pools in soil as a conseqLience offertillser use

. Assess whether microbial(biomass) P can be used to slow loss offerIiliser residual value

. Provide data to ratify models of soil P management

. Educate practitioners 10 the dmainics of P in soiland the changes they are managing with ferniser
inputs.

. Counter claims made for ineffective lentisers and soil additives.

.
Understand structure & function of microbial communities involved in P-cycling

Soil P

reactlons,

nutrient

cycling

formiser

technology

&

Workexamlnlng aimacy of In00ulants in pastores may be required 10 testclaimsfo' microbial product
that are on the market. but from a scientific point or view 11would be more enlightening to seek to
ur^ersland the processes leading to accumubtion and the bioavailabllity of Po in soil and 10 use this
knowledgeto inform studies aiming to improve nitrobialand (novel) plant accessto Po.

Understarxi the

processes leading to
accumulation of Po in

soil, ar^ the identity ard
bioavailability of Po

substratos

Clarify the relationship betsv n soil Po & SOC De ermine
wiretrier substrete sp ciati n and C P ratio of soil Po pools varies
wi h soilferlility and sol and torniser management Determine the
ribs of turnover of soil PC pools.

Furlrercharaderise the chemical and physical nature of FD
accumulaled inferIilised soils by linking chemical charaderisation
wi h (a) sindies examining the r attonship between SOC and so I
PC and (b) studies of the bioavailabiityofaccumulated Po in soils
(re susceptibility to ydrolysis by planislmicroorganisms 10
phos hamses/ phylases. an tre innuerice of a 'oticand blotic
factors: (soil pH. organic anions, etc) on bioavailabiily

Improved P-uptake from
fertiliser by plants in
year of application
(increased PUE/

reduced accumulation)

Fern"ser coalings (001wners)to onharree direct uplake of formliser
P by plants and this reduce slow reactions of phosphate with soil.

GlobalP-

supply
issues

Global P supply - estimates of the confidence interval around the predicted peak in P
supply/demar^.

Improve the collection and management of P supply ar^ use data for Australia (reliable,
transparen^ accessible independent)to inform dedsion-makingms. arch

Avoid reduced access to P in drying soillayers by developing
technologyfor non-mechanical'deep' placement.

Investigate ways to match P-supply with pasm. 1.0 demand 10
minimise the need for high rate applications justto ensure year
long supply Investigation to indude conlrolled, binporalielease
options, placement and time of application options.

Improve estimates of the fulure Irends for P-use in Australia

Estimate the P-, equiremenlsfor Australian agricultural soils 10 reach enticel P levels. and saturated
P status, etc.

Investigate the feasibility, threats and effectiveness oldemand management and reuse/supply
options (incl. infrastructure, sodo"technical changes dietary change. altered farming practices)
via 'P-footprint' or "paddock-to-plate" assesamenls to ensure solutions that are appropriate forthe
Australian context.
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Review of phosphorus availability and utilisation in pastures for increased pasture productivity

P-efficient agriculture: northern grazing system RD&E opportunities

Understand

and prevent
rundown in
the more

productive
Nthn grazing

systems

Northern

ginzlng
systems

Assess both N and P constraints in established buffel grass sysiems
(exlenlto chich nutrlent mining has lead to decline):if(new) legumes are
perl orthe solution; assess how to introduce enough P economicalIy for
their growth and to avoid a repeat of issue.

ssess role of P mining in Leucaena-based systems which are in
"decline": how to introduce enough P economicalIy and thereafter
maintain P balance to avoid repeal of issue. (UQ have started work on
this ssue but more required)

Will P mining also conslrain other native pasture and Sty OSanthes-based
systems? How to introduce enough P economicalIyto avoid an issue?

Ouantlfy P-
balance of

Nthn grazing
systems

Conduct a benchmark audit of P (and other nutrients S N)-ba ances
that extends/quantifies the tabulations" undertaken forthe P-review.

Because all Nthn grazing systems appearto be net P .xport. Is this audits necessary for
longer loin gust"namityp", n, .19 in these SEI"ns
The infonnatia, is also Iik. Iy 10 abo prove useful in eaunierlrg funre threats (see Global
P-supply issues. wits fordielary change. pHn. flici". cy darns, oniond ribhiLiaeMy be
combined with a 'footprint' analysis of char environmental issues.

^^

Improve the
efficacy &

predictability of '~
supplementation

in extensive

breeding systems

Develop a practical method for identifying when P-supplements wilresu I
in a lireslock growth response (most likely during the wet season).
supplements increase productivity in P-limited systems when
administered correctly and are predicted to play a large role in closing the
P-Imbalance of extensive breedersystems.

