1. Introduction

1.1. The importance of soil phosphorus availability

Phosphorus (P) is an essential element for all life, serving as a structural component of
cells, being integral in energy transfer, and a component of genes and enzymes (Campbell
and Reece, 2002; Schachtman et al., 1998). More than other nutrients, P is held tightly by
the soil, so only low concentrations relative to plant requirements are in the soil solution
(Holford, 1997). In alkaline soils, it is generally accepted that P is retained in the soil as
calcium phosphate (CaP) minerals, limiting plant growth and agricultural production
(Conyers and Moody, 2009; Holford, 1997). This research investigates factors that
influence the supply of P to the soil solution of alkaline Vertosols, focusing on pH and the

concentration of P itself and calcium (Ca) in the solution.

1.2. Soil and study region

Vertosols (Isbell, 2002), also known as Vertisols in both the World Reference Base (IUSS
Working Group WRB, 2014) and Soil Taxonomy (Soil Survey Staff, 2014), are a major
soil type used for agricultural production globally, with the largest distributions in Africa,
Australia, India and the Americas (Hubble, 1984). Vertosols are characterised by high clay
content and shrink-swell behaviour related to wetting and drying cycles (Isbell, 2002;
IUSS Working Group WRB, 2014). The soil type is common in the northern grains region
(NGR) of eastern Australia, an agricultural region of 4 M ha in northern New South Wales
(NSW) and southern to central Queensland (Anon., 2004; Dang et al., 2006). Seventy five
percent of the NGR is used for dryland cropping and Vertosols are the most commonly
cropped soil type (Dang et al., 2010). The Vertosols in the NGR are commonly alkaline,

with pH increasing from the topsoil to the upper subsoil (50 cm depth) (Northcote et al.,



1961-1964). Cropping has been sustained on the more fertile of these Vertosols with little
to no P inputs (Bell et al., 2013a; Schwenke, 2002). However, even on the fertile soils,
responses to P fertiliser are increasingly common after net removal of P in agricultural
produce from the soil for two decades or more (Bell et al., 2012; Bell et al., 2013a;
Schwenke, 2002). The responses to P fertiliser can be variable, and uncertainty regarding
the availability of soil P and its contribution to plant nutrition can lead to the application of
more of fertiliser than required for adequate plant growth (Dorahy et al., 2004; McLaren et

al., 2014a).

In alkaline soils the concentration of readily available P, or labile-P, that rapidly
replenishes the soil solution (Pierzynski et al., 2005) has been estimated using the
bicarbonate extraction methods of Olsen et al. (1954) or Colwell (1963), with the latter
more common in Australia. However, in these soils plants access acid soluble pools of P
not extracted by bicarbonate (Chan et al., 1988; Lester et al., 2003; Wang et al., 2007).
Accordingly, a more recent approach to estimating their P fertility has been proposed, i.e.
extract with bicarbonate for readily available P (the method of Colwell (1963)), and with
dilute acid to include mineral P (the method of Kerr and von Stieglitz (1938); also known
as the Bureau of Sugar Experiment Stations soil P test, BSES-P). The additional P that is
generally extracted using the acid is thought of as slowly available, reserve-P (McLaren et
al., 2014a); yet reserve-P is poorly correlated with Colwell-P (Moody et al., 2013). The 16
h BSES procedure acidifies the soil to approximately pH 3, causing CaP minerals to
dissolve as well as changing P sorption properties (Truog, 1930). Such a non-specific
procedure cannot be expected to represent the replenishment of labile P by the gradual
dissolution of various CaP minerals differing solubility in response to the depletion of P
from solution or moderate rhizosphere acidification. Clearly there is more to learn about P
behaviour in these soils in the interests of understanding P kinetics, agricultural production
and P fertiliser use efficiency.
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1.3. Structure of this thesis

Chapter 2 reviews the importance of P for plant growth and plant mechanisms for P
uptake. The partitioning of P in soil and the processes that affect P mobility between soil P
pools are also examined. Various methods used to characterise and extract P, which aim to
estimate the concentration of P available to plants, are then discussed. Focusing on
alkaline Vertosols, the literature review identifies mobilisation of acid soluble P following
agricultural production, mobilisation which may contribute to P nutrition directly via
rhizosphere acidification, or which may slowly buffer bicarbonate-extractable pools. The
review identifies a critical gap in the understanding of the partitioning of P in alkaline

Vertosols.

Chapter 3 is an empirical examination of the solubility of P during incremental
acidification. The technique involves the release of P with acidification in conjunction
with removing P from solution using exchange membranes, or by solution interchange.
The chapter aims to measure the effects of acidification and P removal on the supply of
acid soluble P to solution. I hypothesise that acid soluble P will be solubilised more
readily in the presence of a phosphate sink and test the hypothesis by using incremental

acidification, with/without anion exchange membranes (AEM) in the suspensions.

In Chapter 4, a similar approach of incremental extraction is used, but keeping the pH
steady at the initial level (~pH 8), or by acidifying then holding the reaction at pH 6.5 or
pH 5.5. In one treatment, the released P was extracted from solution with a P sink, and in a
second treatment with P and cation sinks. This study aims to identify the release of
reserve-P during co-removal of P and Ca from solution using AEM and cation exchange
membranes (CEM), while maintaining pH within defined ranges. From the results in
chapter 3, we expect that the release of reserve-P increases as the solution pH is lowered.

In addition, I hypothesise that: 1) the removal of both Ca and P from the solution at each



pH level will solubilise more reserve-P than removing P alone; and 2) at each pH level the

rate of P release will be relatively constant.

In Chapter 5, bulk P K-edge X-ray absorption near edge structure (XANES) spectroscopy
is conducted on the sediments retained after the incremental extraction of P at static pH
levels to identify the source of the P extracted. I hypothesise that bulk P K-edge XANES
spectroscopy will show that: 1) several forms of both CaP and sorbed-P species are
present in each soil; 2) sorbed forms are preferentially depleted at the initial soil pH; and
3) the more soluble CaP phases are preferentially depleted from a soil solution maintained

atpH 6.5.

In Chapter 6, the fate of P in the alkaline soils equilibrated at lower pH levels (i.e. without
extracting P) is investigated. With bulk P K-edge XANES, geochemical modelling, and
measures of extractable P during acidification and equilibration, I investigate
repartitioning of P between phases. I hypothesise that XANES will show that: 1) acidified
equilibrations of P will result in repartitioning from mineral to sorbed (due to 1:5 dilution)
forms; and 2) the resultant P phases will yield increased extractable Colwell-P

concentrations.

The conclusion of this thesis draws together the information gained during the
experimental chapters to identify implications for soil testing, and provide potential
practical applications, and highlight potential avenues for further improve the

understanding and management of P in similar alkaline soils.



2. Literature review

2.1. Introduction

Phosphorus is an essential element for all life, serving as a structural component of cells,
being integral in energy transfer, and a component of genes and enzymes (Campbell and
Reece, 2002). The solid phases of P in soil are stable, so generally only low concentrations
relative to plant requirements are present in the soil solution (Holford, 1997). Phosphorus
is absorbed by plants from the soil solution primarily as orthophosphate (H2PO4™ or
HPO4*) (Gaxiola et al., 2011), though a range of organic and mineral P compounds may

be taken up by plants (Armstrong, 1988).

The availability of P to plants is limited by the rate of release to solution, rather than the
total concentration in the soil (Abdu, 2006). The low concentrations of P in soil water in
the rhizosphere would need to be replenished 20 to 50 times per day to maintain adequate
levels for plant growth (Marschner, 1995). The concentration of P in solution is a balance
of processes including adsorption and desorption, precipitation and dissolution, and
microbial immobilisation and mineralisation (Holford, 1997). Key variables also include
pH and, indirectly, the redox potential (Pierzynski et al., 2005). Due to the low solubility
of P minerals, the high reactivity of P with Al, Fe and Ca ions and minerals, and
competitive uptake by other soil organisms, the concentration in soil solution can be
rapidly depleted and often limit plant growth (Holford, 1997). The availability of P is
crucial early in the growth cycle of plants (Grant et al., 2005; Romer and Schilling, 1986).
This is particularly so for short season plants, while perennial plants have more time to
accrue a larger component of their P requirements from less soluble sources (Conyers,
1999). Regardless, P deficiency may occur at any stage of the growing season so the rate

of replenishment of P into solution is of great importance (Skinner and Matthews, 1989).



This chapter reviews the importance of P for plant growth and how plants source P, the
various pools of soil P and factors influencing the mobility of P between these pools. I
then review extraction methods used to estimate the availability of P to plants.
Spectroscopic and modelling techniques used to characterise P forms are then reviewed.
Reflecting the importance of P, large amounts of literature exist on these topics; this
review focusses on research relevant to the mobility and availability of P in alkaline
Vertosols. In particular, these soils occupy a large proportion of the highly productive
NGR of northern NSW and southern Queensland, Australia (Dang et al., 2006).
Traditionally, cropping has been sustained on the more fertile of the Vertosols in the NGR
with little to no P fertiliser (Bell et al., 2013a). However, removal of P in agricultural
produce from the soil at rates greater than replacement for periods of two decades or more
has resulted in increasing reports of yield responses to P fertiliser (Bell et al., 2012; Bell et
al., 2013a). These and other similarly alkaline soils have been the focus of a body of
research investigating the management, availability and mobility of soil P (Chan et al.,
1988; Dalal and Mayer, 1986; Guo et al., 2000; Hinsinger and Gilkes, 1995; Lester et al.,
2003; McLaren et al., 2014a; Pundarikakshudu, 1989; Solis and Torrent, 1989a; Wang et
al., 2007), however questions remain regarding the circumstances and mechanisms of P

mobility.

2.2. Plant P nutrition

Phosphorus is used in the metabolic processes of energy transfer, respiration and
photosynthesis and is a structural component of nucleic acids and of many coenzymes,
phosphoproteins and phospholipids (Campbell and Reece, 2002; Grant et al., 2001). The
importance of P for energy transfer is reflected in legumes requiring higher concentrations
of P to fix Na (Israel, 1987; Smyth and Cravo, 1990). When P supply is adequate, most P

in the plant is stored as orthophosphate in the vacuole or in storage compounds such as



polyphosphate or phytate, reserves which can be used if P uptake becomes limited (Grant
et al., 2001). The redistribution of phosphorus within the plant may therefore mediate
short term uptake deficiencies (Veneklaas et al., 2012), though persistent low P

availability will reduce productivity (Schachtman et al., 1998).

