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Abstract 
 

Eleven sites, each with the trio of land uses: Eucalyptus globulus plantation, pasture 

and natural vegetation, representing from the Mediterranean climate, high rainfall region 

(>550 mm annually) of south-western Australia were investigated to assess medium-term 

changes in the P-supplying capacity of soils in eucalypt plantations growing on 

agricultural land. The natural vegetation soils were a benchmark for comparing soil P 

change since land clearing and development for agriculture. The experimental framework 

provided an ideal basis for studying changes in P forms since land clearing and 

fertilization for agriculture and the ensuing conversion to plantations (on an average 9 

years ago). Conventional soil P indices measure plant available P that is more relevant to 

short duration annual crops and pastures. To predict medium-term P availability, P forms 

were determined using Hedley et al.’s (1982) fractionation scheme and fractions were 

grouped using the Guo and Youst (1998) criteria into readily, moderately and sparingly 

available P. The P species were also determined by 31P NMR spectroscopy of 0.5M 

NaOH-0.1M EDTA extracts. Hedley et al.'s (1982) inorganic P extracted by anion 

exchange resin and by NaHCO3 are widely considered to be approximations to the actual 

plant available P. The availability to plants of other P fractions is less certain and this is 

examined in an experiment to compare the plant availability of various P fractions in soils 

from fertilized and unfertilized land uses following exhaustive cropping in the 

glasshouse.     

 

The soil texture for the sites studied included coarse sand, loamy sand, clayey sand, 

and sandy loam.  Surface soils (0-10 cm) have pH(CaCl2) in the acidic range (mean 4.4) 

and there is no significant difference due to differences in land use (P<0.05). The soils 

are of low EC (1:5 H2O) - 6 mS m-1.  There is an almost 5-fold variation in organic C 

among sites (from 1.4% to 8%) but organic C values did not show any significant effect 

(P<0.05) of changes in land use. To evaluate the degree of similarity of soils within each 

triplet set at a site principal component analysis was carried out on those soil 

chemical/mineralogical characteristics that were least likely to be affected by changes in 

land use practices. This analysis showed good matching of the triplet of sub-sites on the 

 ix



whole, especially for the duo of pasture and plantation land uses. This degree of matching 

of the trio of land uses was considered while interpreting the effects of land use on the 

forms and behaviour of soil P, and variations due to various extents of mismatch were 

mostly addressed using statistical techniques including regression analysis to interpret 

sub-site difference.  

 

Based on Ozanne and Shaw’s (1967) phosphorus buffering capacity (PBC) index 

and McArthur’s (1991) FeD+AlD index, soils at each site allocated into: the low 

phosphate retention class of West Australian soils (sites: Andrews, Gibbs, Hall, Hartridge 

(except for the plantation soils), Jefferies and Walker) and the moderate P retention class 

(sites: Annings, Ayers, Moltoni, Patmore and Robinson).  P sorption isotherms for soils 

from the different land uses reflect the variation in soil properties which is indicated by 

cluster analysis of those properties least affected by changes in land use. Only well-

matched sites (Gibbs, Hall, Patmore and Walker) followed the trend of higher PBC 

values for unfertilized soils under natural vegetation in comparison to fertilized soils. 

 

Readily available P as estimated by resin-and NaHCO3-PI extractable P values 

(Colwell, 1963, Hedley et al, 1982) were significantly lower (P>0.001) for plantation 

soils compared to pasture soils. This difference reflects an average of 9 years since 

conversion. Total P values were not significantly different (P>0.05). Both total P and 

Colwell (1963) P measurements were significantly lower for soils under natural 

vegetation. The moderately available P comprised the major component of soil P 

(especially the NaOH-PI and –PO, and NaHCO3-PO fractions) being on average 52.8% of 

the sum of Hedley et al.(1982) P forms, reflecting a large pool with the potential for 

replenishing the readily available P forms as they are depleted by plant uptake of P. P 

fertilization has caused NaHCO3- PO and NaOH-PO (i.e. organic P forms) to be 

significantly higher in pasture and plantation soils compared to unfertilized soils but there 

is no systematic difference between pasture and plantation soils. For these two organic P 

forms, the more readily mineralisable NaHCO3-PO was present at lower concentrations 

compared to the more recalcitrant NaOH-PO. 31P NMR spectra of NaOH-EDTA extracted 

solutions for these soils showed comparable results with easily mineralisable diester 
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phosphates having a lower concentration than less readily mineralisable monoester 

phosphates.  