Prodidion Gaped"tvusi, g beealtests to padrei intake don. rgy. N & P. ithecessary
combined wi, I a us tool(.. g. a GinzFeed v"jam). appearlo have PMnise. Asian in this
areahas to. rimad. byR Dinn PEEDl. don and D Coales ItsE. Toms"i on
Research in P+ourregiarsupplam"ts 10 avdd contaminants is also needed.

HIGH

priority

linkages

MODERATE

priority

--J

LOWER

priority

dependendes
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More details and potential programs of research: P-efficiency RD&E opportunities for Australian broadacre
agriculture.

Outsornelbenefit

PCMci. ni
'381"ns

coped lily 10 (1) pit a $
valueon RD&E proposals;
lingu, de RDBE approach"
h P*fficiency research

Pencienl

SEIerns

Feasibilj

Tau. I'd& Addressun, o1. bil, tyo,
onci. nlP*Ise bierbor, alesdlt"Is in

dices calcare". ISIa. in

Tapeieda
ginCieniP*Ise

predices

Improved PUE Ih, cogh
improving TFP

81.14. in

""juniorm

Lore. r. .in

Priori

Review of phosphorus availability and utilisation in pastures for increased pasture productivity

Tangoi. d& Increaselh. aware'less
gincientP*Ise and obiecbve managem, nl

of soil fertilityplaaices

Ta dad& Implorethep, oitabil'

practices

Coynt. rlack of
Targetsd& uruerstarid, .gand

eflident Puse con"once in useofsa
Iconng and salltes!tangoispractices
for managing palures.

ladustry soil P4er!, hy
situation analys,

Dadop modeling capablkyto qianiify
Impad of an&E Intended to Improve P-
ba ace efficiency

Pr^eels nat 'nc, arse TFPdso increase P.
use chide'Icy thin ontout ora g ren levelo,
P input!:incre"co management skills.
removing Cone 'ms to prodUCiton. hip, CUIhg

fur ar^lireslock on

Eva unie need. exam'na alternatives 11nd
moderato GRDC, ,Inded diffLeive gradients in hn. films

last

Assess airier1901/10nility si"ebbn antarms;
hid'I oraluaieo"idenee, letsomeiarms coniinue

building sol fertility well by"Id critical P

Immediate term

Tangeled &
Bingent P-1.13e

pro^CGS

Tangded &
Gineient P-u"

pradicee

U, "., pin, ,,,
haremai;
~ptsd
R, "udi;
D. "by; E"., Id;
Gunnerd",.

DERdop low criticalP
fanning systems

Cointerlack of Informalton
and confide'Ice trialsoil P-
forumiyo, crops can be
managed 115.9 a largeied
allproad, using chile" soil
P information.

Liftsoilleslir^ coopli"I rates

treatsj

Promote targetsd use of P-fertilrsers using newly denlop. d so 1,515 aid us tools

ARID/E 009. ,,

Demonslrale goduclMty. profitability. PUE benefits of managing sdl P fertility using targets C, ala, a 301 in relation
to critical P for palur"lamps. (W"Irun prti' lory demonstrators similar 10 tame-P' on contrasting coil types I
farm sys. ms ami"'I. is tow is loguide targetedpronedeuse o1P to onlineroreruse. aru to Iir* P use with SR
alld p. "r. u. barndi. Eggaiiiallo v"ue add by "Ikinq to oner glansi"ligerlee 1800bej ar" research "o1ecls
to. "; Songhru, ty m. nap"lit urgel, ,or "., UN. rum ,, Fly. .. ride, ., mired rim~r. I'd of u, d. dad*,
add. ,"Grin". inn Imp. "IC". Lien

M. dium torin

Actlu, ty

URIAR

Demonslralelprove 11.1new Ion Grilleal P Byslams lushg low P legumes Iexperlmeribluse ofN-bulberjwillbe as
productive, orhe, bage and animal poducl"n. wig. managed at me relevantlowsdl P concentration and will
achieve I Quad PUEwithl^. r P-balances

Eslablish chileBI SUI P values for croplsdl
ByStsmS.
ACroC "opalo"In. "p. 00"I, us", war
bib, F. ,, 111.0, D. e. IOU ,"Crop", S, .I. in. I"
anus1" . 5001" " d 12010j Roc fahAu" Aru,
Cad Idlyfuw. .gin, unvarg. .,

E

6 inchs "case Is made. Ogag. laduslry corner.
adapt or "alual. .minati" soill. SI

Underpinnng
.",, rdi

ADPi. ,
R. ."rdi.
Dan^ bead
Coin"CD. "

I ~ 2

Dur",,,

tve"SI

ton orbrm

DIE

a

As hag o6.11, co in pasture systems. lad bledfidence is I'dy ID conln. 'limpbm. rinon. and therewi" be a n
to demor, 1.10 productvity. prt, !ab, ity. PUE boronts of managing soil P fertility within amp system ", as^ us
critical P targets