Phosphorus deficiency can delay leaf emergence, slow the expansion of leaves, decrease
the final surface area (Colomb et al., 2000), cause earlier leaf senescence (Batten and
Wardlaw, 1987; Grabau et al., 1986), and result in higher root:shoot ratios (Mollier and
Pellerin, 1999). Such effects decrease photosynthesis (Grant et al., 2001) and the
production of carbohydrates (Colomb et al., 2000; Mollier and Pellerin, 1999), slowing
rates of growth and development (Batten and Wardlaw, 1987; Grabau et al., 1986).
Examples of the impacts of P deficiency include decreased yields due to fewer fertile ears
and grains per ear in wheat (Romer and Schilling, 1986), and decreased pod retention and
seed size in soybean (Grabau et al., 1986). These effects can decrease apparent water use

efficiency, with increased evaporative loss and less productive transpiration (Grant et al.,

2001).

2.2.1. P acquisition by plants

Phosphorus uptake is greatest between pH 5 and 6, when the dominant P species is H2PO4~
(Schachtman et al., 1998). Monovalent HoPO4™ is preferentially absorbed over HPO4>,
even in alkaline soils (Hinsinger et al., 2003; Kovar and Classens, 2005). Even in a
fertilised soil, the majority of P that a plant absorbs is cycled from solid phases
(Mclaughlin et al., 1988b). The majority (>90%) of P that reaches the root moves by
diffusion through the soil solution, along a concentration gradient generated by uptake
(Barber, 1995; Schachtman et al., 1998). Diffusion is slow (Hedley and McLaughlin,

2005), though proportional to the concentration of P in solution (Moody et al., 1990).



The active uptake of phosphate maintains cellular P concentrations of 1-10 mM, up to four
orders of magnitude greater than in the soil solution (Rausch and Bucher, 2002). The high
P concentration in the cytoplasm, and the negative membrane potential of plant cells,
indicate active inorganic P (Pi) uptake and accumulation via high affinity Pi transporters
(Liu et al., 1998; Schachtman et al., 1998). The co-uptake of Ca also appears to be
important in P uptake by decreasing the sorption of P to clays (Devau et al., 2013; Devau

etal., 2010).

When P uptake is limited, plant responses include more root growth, and more effective
associations with mycorrhizae (Schachtman et al., 1998). Within the plant, Pi stored in the
vacuole can be mobilised from stems and older leaves to younger leaves, growing shoots
and to the grain (Schachtman et al., 1998). During periods when P uptake exceeds demand
it can be stored in organic compounds (e.g. phytate) (Schachtman et al., 1998). Grain yield
can be supported by moving P from the leaves and stems to the grain and in some cases by
ongoing uptake after anthesis (Miller et al., 1994; Mohamed and Marshall, 1979; Rose et
al., 2007; Sutton et al., 1983). If high concentrations of P are available, the rate of uptake
may be lowered and P may even be exuded (up to 70% of the influx), to prevent the

accumulation of toxic Pi concentrations (Schachtman et al., 1998).

2.2.2. Root morphology

Phosphorus uptake by plants varies widely between species due to differences in
maximum uptake rate, the minimum solution concentration at which uptake occurs, root
surface area (through branching or root hairs), and rhizosphere modification (Moody and
Bolland, 1999; Richardson et al., 2009). Larger root systems have a greater capacity for P
uptake (Lynch, 1995), though increases in P uptake rate are not necessarily proportional to
increases in the size of the root system (Krannitz et al., 1991). Finer root systems with

higher ratios of surface area to volume, such as in many grasses, more effectively utilize a



volume of soil and so have greater P uptake (Conyers and Moody, 2009; Lynch, 1995),
though thick roots can overcome physical constraints that limit access to soil P (Conyers,

1999).

Important aspects of the root systems are architecture and plasticity (Hinsinger et al.,
2011; Lynch, 2007; Niu et al., 2013). Only a small volume of the soil is explored by roots,
estimated for annual crops by Barber (1995) as approximately 1% of the topsoil volume.
The ability to change rooting pattern (be plastic) to P rich zones in the soil enables more
efficient use of C resources to obtain nutrients (Lynch and Ho, 2005). Plasticity may be
observed as a greater concentration of root hairs (Liu et al., 2006), more branching, longer
laterals (Flavel et al., 2014), or the formation of cluster (proteoid ) or dauciform roots
(Gardner et al., 1982; Niu et al., 2013; Shane et al., 2006). These adaptations can increase
plant growth by better utilizing P rich regions (e.g. by proliferation of lateral roots and
root hairs) or by better exploiting recalcitrant forms of P by concentrating exudates as

done by proteoid roots (Marschner, 1995; Niu et al., 2013).

A further adaptation to the low availability of P and other nutrients are the symbiotic
associations with mycorrhizal fungi formed by 90% of terrestrial plants (Schachtman et
al., 1998). These fungi depend on plants for their C source (Hause and Fester, 2005) and
supply nutrients, particularly P, to the plants (Smith and Read, 1997). Mycorrhizal hyphae
increase the volume of soil explored (Bolan, 1991; Hause and Fester, 2005). They also
increase the rate of uptake of P, and lower the concentration of P in solution more than the
plant is able to (Bolan, 1991). Using phosphatases, mycorrhizae acquire P from organic
sources that are not available directly to the plant (Hayman, 1983; Jayachandran et al.,
1992; Schachtman et al., 1998) and dissolve CaP minerals (Rosling et al., 2007).

Mycorrhizal associations can be isolated to regions of low P in the root zone (Lu et al.,



1994), and tend to be less effective in soils with adequate P (Schachtman et al., 1998;

Smith et al., 2003).

2.2.3. Plant physiology

The complex processes by which root exudation and uptake influence rhizosphere
conditions is beyond the scope of this review: see Vance et al. (2003), Hinsinger et al.
(2003) and Richardson et al. (2009) for more extensive reviews. Briefly, in addition to
forming mycorrhizal associations and altering rooting patterns, plants can overcome low P
availability by exuding phosphatases, chelating compounds, organic acids/anions, protons
and hydroxyls, by expression of P transporters and by inducing hypoxic conditions in the
rhizosphere. The P uptake efficiency of many plants increases under P stress, with high
affinity P transporters activated at low cellular P concentration (Liu et al., 1998). Plants
may use combinations of these processes to increase the uptake of P. Lastly, internal
redistribution of P can also ameliorate the effects of low concentrations of available P

(Schachtman et al., 1998).

Root exudates can account for approximately 10-50% of photosynthate, which has a large
effect on rhizosphere conditions (Richardson et al., 2009). Respiration from microbial
decomposition of exudates and locally associated organic matter, and respiration by plant
roots, can increase the partial pressure of COz in the rhizosphere and acidify alkaline soils
(Gras (1974), cited in Hinsinger et al. (2003)). This intense microbial activity can induce
reducing conditions near the growing root tip due to rapid oxygen consumption

(Marschner et al., 1986a).

An important group of exudates are phosphatases that can mineralise organic P
(Nuruzzaman et al., 2006). This process is particularly valuable for species such as cotton,
where other strategies, such as acidification are not effectively deployed (Wang et al.,
2011). Different plants excrete a wide range and concentration of organic acids, e.g. citric,
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oxalic and malic acids. The acids may be excreted in concentrations great enough to
acidify the rhizosphere (Hinsinger et al., 2003; Marschner et al., 1986a). Excreted as
organic anions, they may buffer rhizosphere pH, indirectly acidify soil by being
counterbalanced by OH™ influx or H" efflux, or have nil effect on pH if excreted with
accompanying cations e.g. K" (Hinsinger et al., 2003). The anions, e.g. citrate, can also
chelate Al and Fe, releasing bound P thus increasing the concentration of P in solution

(Marschner et al., 1986a).

A direct source of rhizosphere acidification, particularly in non-proteoid species, occurs
due to the excretion of H' to balance the net greater uptake of cations than anions (Hedley
et al., 1982a; Hinsinger et al., 2003). Legumes in particular excrete large amounts of
protons (Hinsinger and Gilkes, 1995; Tang et al., 1997). Acidification of the rhizosphere
in neutral and alkaline soils can dissolve CaP (Hinsinger and Gilkes, 1995; Lehr and
Brown, 1958). However, as this process is energy expensive, a high soil pH buffer
capacity, or CaP in less soluble forms, may put this mechanism beyond the capability of
some individual plants, genotypes or species (Gollany and Schumacher, 1993; Lynch and

Ho, 2005; Schubert et al., 1990; Zoysa et al., 1998).

2.3. Phosphorus pools in soil

The typical concentration of total P (Pt) in soils is 500 — 2000 mg kg™!, with extremes of
35— 8000 mg kg ! (Frossard et al., 2000; Hesterberg, 2010; McLaren et al., 2015a; Vance
et al., 2003). Like many other nutrients, P is concentrated near the soil surface due to plant

acquisition from depth, retention by the soil, and fertiliser application (Hesterberg, 2010).

More than 170 P minerals have been identified in soil (Holford, 1997). The majority of

soil P is in various solid phase compounds which are in dynamic equilibrium with a much
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smaller quantity in the soil solution (Pierzynski et al., 2005). The solid phase of Pt

comprises organic P (Po) and Pi species.

Phosphorus cycling and its availability to plants are influenced by the amounts and forms
of Pi and Po, soil solution chemistry (redox, pH, ionic strength), microbial activity,
moisture (Pierzynski et al., 2005). In alkaline/calcareous soils, the main groups of P are
labile P, P sorbed to Al or Fe oxy/hydroxides, CaP minerals, and occluded P (Adhami et
al., 2007). Manganese can be more active than Fe in P cycling in anaerobic sediments
(White et al., 2008), though information on manganese phosphates in alkaline soils is

limited (Adhami et al., 2007).

The solubility of the mineral forms vary depending on the soil pH, mineral substitution,
and surface area (Pierzynski et al., 2005). In relatively young, unweathered alkaline soils,
CaP tend to comprise the major pool of soil P. With time, the total Pt generally decreases,
and the proportion of occluded and organic forms increases (Prietzel et al., 2013;

Richardson et al., 2004; Walker and Syers, 1976).

2.3.1. Solution P

Typical concentrations of P in solution are from <1 to-10 pM (Conyers and Moody, 2009;
McLaughlin et al., 1999), but may be as great as 250 uM in fertilised soils (Pierzynski et
al., 2005). The predominant form of P in the soil solution is the orthophosphate ion
H,PO4~ (for pH 4-7.2) and HPO4?~ (for pH >7.2) (Pierzynski et al., 2005). The
concentration of P in solution is maintained at a low level by microbial uptake and by
surface reactions with clay minerals, aluminium and iron oxides, and calcium and
magnesium minerals, while soil organic matter (SOM), depending on form, may increase
or decrease sorption (Debicka et al., 2015; Guppy et al., 2005; Mclaughlin et al., 1988a;
Pierzynski et al., 2005). These reactions are the process of buffering of the soil solution
concentration. The removal of P from solution causes buffering firstly from labile pools,
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and subsequently from more recalcitrant pools (Pierzynski et al., 2005). Conversely,
addition of P through mineralization of organic matter or fertiliser addition induces a
buffering to solid phases. Initial sorption reactions may be followed by absorption into
solid phases or occlusion (Kadlac and Wallace, 2009), and precipitates may transform to

less soluble species (Hedley and McLaughlin, 2005; Lindsay, 1979).

Phosphate is relatively immobile in most soils, with movement primarily by diffusion
(Schachtman et al., 1998). Phosphate can also move by mass flow in soils where
macropore flow occurs, such as sandy soils, cracking clays and highly organic soils,
particularly when high quantities of fertiliser or manures have been applied (Grant et al.,
2005; Pierzynski et al., 2005). Glasner et al. (2011) found substantial particulate P

leaching during irrigation, though little dissolved Pi or Po was leached.

2.3.2. Mineral P

Apatite (Cajo(X)(POa)s, where X is F-, CI", OH™ or COs*", is the primary source of P in
soil (Pierzynski et al., 2005). Calcium phosphate minerals form a large pool of P in
alkaline soils (Fixen et al., 1983; Lindsay, 1979), particularly in those soils which have
undergone limited weathering, such as some Vertosols in the NGR (Cross and
Schlesinger, 1995; Walker and Syers, 1976). The various CaP minerals are increasingly
soluble below pH 8§; although the rate of dissolution varies with species (Lindsay, 1979),
surface area, co-precipitation and substitution (Pierzynski et al., 2005). Common CaP
minerals in soil, in order of decreasing solubility, are brushite (or dicalcium phosphate
dihydrate, DCPD, CaHPO4:2H>0), monetite (or dicalcium phosphate, DCP, CaHPOs),
octacalcium phosphate (OCP, CagH(POa4)s'5H20), B-tricalcium phosphate (B-TCP,
Ca3(P0Os)2), and the apatites hydroxyapatite (HAp, Cas(PO4);OH) and fluorapatite (FP,
Cas(POg)3F). Strengite and variscite (Fe and Al phosphates) are more stable at acidic pH

levels (Lindsay, 1979; Sato et al., 2005; Wright and Peech, 1960).
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Calcium phosphate minerals in the soil may be native, and include precipitates on calcite
(Lindsay, 1979; Pierzynski et al., 2005). A portion of P applied in fertilisers may initially
react with the soil to precipitate as CaP minerals, and these products are more likely to
comprise the CaP minerals found in non-alkaline soils (Hedley and McLaughlin, 2005). A
greater proportion of P tends to precipitate when applied to alkaline/calcareous soils in
solid granular form compared to liquid fertilisers (Lombi et al., 2006). Calcium phosphate
minerals have been identified by synchrotron based spectroscopy, and inferred via acidic
extractions, in moderately acidic soils: examples of acidic soils containing CaP minerals
include those that have had recent additions of P fertiliser or manures (Beauchemin et al.,
2003; Liu et al., 2015; Sato et al., 2005), but also some that have not had P fertiliser
applied for 15 years (Liu et al., 2015). A further example of moderately acidic soils
containing CaP minerals was reported by Delgado and Torrent (2000), who used a
sequential fractionation procedure to infer the presence of CaP minerals in a soil limed to

ameliorate acidity.

Relatively soluble mineral phosphates in soil are either depleted or transformed to more
stable forms over time. Transformation from more to less soluble CaP forms tends to
increase over time (Alvarez et al., 2004; Bell and Black, 1970b; Lindsay, 1979; Lombi et
al., 2006; Sato et al., 2005). The process of transformation can be relatively slow, with
intermediate forms that are available to plants persisting for months to years (Delgado and
Torrent, 2000; Havlin and Westfall, 1984; Strong and Racz, 1970). Organic matter, e.g.
humic substances, can slow the transformation of Ca-P minerals to more stable forms
(Alvarez et al., 2004; Song et al., 2006). The slower transformation may be due to the
formation of less crystalline species that persist for longer than the intermediate species
that form in their absence, or slowed crystal growth due to adsorption of the organic ligand

onto the seed crystal (Alvarez et al., 2004; Inskeep and Silvertooth, 1988).
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Whilst the solubility products of mineral species may ultimately control the solution P
concentration (Lindsay, 1979), their influence is affected by sorption and desorption
reactions, the slow kinetics of mineral equilibria, and the differing solubilites of pure
minerals, amorphous precipitates and minerals with isomorphous substitution (Fixen et al.,
1983; Havlin and Westfall, 1984; Pierzynski et al., 2005). In addition, sorption may have a
stronger influence on the concentration of P in solution depending on pH. Murrmann and
Peech (1969b) reported on the concentration of P in solution of two soils that had a history
of high P fertiliser application. They manipulated the pH both up and down from the initial
value and found that the concentration of P in solution near pH 8 fitted the OCP isotherm
and below pH 6 was less than that in equilibrium with hydroxyapatite. That is, at low pH
the concentration in solution was controlled by sorption not mineral solubility. Similarly,
(Devau et al., 2009) reported that in soils with a low degree of P saturation (i.e. the ratio
between concentration oxalate-extractable P to the concentration of co-extracted Al and

Fe), sorption controlled the concentration of P in solution.

2.3.3. SorbedP

Compared to the buffering of solution P by mineral precipitation/dissolution, the rate of
sorption processes are rapid (Froelich, 1988; Wang et al., 2013). The equilibration of P in
the soil solution involves sorption and desorption reactions with many types of surfaces
that provide anion exchange capacity. These surfaces include hydrous Al and Fe oxide
minerals and coatings on other surfaces, highly weathered kaolin clay minerals (at low
pH), the edges of clay micelles, clays with structural Fe, carbonates, and organic matter
(Froelich, 1988; Kizewski et al., 2011; Singh and Gilkes, 1992). Surface complexes of P
on Fe and Al oxy/hydroxides, and clay minerals, by ligand exchange of surface OHz or
OH" groups with phosphate initially forms a relatively weak monodentate bond from

which P may readily desorb (Ré4jan and Fox, 1972; Sato and Comerford, 2005).
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Subsequent rearrangement of monodentate bonds can yield stronger bidentate-binuclear
bonds, decreasing P mobility (Borggaard, 1983; Khare et al., 2007; Rajan and Fox, 1972;
Sato and Comerford, 2005; Schwertmann, 2008). Alternatively, Wang et al. (2013) found
that inner sphere sorption onto ferrihydrite, goethite and hematite was mainly binuclear
bidentate. Sorption onto the Fe oxyhydr/oxides was preferentially via exchange with two
Fe-OH,"?" groups, and secondly with a Fe-OH,">" and Fe-OH'"? (Wang et al., 2013). The
initial sorption reactions are thought to occur within minutes to hours (Froelich, 1988),
then slows as the specific adsorption of P makes the surface more negative (Rajan, 1976).
The reactions occur over a wide range of pH (Holford and Mattingly, 1975; Solis and
Torrent, 1989b), but are favoured at low pH due to charge characteristics and the lower
solubility of Al and Fe oxy/hydroxides compared with more crystalline mineral forms in
acidic environments (Goldberg and Sposito, 1984a). Phosphate can sorb to carbonates,
followed by growth of CaP precipitates (Freeman and Rowell, 1981; Wang et al., 2012;
Weng et al., 2012). With the growth of precipitates, occlusion by growth of oxide phases,
or diffusion into Fe oxides, more stable sorption develops over days and months to years
(Barrow, 1983b; Bolan et al., 1985; Castro and Torrent, 1998; Froelich, 1988; Khare et al.,

2005).

The strength of sorption by electrostatic retention tends to decrease as saturation increases
due to decreased binding energy as the distance from the sorption surface of subsequent
orthophosphate ions increases (Barrow and Debnath, 2014; Guppy et al., 2005).
Electrostatic sorption to Al and Fe oxy/ hydroxides in soils may be mediated by the
presence of sorbed Ca, which can have a large influence of P sorption at high pH (Weng et
al., 2011). Whereas P sorption to oxy/hydroxides increases as pH decreases, in soil the
decreasing sorption of Ca to oxyhydroxides at lower pH leads to less P sorption than at

higher pH (Rietra et al., 2001; Weng et al., 2011).
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It is increasingly considered that clays play an important P role in P sorption, though the
extent of their influence is debated. For example, re-analysis of historic data indicates that
surface complexation on clays may be as important to P sorption as that on metal
oxy/hydroxides, influenced by structural Fe in the clays and surface area (Devau et al.,

2009; Devau et al., 2013; Gérard, 2016; Lumsdon, 2012; Weng et al., 2011).

Organic matter variously increases, decreases or does not affect P sorption, and the effects
are sometimes confounded by the inclusion of P in added organic matter (Guppy et al.,
2005). Humic substances may be bound to Fe/Al surfaces blocking phosphate binding
sites and thereby decreasing P adsorption (Moshi et al., 1974; Weng et al., 2012). The
magnitude of the decreased adsorption is dependent on pH (Sibanda and Young, 1986),
and is likely restricted to the rhizosphere as exudates are ephemeral (Guppy et al., 2005).
Conversely, humic substances may inhibit the crystallization of Al and Fe oxy/hydroxides
(Schwertmann, 1966) which maintains greater sorption capacity (Borggaard et al., 1990;
Wang et al., 2013). The formation of ternary complexes of humus-iron-orthophosphate
greatly increases the P adsorption capacity of humus, and the sorption ratio of P:Fe is
greater with humus than as amorphous Fe(IIl) hydroxides (Gerke and Hermann, 1992).
The electrostatic influence of Ca on P sorption was also observed by Gerke and Hermann
(1992), who observed that the greater sorption by ternary complexes was enhanced by Ca

in solution at pH 6.2 but not at pH 5.2.

2.3.4. OrganicP

The proportion of organic P tends to be greater in soils that are relatively more weathered
(Walker and Syers, 1976). Organic P is contained in plant residues and the microbial
biomass, as part of humic molecules, phytate, and a range of other compounds including

phospholipids, DNA and a range of phosphomono- and di- esters (Hesterberg, 2010;
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McLaren et al., 2015c¢; Pierzynski et al., 2005). Phytate has long been considered to
comprise a large proportion of Po, though recent analyses and interpretation of NMR
spectra suggests that phytate has been overestimated (Doolette et al., 2010; Doolette et al.,

2011b; McLaren et al., 2015c).