2

" p. normanc. and BCA adequate release via
industry partner

Urdupnning
Re, .. Ich.
,PPI. d
R. ~, ch.
Do"lop Earl
Coinm. ru. Ico

E

Duralo"

lye, SI

3

DE

ARIDE

3 ~6

BC

a-s
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Outsom. foen. fit

Targeted &
efficient P*Ise

pr. dices

F. "Ibil'

Improved profitably and
PUEundigh amie
malag. men!for P in
paslu, as SWIGms

,hut*. rin

". dium I'm
Longer I'm

Ensure Gnui, onmunal
c. do Iials @1the industry inTapel. d &

e"IderitP-use farming areaswi. ergP
losses are a of criticalpractices
pollution

Prio '

EvelLnle extentof In'cotsm, BCA assess
animityofzorre mangamenlfor grazing
arms. dovebpbLBin"s c".
uronic1, ".":1,100dd@"PIOdudhyo. ,. inari

new b. d. ,"mired 0011/9 routs. alter, . dB"CGbor, "
conepyr. had. nc. ,"rangd"1.0"h"william
codU, . mad. .he had. ,. talePS I. chinbg, .
FindLid",, in. " ,, ro. ,d on* colord. ,. rots,
dell, .rv 13/9"b'. Inariiro " rum"mora, torts 10
urdup" usr a. a, torii. pintobiy. ,.. inning .rip

Assess courierlinemallmpaa ip 103,001aic"GB P Ie"b fordiH~njsdlty"s (possidy direded allow PBlsdl
Impact categories; ethical 30.1rc, ar"SI. Assess howlo miming deliminaie oninonm". Ialimpacii, ^I. changes to fertility

pro^C. s tomis. rtpes. targets. tic). One @1the key things here Is 10 not charnellplolstL"1.8 only. due 10 massivevanes

jogiu'1.11y storage of P in the landscape. Smallj. o100rk often bears little robliorrship 10 catchingItsMrs. Nso losses cal be
C. "han, y ,Irongh munch and 16ach, '19 - each Dittiese requ, ,as adj, 1901/8"alegyforma, ,againent. This bale hag become c
Imp, .."; in going areas - GBRee, ad WA and is likely 10spre. d

onomy
,,,,"d b.

dinermiri"

,"in regional
alertC. rice

M-L

Review of phosphorus availability and utilisation in pastures for increased pasture produclivity

moderate
(boatli, P

cost
sansmre)

PCflicbn! 1,115 am, rig romna ray .

Immediate term

Activity

M

Assess P-, equir"nonts of
Pencent plaits reusr, arid enemaiive

pasiur. 1.9um"

Und. IPInr, re
R. ,."ch
~PIi. a
Ra". rch

D. "top: Eaui, .
Cainm. ,d. Ii, .

Dud, n

lyead

M

D. "lop PCIfici"I
PCfici. rill. ants keystone paskire legume

andCrDPSpeCi"

moderate-

low

Medlum torn

Actl, Ity

P. ramiiremenis Qineweraid anGina"re
pan, e legumes is sparsely ano1
documented. rulerslone speceis is km0"110
begignifcanUymor. PCMci. nithat 010
dowig used in mus! pasttir, s; on. ,s are
'suspeded'. Resea, chihat quan!nits the
relative PUE of pasture o9umes is required 10
assist soil futility management and species
didCo.

Assess ort"I'd variation in key traits Is"
rovenu). heir he'llab"ily. likely progress
aporia, co won crops {Lynch 2007 aid wilts
elver(NZ researchjindicatos a largeied mm
hail approach ,s 1001r";injinlgridi" in
glasshouse bulw"k muslin, n pogrom
bond glasstia. Ise compareons.
NOTE: good pnP". . toingm", info. .In
Rustr. to. boars and in. ID In UsNohria, Sou, All. rea
dc. wl, . cb"rin NZ. ,, .nk. for, ." prognm. ".
.,",,.".