Up to 75% of P in freshly added organic matter is Pi, and is expected to remain as Pi until
rapid incorporation into Po by soil microbes when there is sufficient soil moisture
(Mclaughlin et al., 1988a). The majority of Po has likely been processed by and released
from microbes rather than being direct plant residues (Kirkby et al., 2013; Mclaughlin et
al., 1988a). Organic P must be mineralised by microbes or and enzymatic hydrolysis to
become available to plants (Guppy and McLaughlin, 2009). In alkaline Vertosols,
McLaren et al. (2014b) found that most of the organic P is not plant available over the

growing season, and that inorganic P was of more importance to P management.

2.4. Processes influencing P mobility between pools

2.41. Phosphorus buffering capacity

Phosphorus buffering capacity is the ability of a soil to maintain a stable concentration of
P in solution as P is added or removed (Holford, 1997). Buffering is a dynamic process
where desorption or dissolution from the solid phase occurs in response to the removal of
P from solution, while sorption, precipitation or immobilisation occurs as P is added to
solution (Pierzynski et al., 2005). Phosphorus buffering is the reason for the widely
observed relatively inefficient uptake of fertilisers (McLaughlin et al., 2011), although it

can also minimise P leaching (Djodjic et al., 2004).

Desorption is a more important process to plants, and it occurs more slowly than sorption
(Pierzynski et al., 2005; Sato and Comerford, 2005). Hysteresis develops between sorption

and desorption as P accumulates in more recalcitrant sorbed and mineral pools over time
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(Barrow, 1983Db). Initial desorption may be relatively rapid in a soil with a high proportion
of labile or weakly held P, but decreases as this pool becomes depleted (Guppy et al.,
2005; Koopmans et al., 2004; Nafiu, 2009). Plants adapt their root morphology and can
alter the soil in the rhizosphere, though highly buffering soils present a clear challenge to
plant growth. When the rate of plant uptake is greater than desorption, dissolution of
mineral species can become an important source of P (Holford, 1997). Holford (1997)
argued that desorption hysteresis observed in between adsorption and desorption in batch
experiments is not so relevant in the soil environment due to rhizosphere modification,

such as exudates or acidification (Marschner et al., 1986a; Richardson et al., 2009).

Desorption from oxy/hydroxides in soil is slow and partly irreversible due to the strength
of specific sorption bonds and occlusion (Cornell and Schwertmann, 2003; Wang et al.,
2013) due to micropores and the formation of binuclear bonds. However, Barrow (1983a)
considered that even the more strongly held P can move into solution if a low enough

solution concentration is maintained.

Changes in the concentration of Ca in solution affect the buffering of P from sorbed and
mineral pools. With sufficient Ca in solution, the addition of P can result in precipitation
of CaP minerals (Tunesi et al., 1999). Conversely, a decrease in the concentration of Ca by
exchange, complexation or uptake, can induce CaP mineral dissolution, as reviewed by

Hinsinger (2001).

Langmuir and Freundlich equations are commonly fitted to sorption isotherm data. There
is some disagreement over the fitting of these alternative curves. The parameters of the
Langmuir equation are used to interpret sorption properties, but the relationships do not
necessarily reflect real phenomena. In addition, the Langmuir equations (single or double

surface) indicate a constant affinity for sorption though this is not observed in practice
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(Barrow, 2008). For better data fitting and conceptual reasons, Barrow (2008) preferred

the Freundlich equation.

2.4.2. Fluctuations between reducing and oxidising conditions

Fluctuations between reducing and oxidizing conditions in the soil are important because
plant uptake of P ceases soon after the onset of waterlogging, with significant yield
penalties if waterlogging occurs at sensitive growth stages (e.g. anthesis) (de San
Celedonio et al., 2014; DeLaune et al., 1999; Dodd et al., 2013). Reducing conditions
develop in soils when O> supply does not meet the biological oxygen demand. This begins
to occur within hours of waterlogging due to slow diffusion of O2, which is more than
10,000 times slower in soil than through air (Ponnamperuma, 1972; Vepraskas and
Sprecher, 1994). The occurrence and rate of development of reduced conditions is
heterogeneous within a soil, and is influenced by microbial activity, and the concentration
and lability of organic matter (Grunth et al., 2008), soil porosity and related factors such as
sodicity (Dodd et al., 2013). As Oz is depleted, a wide range of fungi and bacteria (Lovley,
1991) can reduce NOs, Mn, Fe, SO4 or CO, occurring sequentially in that order
(Shahandeh et al., 2003; Vepraskas and Sprecher, 1994). In acidic soils, pH rises in
anaerobic conditions as NO3, Mn(IV) and Fe(III) are reduced, whilst in calcareous soils,
pH falls as CO; in the soil water reacts to form H" and HCOs™ (Hesterberg, 2010; Kovar
and Classens, 2005). Near the growing root tip, reducing conditions generated due to
cellular respiration and microbial decomposition of organic matter can also occur

(Marschner et al., 1986b).

Hydrologic equilibration can be slow as the rate of water flow in fine soil pores is very
slow. The solum may therefore contain aerated macropores or cracks within a reduced

matrix (Jacob et al., 1997; Page et al., 2002). Vertosols have dynamic porosity
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characteristics, particularly in cracking clay soils, where permeability may vary by over

two orders of magnitude across short distances (Wells et al., 2007).

Although P is not directly involved in reduction processes (Scalenghe et al., 2002), the
concentration of P in solution generally increases as soils become reduced due to reductive
dissolution of Fe(IIl) and associated P, the release of P from microbial biomass and P-
iron-humus complexes, and the trend toward pH neutrality (Géachter et al., 1988;
Hutchison and Hesterberg, 2004; Kovar and Classens, 2005; Paige et al., 1997; Stumm
and Sulzberger, 1992). The greater the Fe content reduced, and the greater the degree of P
saturation of Fe sites, the more P is released into solution (Pierzynski et al., 2005;
Scalenghe et al., 2002; Shao et al., 2006). When (pe+pH) <12, redox potential increases
the solubility of P and Fe (Lindsay, 1979), although this varies between soils (Lefroy et
al., 1993) Indirectly, hydrogen sulfide produced by microbial reduction of sulfate may also
contribute to an increase in the concentration of P in solution by converting the iron

phosphate to ferrous sulfide (Welp et al. (1983); cited in Lefroy et al. (1993)).

Phosphorus released during Fe reduction may be removed from solution, for example by
Al (Murray and Hesterberg, 2006) or Fe(II) minerals (Barber, 2002). As wet soils dry out
and oxidizing conditions return, Fe(IIl) oxy/hydroxides form and resorb P (Willett, 1989;
Willett et al., 1978), and Fe(III) phosphates precipitate (Abdu, 2006). However, the aging
of oxy/hydroxides (e.g. transformation of the high surface area ferrihydrite to minerals
with lower surface area, e.g. goethite or hematite (Schwertmann, 2008), gradually

diminishes P sorption capacity (Parfitt, 1989).

Reducing conditions have been considered to be not important in alkaline soils due to a
lack of reductant-soluble P (Reddy and Patrick, 1983). However, as Adhami et al. (2012)
found, more substantial proportions of applied P were transformed into Al- and Fe-P

fractions in highly calcareous soils, than previously reported, indicating that reducing
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conditions may influence P mobility. Iron compounds may not be a dominant P sink in the
Vertosols of the NGR, however an increase in sorption may contribute to lowering the P
concentration in solution. Soils waterlogged for relatively short time periods, and that
contain low concentrations of organic matter, would undergo lesser changes to sorption
properties (Willett and Higgins, 1978), particularly at neutral to alkaline pH (Willett,

1989).

2.4.3. Acidification

As pH decreases below 8, CaP minerals become increasing unstable, the dissolution of
CaP minerals may directly replenish solution P (Lindsay, 1979; Marschner et al., 1986a).
This potential replenishment applies equally to acidification of the solum and to microsites
within it, which is a potential mechanism for the depletion of acid soluble P by agricultural

production (Dalal, 1997; Wang et al., 2007).

Rhizosphere acidification by 2 pH units (Grinsted et al., 1982; Hinsinger and Gilkes,
1995; Youssef and Chino, 1989) or as much as 2.7 pH units (Dinkelaker et al., 1989) — has
been measured in neutral and alkaline soils for various species of brassicas, cereals and
legumes, with the latter generally most effective at decreasing the pH of the rhizosphere
(Gollany and Schumacher, 1993). With acidification, the presence of Ca:P ratios in the
soil solution close to those of CaP minerals may also indicate dissolution of CaP minerals
(Bell and Mika, 1979; Lindsay, 1979; Nezat et al., 2008). Rhizosphere acidification has
been associated with plant uptake of P both from solution (Dinkelaker et al., 1989;
Hinsinger and Gilkes, 1995) and directly from CaP (Blum et al., 2002; Lehr and Brown,
1958). Rhizosphere acidification, therefore, may be the process behind the depletion of
acid soluble reserve-P in the Vertosols of the NGR (Chan et al., 1988; Dalal, 1997; Wang

et al., 2007) and elsewhere (Pundarikakshudu, 1989; Solis and Torrent, 1989a).
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The degree of acidification is affected by the soil pH buffer capacity, which is influenced
by clay type and content (Volk and Jackson, 1963), organic matter (Ritchie and Dolling,
1985), and mineral components such as calcite (Lund et al., 1975) and dolomite (Ebeling
et al., 2008) as well as the form and concentration of CaP (Hinsinger, 2001; Hinsinger and
Gilkes, 1995). The availability of CaP minerals to plants is therefore likely to differ
between species and genotypes in proportion to their capacity to acidify the rhizosphere
and decrease the concentration of P in the soil solution (Conyers and Moody, 2009;
Fageria and Stone, 2006; Gollany and Schumacher, 1993; Grinsted et al., 1982; Hinsinger,
2001; Hinsinger and Gilkes, 1995; Marschner et al., 1986a; Schachtman et al., 1998).
However, rhizosphere acidification is energy expensive for plants, and if the pH buffer
capacity of the soil is large, the acidification capability of some plant species or genotypes
may be insufficient to access acid soluble P (Lynch and Ho, 2005; Schubert et al., 1990).
Rhizosphere acidification need be sustained only long enough to release P in the localised
parts of the root zone actively taking up nutrients. This would minimise the energy cost

(Gollany and Schumacher, 1993; Marschner et al., 1986a).

The potential availability of sorbed P or mineral CaP phases by acidification has been
exploited by the application of elemental sulfur (S°) or sulfuric acid (H2SO4). The acidity
generated by microbial oxidation of S° may increase plant available P from rock P and soil
apatite, though effects are generally confined to the surface where S’ is applied (Jaggi et
al., 2005; Modaihsh et al., 1989). In a greenhouse trial, the co-application of S® with rock
phosphate increased P uptake from the rock phosphate and doubled the yield of maize
(Matamwa et al., 2015). With the application of H2SO4 to alkaline soils, Khorsandi (1994)
found increased bicarbonate-extractable P, P uptake and sorghum yields before pH
buffered. In addition to causing the dissolution of CaP minerals, soil acidification has
increased solution P concentrations in neutral and acidic soils (Barrow, 1984; Devau et al.,

2009; Weng et al., 2011). In these cases Ca*" may be desorbed from the surfaces, and the
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subsequent increase in their net negative charge increases the electrostatic repulsion of

orthophosphate anions (Weng et al., 2011).

2.5. Soil phosphorus testing

The predictive strength of soil P testing is crucial for fertility management. The definition
of critical P levels in soil tests is complicated by the effects on P uptake of diverse soil,
plant and environmental factors. These factors include: P diffusion, soil type, soil
physicochemical and biological factors, season (including rainfall amount and
distribution), and crop physiology (McLaughlin et al., 1999; Moody and Bolland, 1999).
In addition, the processes of grinding, sieving and mixing in preparation for analysis can

create artefacts in the behaviour of soil P in the laboratory (McLaughlin et al., 1999).

Given the complexity of P behaviour in soils and of plant/soil interactions described
above, it would be naive to expect a chemical extraction to be strongly predictive of P
uptake by a wide range of plants on a wide range of soils. The large range of test methods
proposed for the purpose is testament to this prediction. At best a P test provides a relative
estimate of P availability (Sibbesen, 1983), and its effectiveness increases the better it
correlates with plant uptake (McLaughlin et al., 1999). In practice, reliability is therefore
often limited to particular conditions (Myers et al., 2005). Further, the ‘critical value’ of
the most suitable test for a soil can vary between plant species which have different rates
of demand for P (Moody et al., 1997; Moody et al., 1990). Given this high degree of
complexity, Holford and Doyle (1992) considered the development of a universal measure
for labile P to be unlikely. Nonetheless, correlations between test values and plant uptake
or fertiliser requirement can be improved by accounting for different soil properties which

affect P availability (Colwell and Donnelly, 1971).
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Soil P tests can be grouped into five types: 1. dissolution in water, dilute salt solutions or
acidic solutions; 2. adding anionic sinks to the water or salt extractions; 3. desorption and
ion exchange; 4. isotopic exchange (Chardon et al., 1996); and 5. measures of P buffering
capacity (Barrow, 2000; Bolland and Windsor, 2007; Bowman and Olsen, 1985; Sibbesen,

1983).

2.51. Type 1P tests: dissolution in water, dilute salt solutions

or acidic solutions

The water, dilute salt solutions (e.g. 0.005-0.01 M CaCl, (Rayment and Lyons, 2011),
dilute KCI (Holford and Doyle, 1992)) and acid methods of Type 1 provide a measure of
the P in the soil solution (Bache and Williams, 1971). Acid extractants of various
concentrations, such as dilute HoSO4 (Kerr and von Stieglitz, 1938; Truog, 1930), Mehlich
1 (0.05 N HCI and 0.025 N H2SO4) (Mehlich, 1953) and HCI (Barber, 1958; Warren and
Cooke, 1965), can be well suited to acidic, low cation exchange capacity soils. The
method of Kerr and von Stieglitz (1938), commonly known in Australia as the Bureau of
Sugar Experimental Stations (BSES) was modified from the Truog (1930) procedure for
acidic soils under sugar cane in Australia. In alkaline soils, however, the acidic extractants
may overestimate available P by dissolving more P (i.e. CaP minerals) than is available to
plants in a growing season (Tiessen and Moir, 2008). Acidic extractions may also operate
partly as Type 3 tests, desorbing P from Al and Fe oxyhydroxides. Acidic extractions have
also been used in fractionation schemes or to estimate mineral or reserve supplies of P

(Guppy et al., 2000; Hedley et al., 1982b; McLaren et al., 2014a).
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2.5.2. Type 2 P tests: anionic sinks to the water or salt

extractions

Type 2 methods include anion exchange resins (AER) or AEM, iron oxide impregnated
paper strips (FeO) and diffuse gradients in thin films (DGT). The FeO and DGT have a
similar sink (ferrihydrite), as generally do the AEM and AER (Amer et al., 1955; Chardon
et al., 1996; Guo et al., 1996; Mason et al., 2010; Myers et al., 2005; Skogley and
Dobermann, 1996). In contrast to other test methods in which P accumulates in the
extracting solution, these procedures remove P from solution. For P extraction, the AEM,
AER and FeO are generally tumbled in a soil suspension, and the DGT are commonly
placed on the surface of moist soil, though all may be used both ir sifu and in suspension
(Mason et al., 2010; Menon et al., 1990; Qian and Schoenau, 2002; Santner et al., 2015).
The development of AEM removed much of the difficulty of managing separate particles
of resin (Saunders, 1964) and AEM have replaced AER use. The AEM are generally
saturated with HCO3™ or CI™ as the counter-ion (Mclaughlin et al., 1994; Myers et al.,

2005).

The type 2 tests are considered to measure P obtained from solution, desorption and
dissolution (Moody et al., 2013), and as such provide an indication of the concentration
and rate of P released to solution (Tiessen and Moir, 2008). They mimic the plant root by
acting as a P sink, and supposedly do not react with the soil (Mason et al., 2010; Menon et
al., 1989; Tiessen and Moir, 2008). However, the pH of the soil suspension can be affected
by using HCO3™ as the counter-ion instead of CI™ (Myers et al., 2005). The FeO can
acidify the soil solution (Myers et al., 2005), and the DGT sink may have a similar
acidifying effect. In addition, possible contamination with fine sediment on the FeO
impregnated paper may give elevated results if the sediment is not carefully removed prior

to elution (Chardon et al., 1996; Lookman et al., 1995). The ferrihydrite gel used in the
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DGT test is more specific to P sorption than the AER or AEM (Mason et al., 2010), so
may be more representative of the selective uptake of P by plants (Schachtman et al.,
1998). The thin diffusion barrier used in DGT is designed to control the rate of P sorption,
to more closely mimic P uptake by plant roots, relative to the otherwise uncontrolled rate

of sorption by resins or FeO in direct contact with the solution (Mason et al., 2010).

2.5.3. Type 3 P tests: desorption and ion exchange

Type 3 methods attempt to extract a measure of labile P that replenishes the soil solution
during a growing season (Bache and Williams, 1971), using various exchange ions in
solutions of differing pH. Many tests have been developed around the world. Examples of
acidic methods include the Mehlich 2, and 3 (Mehlich, 1984) and Bray-1 and Bray-2 tests
(Bray and Kurtz, 1945). The Mehlich-3 extractant (0.2 N CH3COOH + 0.25 N NH4NO; +
0.015 N NH4F + 0.013 N HNOs + 0.001 M EDTA) was developed to be applicable for a
wide range of nutrients and be less corrosive to laboratory equipment than earlier versions.
The weakly acidic Bray-1 (0.025 M HCI + 0.03 M NH4F) and more strongly acidic Bray-2
(0.1 M HCI + 0.03 M NH4F) more closely reflect labile P , use NH4F intended to extract
mainly sorbed Al-P and HCI dissolving CaP minerals (Tandon et al., 1967). However the
acids can be neutralised in calcareous soils, and even in neutral soils for Bray 1, giving
variable results depending on soil pH buffer capacity (Holford and Doyle, 1992). Low
Bray-P values can also result from poor extraction due to the F exchanging anion
precipitating with Ca (Fixen and Grove, 1990). The neutralisation of Bray-1 in alkaline
soils may be primarily due to calcite more so than dolomite as the latter does not dissolve
quickly enough to neutralise the acid in the short extraction period (Ebeling et al., 2008).
The search for more broadly applicable and multi-nutrient extractions led to the
development of the Kewlona extraction (0.25 N HOAc + 0.015 N NH4F, and versions

modified with acetic acid) used in Canada (van Lierop, 1988).
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Oxalate extractable-P is used as an estimate of sorbed P, and to provide a measure of the
degree of saturation of sorption sites (e.g. Devau et al., 2009; Maguire and Sims, 2002;
Pautler and Sims, 2000). Oxalate extractable P may overestimate available P (van der Zee
et al., 1987), and is not applicable to soils containing CaP minerals as they are dissolved
by the acidic extractant (Uusitalo and Tuhkanen, 2000). The degree of P saturation of
sorption sites may be estimated using sorption isotherms, or as the proportion of oxalate
extracted P of the sum of the co-extracted Al and Fe (Borling et al., 2001; Freese et al.,

1992), or oxalate extractable Al and pH in neutral — alkaline soils (Renneson et al., 2015).

The 0.5 M sodium bicarbonate solution used in the Olsen-P method was designed for
neutral to alkaline and calcareous soils (Olsen et al., 1954). The procedure desorbs P from
Fe oxides and carbonates, and by decreasing the activity of Al and Ca, minimises
precipitation of P and enhances Ca-P mineral dissolution (Olsen et al., 1954; Samadi and
Gilkes, 1998; Tiessen and Moir, 2008). The Colwell P test (Colwell-P) is a modification
of the Olsen test, and performed using a greater ratio of solution to soil and a longer
extraction period (Colwell, 1963) it extracts a greater quantity of P (Tiessen and Moir,
2008). Colwell-P has been correlated with sorbed P (Barrow, 2000), though a portion of
mineral P is also extracted (Bertrand et al., 2003; Holford and Doyle, 1992). The
bicarbonate extracts typically include non-orthophosphate P, particularly extracts that have
a yellow colour that indicates organic matter (Coventry et al., 2001; Tiessen and Moir,
2008). This can be more pronounced in Olsen extracts (Rayment and Lyons, 2011). The
greater dilution in the Colwell method compared to the Olsen method increases the
solubilisation of less labile forms which may not represent plant available P (Bertrand et
al., 2003; Mason et al., 2010). Phosphorus buffer capacity affects the concentration of P
extracted in the bicarbonate procedures, so their reliability is improved by use in

conjunction with a measure of P buffer capacity (Burkitt et al., 2002).
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2.5.4. Type 4 P tests: isotopic exchange

The Type 4 methods may be considered a variant of Type 3 methods, with the exchange
anion being identical to natural orthophosphate except that it is labelled with 3P or 3P.
Measures of isotopically exchangeable P are the £ value and L value. The E value is
measured on soil solutions equilibrated for a certain period. Short periods represent Pi
exchanged on soil surfaces, and longer periods can be correlated to bicarbonate-P and
plant uptake (Di et al., 1997). The L value assumes equilibrium of labelled P and labile P,
though this may not hold in practice (Di et al., 1997). Isotopic methods can indicate rates
and concentrations of P uptake from the soil, the mineralisation of organic matter, and the
fate of applied fertiliser (Mclaughlin et al., 1988a; Mclaughlin et al., 1988b; Mclaughlin et
al., 1988c). Isotope studies provide valuable information on the cycling between pools of
P applied in organic residues or fertiliser in the short term, but the short life of *?P and **P
isotopes prevents studies of the fate of residual P over the longer term (Mclaughlin et al.,

1988a).