U, ".,, in, ,rig
R'S"Ich.
adj"

..,~d. .
0,001ep grid
Coinmer. .1.0

M-L

Dualo"

lye, SI

Plants that have naniral PCfidency traits
monstral. that improvements in PUE are

possibleand info"n are directions of rage"ai
Honever. 10 dale most Bridles have fool's co
on a n", ow range of plants win extra
ordinary learn, .s. There are AListraii"I natto UR
species 11,1000irin grazed pawres thetare
considered 10 abo be P^inclenthallil!Ie is
kn^un ab". Ithow ting is ahieusd. SQL, dying
the PUE of thesescodes will provide noml
ing, gnu Into PUE medialbins.

a . 5

Lon orbm,

Activity

" BC B rebarable engagec"rimercial
partner develop unT forerazed pastures

DIE

Wiil to

dh1191 by
urge'Icy

of
erur"Im

enial

Issues

3

Exl. r, d field hallirgJdemost, aborts ID dtstrlcis
appropriate for each species; dejamtr, .
econib, ting trails: revise Boil fertility

Iguidelin" on basis of rob. 1st

Undo, pin, ,,^
R'S. "ai;
hyphad
R. "., di;
us"'top; Eru. rid;
Grimmerd. Ibo

results.

Once reloadalf"'improvement is established
and prooftria!systems can be run
productivelywi, 11.3 p, 'IPutto rd. hilumr
critical P .quimen!s: commence phase. 2
proc rob. Ismess of approach; con, nue
testing of promising 9.10typ" in ridd rids;

vdop QTLs' commencesGleam oldiie
plain

Duraio"

(years)

3

ARE 3

3 literponte trails into elite lines; release with
nowlapprcpriaie agronomic guidbines ARIDIE
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Outcome, benefit
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miser by I, ants un year of

application Its adjng 10
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o1/1

Improved P". IPI. ke Irom
ember by dents in year of

application Its adjng to
reduced accumulation in

di)

Improve pasture and crop
rowlh dimg periods of

'nutrl"It drughFvilen
ing 80/11ayers inhibil

access to P by deep"
'PIac, menl'to avoid drying
sdl.

FGMiser
teemology

Feasibil

811,114. rin
""."n, "in

Longer loin
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techology

priori

Fertiliser

leanobgy
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Review of phosphorus availability and utilisation in pastures for increased pasture productivity

Re*Kern, me amiegicioliar P applied, ". s for
ingd. .to rop. to gun P-one'd"ribg. Ihorugh by-

passing Sol

itL

P reactions
. in soils

o1/1/13er

hhObgy

Immediate term

Innstigal. w"s to matsh PCupply wi", crop l

moderate

' upplyop"o, 810nciudecontoiied 19mp"~81
release, placemeniand time dBpplicaii",.

Decolop painership untilndus"y examine
Gasab. hydromisercoaiings ipdyna'silo
onhanc. dind upak. off. miser P by plants
and iris reduce slow realiors of '10sp, late

h soil trial lead 10 reduced Parelabilhy

Assess polenti" benefitto crops and pastures
by madelhg sdl moisture and P, .IPIake, ,Qin

SOH layers Variedas to melde seamrel
andilrorrs and difforlng climate ragiore HRZ

v LRZ pastur", crops. will. r. rambllus
summer ranb" pas"res/gops

Activity

rose gaps in knowledge
of the fateof P applied to
dag inorganic bitingor or

in organic machab

Und. ,pnnin,
R. ". rch

App. "
Re". r
D. . piExi. ,d,
Cornm. rel. 11"

Dural",

tve"SI

S

3

Investig. I. the path did changing a^ilability
of P after ills apj, tod as inorganic art Organic
matedab aid ladlee, s in pasture and crop
plans linel: alkaline and add sdlsj

Nor. : P, ". ally true in amyl^into, Ithrm, ton
trail. ". lard. p .".. in, .n. In. .. coil. Lad
kind""all1.100.1P riflerml. ." kotoh"r@r
d. Caring PI. " hid. rl" ant. I" ... rip, , ,o rip, ..
I'Mi"r. ,halo",'

AR

Cornuewi, I o, 100gecommonalpaner.
d. "lop nonfatlis. rt"hindogyor e
10,10010gy d. wingm"I, by third party.

Medium term

3

AR

Cornuewin mangagecornmerdalpettier.
dordop new fertiliser technologyor anc
Iodinelogyderelopmenlby third party

Underpinr"IP
..""ai

."

.."., di;
Doclop: EnterId;

rim, ,, d. Its

3

010ck freedom to operate, continue with or
engage comma, cialparirer, develop new
fullis"'tealndogy craneour. go IOChnology
dadopmem by third party

UR 6 mire

Dud",

lyears}

Develop partnership with trials"'y; hives1/9aie
Innovabrowtyio ad, incd"p placement

hat'vdd the high CUSIofm. chahical
placem"1181depth - (e. g. nanoparlicle
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Review of phosphorus availability and utilisation in pastures formcreased pasture productivity

7 Appendices
Appendices to this report are the draft (working) review documents (submitted separately)
prepared forthe workshop held in Canberra 8-9 June 2010. These documents were incomplete
analyses of the situation prepared to stimulate discussion at the workshop. More complete
papers are currently in preparation for publication in peer-reviewed journals.
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