2.5.5. Type 5 P tests: buffering capacity

Type 5 tests measure aspects of P buffering, which involves sorption-desorption and
dissolution-precipitation processes. These methods include the addition of increasing
concentrations of P, or multiple desorption steps, to establish sorption isotherms. Sorption
isotherms are curvilinear relationships between the concentration of P remaining in
solution and the concentration added or removed (Barrow, 2008; Holford, 1982). A range
of single or double point sorption indices have been developed to avoid the time
consuming requirement of multiple measurements (e.g. Bache and Williams, 1971;

Bolland et al., 1996; Borling et al., 2001; Simard et al., 1994; Willett et al., 1978).
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The usefulness of P adsorption buffer capacity to assess P availability depends on how
closely it matches desorption, and the comparison shows that desorption exhibits
hysteresis (Moody et al., 1988). Adsorption measures remain more frequently used than
desorption measures as they are easier to establish, even though (Moody et al., 1988)
found that more of the variance in P uptake by maize was described when Colwell-P was
combined with a P desorption measure. Ozanne and Shaw (1967) developed the
phosphorus buffering capacity (PBC) to guide fertiliser requirement in low P soils in
Western Australia. This measure was widely used in Australia to adjust critical Colwell
values (Bolland and Gilkes, 2004; Helyar and Spencer, 1977). The PBC is the amount of P
sorbed to increase the P concentration remaining in solution from 0.25 to 0.35 mg/L, with
these values selected to represent a fertile soil P concentration. Due to the requirement for
multiple P additions to establish the PBC, and limitations of earlier single point indices,
Burkitt et al. (2002) developed another single point estimate of the PBC, termed the
phosphorus buffering index (PBI). The PBI is calculated from the concentration of P
remaining in solution after adding a solution containing 1000 mg P kg ! soil using a
Freundlich equation, and may include the value of bicarbonate extractable P to account for
P already sorbed by the soil (Barrow, 2000; Burkitt et al., 2002; Burkitt et al., 2008). The
PBI is now used to adjust critical Colwell and Olsen benchmarks between soils and to

guide fertiliser applications in Australia (Bell et al., 2013b; Moody, 2007).

Buffer capacity isotherms or indices are sometimes used to estimate total sorption
capacity. The sorption capacity is used to assess the lability of sorbed P, and of the degree
of P saturation, both of which are important factors in managing fertiliser application and
minimising off-site impacts (Barrow, 1983a; Barrow and Debnath, 2014). Methods to
estimate sorption capacity include using the P sorption isotherm (Holford, 1997), P sorbed
in single saturating additions or soil properties such as the concentration of oxalate-

extractable Al and Fe (van der Zee and van Riemsdijk, 1988) and pH (Renneson et al.,
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2015), Mehlich-3 extractable Al, Fe or Ca and clay (Kleinman and Sharpley, 2002). The
accuracy of the oxalate extractable Fe and Al to provide a quantity measure of buffer
capacity is limited due to the oxalate being correlated with poorly crystalline minerals, but
not specific to them, as well as the extract not assessing the P sorption of more crystalline
minerals (Schwertmann, 1973) or other surfaces (Gérard, 2016). In neutral to alkaline
soils, the use of oxalate extractable Al with pH (Renneson et al., 2015), or Mehlich-3
extractable Ca with Mg (Ige et al., 2005) or clay (Kleinman and Sharpley, 2002) are

suitable methods to estimate P sorption capacity.

2.5.6. Use of soil P tests for plant nutrition management

Development of the above tests, and many more besides, reflects the difficulty in
correlating a test value with a plant response, and even worse, with a fertiliser requirement
(Devau et al., 2009; Tiessen and Moir, 2008). Many studies have reported on the efficacy
of tests for various locations, soils and plant responses, fundamentally attempting to
describe labile P for particular soil, plant and seasonal circumstances (Holford, 1997).
Many of the tests have been found to apply in certain circumstances, but results can be
inconsistent or not broadly applicable. Tests may also fail to find universal acceptance
because of the work required to calibrate test values against plant responses from deficient

through adequate to luxury levels, so that critical ranges can be estimated (McLaughlin et

al., 1999).

The concentrations measured in the water and dilute salt extracts of Type 1 are low in air
dried soils and fluctuate with plant uptake and soil processes (Holford, 1997). Due to this
variability, they are not commonly used for agronomic management in Australia (Holford,
1997). In addition the better relationships of CaClz-P with plant uptake and yield

compared to Colwell-P previously observed (e.g. Moody et al., 1988; Moody et al., 1990;
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Moody et al., 1983) have been superseded by using measures of P buffer capacity to adjust

critical Colwell-P values (Moody, 2007; Speirs et al., 2013).

There are myriad reports of the application of soil P test procedures to production, and a
sample of these applicable to alkaline soils follows. Indiati et al. (2002) found AEM to be
better correlated to P uptake by maize (r* = 0.88) than Olsen (1> = 0.77), FeO (1? = 0.74),
and Mehlich-3 (r* = 0.75) in neutral to alkaline soils. Used together with a cation exchange
resin, the extraction of P by AEM may better mimic plant uptake of nutrients from the soil
(Dalal, 1985); however the combined sinks may also extract P that is not available to
plants (Delgado and Torrent, 2000; Warren and Sahrawat, 1993). Dry matter production of
maize was equally correlated with FeO-P and Olsen-P (12 = 0.96) on calcareous soils
(Menon et al., 1991). Bertrand et al. (2003) found that AEM-P was better correlated with
isotopically exchangeable P (r* = 0.6) than Colwell-P (r*> = 0.44). Mason et al. (2010)
found that the DGT correctly predicted yield response in 18 of 20 cases, compared to 14
and 11 cases for AEM and Colwell (adjusted for PBI), respectively. The DGT P values
may relate more closely to plant available P than do P extracted using FeO or AEM (Guo
et al., 1996; Six et al., 2012), though the main benefit of DGT over other soil test methods
in Australia appears to be on calcareous soils (Speirs et al., 2013). Tiessen and Moir
(2008) suggested the use of P sinks was appropriate to assess the amounts and rates of P
release to solution. Multiple sink extractions, with either AEM or AER (Bache and
Ireland, 1980; Delgado and Torrent, 2000; Nafiu, 2009; Roboredo and Coutinho, 2006;
Sato and Comerford, 2006; Uusitalo and Tuhkanen, 2000) or FeO (Chardon et al., 1996;
Lookman et al., 1995; McLaren et al., 2014a) have been used to investigate P desorption
or the replenishment of labile pools. These multiple extraction studies generally report

progressively diminishing concentrations of P as the remaining P is more tightly retained.

32



The following sample of reports indicates the suitability of these and other tests on a wider
range of soils. Lin et al. (1991) found P uptake by wheat was better correlated with AEM
(r? = 0.84) and FeO (r* = 0.83) than with Olsen-P (r*> = 0.75), while Mehlich-1 and Bray-1
were not correlated across a wide range of soils with Olsen-P < 55 mg kg™!. Mallarino
and Atia (2005) found that the soil P test value between the Mehlich-3, AEM (HCO3~
form), Olsen-P across a range of soil types were correlated (r* > 0.84), and equally
effective at predicting a critical range for corn yield (mean relative yield response > 92%).
However, others have been found Mehlich-3 to extract large amounts of non-labile P and
be poorly correlated with yield in a range of soils (n.s. Holford (1980b), r = 0.39 Speirs et
al. (2013)). Bray-1 has been recommended over other acidic extracts and Olsen for rice
culture (Anh and Phung, 2004), and broadly for soils low in calcite (Ebeling et al., 2008).
In a review of three studies comparing the effectiveness of various tests including the
bicarbonate and Bray methods on acidic to alkaline calcareous soils, Holford (1997)
reported on the correlation with yield on a range of soil types varying in pH for the Bray-2
compared to Colwell-P and Olsen-P in three different trials. Relative wheat yield from
field trials on soils with pH ranging from 5.5 to 8.1 were better correlated to Bray-2 than
Olsen and Colwell (r*> = 0.62, 0.51 and 0.4, respectively) but slightly worse after adjusting
for P buffering (1> = 0.65, 0.74 and 0.72) (Holford, 1980a). In a glasshouse experiment
with soils ranging from pH 5.4 to 8.1, relative yield of clover was slightly better correlated
with Bray-2 than Olsen and Colwell (r = 0.94, 0.92 and 0.83 , respectively) (Holford,
1980b). In the third instance, wheat yield on soils ranging in pH from 4.8 to 7.7 was better
correlated over 4 years with Bray-2 than Olsen and Colwell (Bray-2 r* = 0.47 to 0.59;
Olsen-P and Colwell-P r? <0.29, and were not improved by measures of sorptivity)
(Holford and Doyle, 1992). In the review, (Holford, 1997) also found the correlations
were better for the soil tests less correlated with exchangeable P (i.e Bray-2 and lactate-P

compared to Olsen-P and Colwell-P), which he interpreted as indicating that non-
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exchangeable pools are an important source of plant available P . The Kewlona soil test,
used on soils with a wide range of pH in Canada, correlate with bicarbonate extracts and
may better predict relative yield (e.g. r = 0.71 cf 0.6) (Ashworth and Mrazek, 1995; Soon,

1990; van Lierop, 1988).

It is an article of faith that isotopically exchangeable P equates with labile P (Guppy et al.,
2005); however, the review by Holford (1997) suggested that mineral P may contribute to
P uptake by crops. Wang et al. (2007) found that HCl-soluble P was contributing to the
replenishment of labile pools over the medium term (years to decades) in the NGR, and
similar trends have been reported in the region (Dalal, 1997) and elsewhere (Guo et al.,
2000; Pundarikakshudu, 1989; Shailaja and Sahrawat, 1990). The BSES method, while
developed for acidic soils, has recently been used to indicate acid-soluble reserve-P that
may slowly replenish Colwell-P (McLaren et al., 2014a; Moody et al., 2013). The
difficulty in estimating the supply of reserve-P to labile-P is illustrated by the weaker
correlation between BSES-P and both Colwell-P and Olsen-P in soils with substantial
reserve-P compared to those with low reserve-P (Moody et al., 2013). McLaren et al.
(2014a) proposed that reserve-P can contribute to the slow replenishment of the soil
solution above that of Colwell-P when the Ca:P in the BSES extract is less than 74:1 on a

mass basis, or 57:1 on a molar basis.

Moody (1991) argued that it is imperative that measures of labile P, the intensity of P in
solution, and P buffer capacity be measured. The value of Colwell-P/PBI can be correlated
with the solution intensity of P (estimated as CaCl>-P or and FeO-P) (Moody, 2011;
Moody et al., 2013). Further, by using the PBI, critical Colwell-P values can be refined,
and fertiliser P requirements predicted (Burkitt et al., 2002; Moody, 2007; Speirs et al.,
2013), and as an environmental risk assessment of P in runoff (Dougherty et al., 2011). As

well as being used to complement Colwell values, a measure of P buffering capacity has
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also been found to improve yield correlations for Olsen (Burkitt et al., 2002), BSES
(Hurney et al., 2010), solution P (Holford and Mattingly, 1979), Bray-1 and exchangeable-

P (Holford, 1997).

Difficulty still exists with bicarbonate procedures due to the possible extraction of non-
orthophosphate P that may not be plant available (Coventry et al., 2001), and the
extraction of P that is not available to plants in calcareous soils compared to limed acidic
soils (Delgado and Torrent, 2000). While the PBI adjustment improves the reliability of
Colwell-P for fertility management, factors such as other soil properties, environment,
management practices and species still need to be considered (Bolland and Gilkes, 2004;
Speirs et al., 2013). It has been considered that the existing sorbed P be accounted for
when calculating the PBI (Barrow, 2000), for example by subtracting the Colwell-P value
(Burkitt et al., 2002); however the author subsequently recommended that this adjustment
not be done as it can mask changes that occur in sorption capacity after fertiliser

application Burkitt et al. (2008).

In the alkaline Vertosols in the NGR, the pool of acid soluble reserve-P appears to be an
important source of P nutrition (Wang et al., 2007). However, Moody et al. (2013) did not
find evidence to suggest that reserve-P contributes to the concentration of P in solution,
and (Moody, 2007) recommended that PBI and Colwell be used throughout Australia for
agronomic management as a pragmatic option to capture the quantity of labile-P and
buffer capacity. Recent reviews of Australian data and testing of archived samples
supported this recommendation, except for calcareous soils where the DGT was most
suitable (Speirs et al., 2013), though the wide confidence intervals for critical values
indicate that there remains potential to improve the understanding of P mobility and
agronomic management. The finding of (McLaren et al., 2014a) that the quantity of

reserve-P may slowly replenish Colwell-P given certain thresholds (BSES-P > 61 mg kg™
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and molar Ca:P < 57) suggests that closer examination of soil properties is warranted. In
addition, acid soluble P has been considered a labile pool of P in alkaline soils (Guo et al.,
2000; McKenzie et al., 1992; Pundarikakshudu, 1989; Truog, 1930). Considering the
processes of rhizosphere acidification and the incremental, ongoing uptake of P from
solution by plants, a fresh look at soil properties and P extraction with existing tests may

be useful.

2.6. Soil phosphorus characterisation

Most of the soil P tests described are used for agronomic management. More involved
techniques are used to research the relationships of P to other soil constituents, partitioning
based on extractability, and repartitioning of P over the longer term. Broadly, these
techniques are fractionation schemes using a series of different extractants, sophisticated
spectroscopy, and modelling techniques. Studies that use a combination of techniques

provide important insights into P speciation and mobility.

2.6.1. Phosphorus fractionation schemes

Phosphorus fractionation schemes are used to estimate the proportions of soil P in pools of
different solubility. The schemes are designed to sequentially extract P from increasingly
resistant pools, using increasingly strong extractants. Many different schemes have been
developed to investigate P transformations in different soils and sediments (see Condron
and Newman, 2011). Perhaps the most well-known and widely used are the Hedley et al.
(1982b), and Chang and Jackson (1957) schemes or subsequent derivations. By using
various extractants that can solubilise P from synthesised P compounds, and alternatively
not dissolve other compounds, the concentration of P extracted at each step is inferred to
be primarily associated with particular components in the soil, e.g. labile, Al-sorbed, Fe-

sorbed, CaP minerals and resistant pools (Adhami et al., 2007; Tiessen and Moir, 2008).
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Limitations of the schemes to assign extracted P to a particular pool are profound and
include: a lack of selectivity for the proposed fractions; that Po is not as well defined as Pi;
and that each step can affect the remaining forms (O'Halloran and Cade-Menun, 2008;

Schwertmann, 1973; Stewart and Tiessen, 1987; Tiessen and Moir, 2008).

Despite the limitations of fractionation schemes, when selected and used with
consideration of their limitations, they can provide valuable information on a range of soil
P processes (Condron and Newman, 2011). Examples include investigations on: the
repartitioning of P due to waterlogging (Adhami et al., 2012); transformation of P after the
application of fertiliser or manures (Delgado and Torrent, 2000; Kashem et al., 2004; Liu
et al., 2015; Vu et al.,, 2010); the forms of P depleted during agricultural production (Wang

et al., 2007); and the transformation of P during pedogenesis (Sato et al., 2009).

The classification of P is greatly improved when used in conjunction with solid state
speciation, such as *'P NMR or XANES (Condron and Newman, 2011). Importantly, the
restrictions of access and cost of these technologies mean that fractionation schemes alone
rather than in conjunction with solid state speciation remain a commonly used technique

to characterise soil P.

2.6.2. Spectroscopic identification

Direct techniques such as nuclear magnetic resonance, X-ray diffraction, and infrared or
Raman spectroscopy can complement indirect techniques; however, speciation or
quantification is limited by high detection limits, interference from other soil constituents,
or a lack of identifiable features (Bell and Black, 1970a; Kizewski et al., 2011; McDowell
et al., 2003a; McDowell et al., 2003b; Pierzynski et al., 1990b; Pierzynski et al., 2005; Xu

et al., 2014).
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3P NMR has provided valuable insights into the composition of soil P, particularly
organic P (Doolette et al., 2011a; McLaren et al., 2015¢). However, variable extraction of
soil P and possible transformation of species during extracted with sodium hydroxide—
ethylenediaminetetra-acetic acid (NaOH-EDTA) for solution *'P NMR leaves a still
incomplete picture (Kizewski et al., 2011; Kruse et al., 2015). Despite paramagnetic
interference from Fe, solid state NMR also provides valuable insights on P mobility and
speciation, however only 10-20% of the P atoms in a sample are detected (Kizewski et al.,
2011). Insights from NMR include the identification of CaP mineral and sorbed species
contributing to P mobility (Maguire and Sims, 2002), clarification of the abundance and
stability of Po forms (McLaren et al., 2015c¢), notably phytate (Doolette et al., 2010;

Doolette et al., 2011a) and the fate of P fertiliser (McLaren et al., 2015b).

The increasing use of XANES over the last two decades has enabled different mineral and
sorbed P species to be identified, and their concentrations estimated, using linear
combination fitting (LCF) of standard spectra (Ajiboye et al., 2007b; Hesterberg, 2010).
Linear combination fitting is less reliable when minerals are less crystalline and contain
more impurities in soil compared with synthesized or geological minerals (Hesterberg,
2010). In addition, the spectra are generally only adequately resolved to allow
identification of three or four species (Kizewski et al., 2011), and still the statistical fitting
can give ambiguous results (Kelly et al., 2008; Kruse et al., 2015). Sorbed species may
present similar spectra in XANES, but be better resolved with X-ray absorption fine edge
spectroscopy (EXAFS) (Kelly et al., 2008). A further limitation is that the spectra of
organic P species are similar and lacking in features when measured with P K-edge
XANES (the technique most commonly used) ; consequently, organic P species are
generally only broadly classified (Hesterberg, 2010). Nonetheless, XANES investigations
have identified P associated with Ca, Fe and Al in mineral and sorbed phases of various
soils (e.g. Beauchemin et al., 2003; Lombi et al., 2006; Sato et al., 2005), including
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Vertosols (Ajiboye et al., 2008). Most investigations have been conducted on soils with
relatively high P concentrations (e.g. > 800 mg P kg!) or upon the addition of P fertiliser
or P-rich amendments, as the similar spectral features of CaP species and the poor spectral
quality at P concentrations close to the detection limit of the beamline limits the accuracy
of LCF (Liu et al., 2015; Oxmann, 2013). Recently, Klysubun et al. (2012) reported P K—
edge XANES spectra collected at low total P concentrations (~50 mg kg™!) at beamline
BL8 of the Synchrotron Light Research Institute (SLRI, Thailand). This enabled
identification of P species in a catena (Prietzel et al., 2013), and P K-edge XANES may

be well suited to identifying CaP in at relatively low concentrations.

Spectra of XANES and the P L3 edge have more spectral features than the P K-edge, not
only mineral species including CaP minerals, but also organic P species (Kruse et al.,
2009), however the higher detection limit restricts it broader use with soils. Finer scale
micro- or nano- P K-edge XANES has also been used to characterise P species in soil
samples. This has the benefit over bulk XANES of enabling better identification of P
species and associations in regions of high concentrations (Lombi et al., 2006; Schefe et
al., 2011). However, observing differences between treatments is more difficult (Schefe et

al., 2011).

2.6.3. Speciation modelling

Solution chemistry may be used to compare the status of a system with standard solubility
products to indicate the degree of saturation with respect to mineral phases (Gustafsson,
2015). The model outputs are commonly used to support other analytical data, and
indicate the equilibrium status of a system. Data that do not fit known solubility products
can indicate a system not in equilibrium and/or the influence of other processes, e.g.

sorption (Devau et al., 2009; Murrmann and Peech, 1969a; Weng et al., 2011).
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The complexity of clay minerals, non-crystalline minerals, oxy/hydroxides, and highly
varied range organic compounds in soils complicates the investigation of the rates of
chemical reactions (Sparks, 1986). Major limitations to modelling include: soil
heterogeneity and slow kinetics responding to P addition, plant uptake and water
movement; non-equilibrium of solution with the solid phase; limited analyses for model
parameters, and uncertainty of organic compounds (Pierzynski et al., 2005; Schwab,
2011). These types of uncertainties can lead to differing interpretation of the processes
driving P mobility, e.g. (Devau et al., 2013; Lumsdon, 2012; Weng et al., 2011).
Nonetheless, modelling provides new interpretations of P kinetics, e.g. in a re-analysis of
historic data, Gérard (2016) established that the interpretation of sorption surfaces are
dependent on the data and parameters used in a model. His reinterpretation found that the

clays can be as or more important than oxy/hydroxides to P sorption.

2.7. Scope for research

There is a need to improve the understanding of P mobility, and the potential sources of P
that contribute to plant uptake in alkaline soils. This may provide an opportunity to
improve the agricultural production and P fertiliser use efficiency. The following research
will focus on Vertosols from the NGR that contain concentrations of P acid soluble P that
McLaren et al. (2014a) suggested replenish Colwell-P. Using indicators provided in the
literature review, 1.e. manipulation of pH, analysis of extracted solutions, and solid state
analysis of the soil, the aim of the following research is to elucidate the circumstances and
processes by which acid soluble reserve-P contributes to the soil solution through

techniques that:

- Identify the P phases in the soil.
- Assess the effects of acidification on the supply of P to solution.
- Assess the effect of Ca and P on the supply of P to solution.
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- Identify the contribution of each phase to solution P.

I plan to use a combination of existing techniques in a novel way. Primarily, I plan to
incrementally manipulate soil suspension pH while extracting P or Ca from solution,
rather than acidifying the suspension in a single extraction. Conversely, I will also acidify
soil suspensions and then test the change in P extractability after a period of equilibration.

Solid state analyses (will then be performed in the soil sediments.

Using these approaches, the hypotheses that I will test in this thesis are that:

acid soluble P will be solubilised more readily in the presence of a phosphate sink

by using incremental acidification.

- the removal of both Ca and P from the solution at each pH level will solubilise
more reserve-P than removing P alone.

- the rate of P release will be relatively constant at a maintained pH level.

- X-ray absorption near edge structure (XANES) spectroscopy will identify different
forms of P (mineral and sorbed) that are preferentially depleted as the suspension is
acidified.

- equilibration after acidification will result in some P repartitioning that changes its

extractability.
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3. Incremental acidification reveals phosphorus

release dynamics in alkaline vertic soils

The work contained in this chapter has been published in Geoderma.

Andersson, K.O., Tighe, M.K., Guppy, C.N., Milham, P.J., McLaren, T.I., 2015.
Incremental acidification reveals phosphorus release dynamics in alkaline vertic soils.

Geoderma 259-260, 35-44. DOI: http://dx.doi.org/10.1016/j.geoderma.2015.05.001
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4. The release of phosphorus in alkaline vertic
soils as influenced by pH and by anion and

cation sinks

The work contained in this chapter has been published in Geoderma.

Andersson, K. O.; Tighe, M. K.; Guppy, C. N.; Milham, P. J.; McLaren, T. L., 2016. The
release of phosphorus in alkaline vertic soils as influenced by pH and by anion and cation

sinks. Geoderma. 264, Part A, 17-27. DOI: 10.1016/j.geoderma.2015.10.001.

Three of the six soils studied in Chapter 3 are studied further. Note that soil 6 as published

in Ch 3 is hereafter soil 3.
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5. XANES demonstrates the release of calcium
phosphates from alkaline Vertosols to
moderately acidified solution

The work contained in this chapter has been published in Environmental Science and

Technology.

Andersson, K. O.; Tighe, M. K.; Guppy, C. N.; Milham, P. J.; McLaren, T. L., 2016.
XANES demonstrates the release of calcium phosphates from alkaline Vertisols to
moderately acidified solution. Environmental Science and Technology 50 (8), 4229—4237.

DOI: 10.1021/acs.est.5b04814.
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6. The transformation of calcium phosphates in
alkaline Vertosols during equilibration
experiments

The work contained in this chapter is has been submitted to the Soil Science Society of

America Journal.

Andersson, K. O.; Tighe, M. K.; Guppy, C. N.; Milham, P. J.; McLaren, T. I. The
transformation of calcium phosphates in alkaline Vertisols during equilibration

experiments. Soil Science Society of America Journal, submitted.
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7. Conclusions, implications and future research

directions

This research identified the circumstances under which acid-soluble P sources, including
CaP minerals, supply P to solution. Using exchange membranes to mimic plant uptake,
and manipulating the pH of soil suspensions, the results indicate the conditions under
which CaP minerals may directly supply P to plants and replenish the bicarbonate
extractable pools in alkaline Vertosols. They also provide a mechanism for the observed
depletion of acid soluble reserve-P in the Vertosols of the NGR, and alkaline soils
elsewhere. The findings may apply to other alkaline soils, vertic and non-vertic

worldwide.

I have shown that acidification of alkaline Vertosols typically caused a large release of
reserve-P in a narrow, moderately acidic pH range. The threshold pH at which the large
release occurred was higher by 0.7-1.0 pH units when P was removed from solution than
when it was allowed to accumulate. The narrow pH range of the increase, and the Ca:P
ratios in the extractions approaching those of CaP minerals, were indicative of the

dissolution of CaP minerals.

Further examination revealed that the soils contained several pools differing in solubility.
Following the removal of readily extractable P, the low extractability of P at the initial soil
pH was confirmed by the relatively low levels of P extracted when the pH was maintained
at the initial levels. When the pH was maintained at levels above and below the identified
threshold, the release of P indicated the presence of two more pools. Whether or not these
pools were mineral or sorbed could not be confirmed by the incremental depletion method.
However, the influence of soil Ca on P extractability was confirmed as greater

concentrations of P were extracted when Ca was removed from suspension.
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Bulk P K-edge XANES the importance of both mineral CaP and sorbed P phases in the
soils. The spectra of soil samples depleted of P under controlled conditions elucidated the
nature of P speciation and mobilisation. As hypothesised, Incremental extraction of P over.
The XANES analyses also showed that sorbed P, in various guises, was an important pool

of P, and ongoing contributor to acid-soluble P.

However, when acidification occurs without concurrent plant uptake, it appears that
repartitioning to sorbed phases of lower extractability may compromise the ability of

plants to exploit acid-soluble P, particularly CaP minerals.

The findings suggest that a likely mechanism by which acid-soluble reserve-P is accessed
in the alkaline Vertosols in the NGR, and more broadly in neutral-alkaline agricultural
soils around the world, is by rhizosphere acidification and plant uptake of nutrients. This
has implications for the ongoing availability of P in soils containing CaP minerals, either
native or fertiliser reaction products. For instance, the mobilisation of reserve-P in a soil
with a high proportion of relatively soluble CaP minerals will be maintained more readily
for a longer period than in a soil with a similar concentration of reserve-P but a greater
proportion of less labile CaP minerals. In addition, as the relatively labile reserve-P is
depleted, the supply of reserve-P to solution is likely to be greatly diminished. The
mobilisation of the reserve-P will be further governed by the capacity of plants to acidify
the rhizosphere, and the pH buffer capacity of the soil. Importantly, the identification of
sorbed P phases contributing to acid-soluble P highlights the complexity of P forms in
soils. This complexity of mineral and sorbed phases shows that a combination of
desorption, slow dissolution, and repartitioning are all important factors influencing the
mobilisation of P and its potential availability to plants. By understanding in greater detail

the interaction of these factors, there is the potential to improve fertiliser P efficiency by
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tailoring applications according to the concentration of P in more labile phases, the soil pH

buffer capacity, and the selection of plants for acidification capacity.

The key results of the extractability of acid-soluble reserve-P at moderately acidic pH, the
influence of Ca, and the possible repartitioning to less available forms provides several
avenues for further research, including soil testing, plant interactions, the effect of

reducing conditions, and solid state investigations.

Firstly, a combination of relatively simple soil test procedures may improve the
assessment of the availability of P to plants. To wit, a short-term (overnight) extraction
with an AEM buffered to pH 6.5, and a measure of pH buffer capacity. The two measures
may differentiate the relative accessibility, via acidification, of the potentially more labile
acid-soluble P. This approach would also require the understanding of plant related
factors. These factors include the potential of different plants to overcome pH buffer
capacity and acidify the soil, the variability of pH buffer capacity in soil (e.g. as
influenced by discrete calcite concretions), and the potentially confounding influence of
low molecular weight organic acids on mineral dissolution/precipitation. The aim of the
suggested approach is to provide a quantitative estimate of the labile portion of acid-
soluble P to plants that can acidify their rhizosphere. The greater depletion of acid-soluble
P relative to bicarbonate-extractable P in similar soils after cropping, e.g. as reported by
Wang et al. (2007) and Dalal (1997), indicates that the pools should not necessarily be
considered ‘stable’. I have shown that the proportion of reserve-P that is extractable after
moderate acidification varies between similar soils. Gaining a quantitative appreciation of
the more labile portions should enable a producer to anticipate the longevity of labile,
compared stable, portions of reserve-P supplies as they monitor the removal of P in
produce. This should apply as well to soils with high extractable P concentrations, similar

to those studied here, as to soils with lower concentrations.
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The importance of these plant interactions leads to the second area of further research.
Plant based studies are required to examine if the extractability of soil P reported here is
available to plants. Studies would include P depletion experiments, manipulated
rhizosphere pH, the role of cation depletion, and isotope experiments. Depletion
experiments could determine the rate of supply of P from different pools, while
manipulating the rhizosphere pH with ammonium-N (acidifying effect) or nitrate-N
(alkalising effect) could assess the effect of rhizosphere pH on P supply. Investigations
using plants with high rates of Ca uptake (e.g. legumes) may show the effect of co-uptake
of Ca on P solubilisation. The relative uptake of P from these alkaline soils compared to
fertiliser or applied residues may be investigated with labelled fertiliser and residues.
Studying soil and plant interactions at the micro-scale with planar electrodes is a
promising avenue to discover mobilisation of reserve P under acidification, and reducing,

conditions in the rhizosphere.

The indirect effects of waterlogging on the mobilisation of acid soluble reserve-P in
alkaline soils containing phases of CaP minerals and P sorbed to clays as well as Al-, Fe-
(oxy/hydr)oxides is a third area of investigation. The science may be advanced via lab
incubation studies of soil x fertiliser form x wetting/drying cycles using soils that have a
range of P characteristics (based on the size and extractability of their P pools). Soil test
characterisation could assist in the assessment of changes in extractability and the
distribution of P in various soil pools influenced by soil wetting/drying cycles. Subsequent

plant based studies would assess the effect of the treatments on P availability.

Lastly, further solid state investigations are warranted to fully elucidate the nature of the
acid soluble P in these soils. These investigations should supplement other techniques, and
be conducted on untreated soils and samples exposed to the aforementioned treatments.

Bulk P K-edge XANES may identify treatment effects, while u-XANES and mapping can
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provide greater detail on the presence of minor components. *'P NMR is an important

technique that can be used in conjunction with XANES to identify organic P compounds.
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