 

The plant availability of Hedley et al.’s (1982) P forms were grouped into 

availability classes according to Guo and Youst’s (1998) criteria for soils. Changes in P 

forms in the soils due to prolonged ryegrass cropping (18 harvests) in a glasshouse 

experiment showed that the readily available soil P pool quite closely represents the 

amount of P utilized by plants.  The average total decrement of readily available soil P 

(resin-PI and NaHCO3-PI) for soils where rye grass plants died (mostly for soils from 

natural vegetation) compared to soils where plants continued to grow (pasture and 

plantations soils) was 10.9 and 30.0 mg kg-1, respectively. These values are very similar 

to corresponding average plant P uptake values of 8.6 and 31.9 mg kg-1, respectively.  

The moderately available organic and inorganic P forms showed minor decrements 

after18 harvests, and showed higher decrements for non-fertilized compared to fertilized 

soils. A soil P dynamics model representing contributions of the different P forms in 

replenishing resin-PI, indicated that NaHCO3-PO was a significant contributor while the 

remaining moderately available P forms had not contributed significantly to replenishing 

the readily available P (resin-PI), in these soils after 18 harvests. Since the readily 

available P pool was not fully exhausted for most of the fertilized soils, it may be 

postulated that as the readily available P pool becomes depleted, the NaOH-PI and HCl-PI 

forms of P contribute to the readily available P supply but at rates that are too small to 

match plant demand for P so that plant growth is limited or nil.  

 

This research indicates that moderately and sparingly available P forms may not 

be able to meet the P demand of tree during the plantation establishment phase due to the 

relatively low transfer of these forms to replenish the readily available P. These less 

available forms may be an adequate P source during the post-canopy closure stage of 

plantation development as P demand is considerably less at this stage. 
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Chapter 1 
Introduction 

 
 

Hardwood plantation forestry is a new and expanding industry in southwestern 

Australia and Eucalyptus globulus is the desired species because of the high growth rate, 

short rotation length (~10 years) and favourable pulpwood properties (Grove et al., 

2001). The fertility of soils in southwestern Australia has been improved by repeated 

applications of phosphate fertilizers. The high growth rates of plantations on former 

pastures are dependent in part on utilization by trees of this pool of nutrients which 

includes the accumulation in soils of N and P-rich organic residues from improved 

legume pasture and crops (Grove et al., 2001). 

 

Soils of the region mostly are derived from the erosion of an ancient plateau 

mantled by laterite, and the profiles are deep and highly leached. Some soils have formed 

on highly siliceous beach deposits. The soils are mostly sandy and sometimes contain 

high levels of iron and aluminium oxides, which are strongly reactive with applied P 

(McArthur, 1991).  Consequently, they are inherently low in nutrients and organic matter. 

A decline in soil nutrient supply will result from increased removal of nutrients under 

intensified cropping (Rovira, 1992), and from transformations in nutrient forms in soils.   

 

With little or no input from the atmosphere, virtually all of the phosphorus – an 

essential component of all living cells – is ultimately derived from the weathering of 

phosphate minerals (predominantly apatite) and, unlike the global cycles of carbon, 

nitrogen and sulfur, involving transfer to and from the atmosphere, the global P cycle 

does not have a major atmospheric P component. The transformation of mineral P into 

soluble forms has been regarded as the most important reaction governing global 

biogeochemistry (Smith et al., 1971). High growth rates of plantations are dependant in 

part on utilization by trees of this bank of nutrients from repeated applications of 

phosphate fertilizer and the accumulation of organic residues from legume pastures and 

crops. Agricultural research has shown that where fertilizer applications cease, or become 

less frequent, the phosphate fertility of soils declines within a period of several years 

1
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(Bolland et al., 1988). The mechanisms includes the slow reaction of phosphorus with 

soils (Barrow, 1980), which lowers concentrations of labile P.  For example, the residual 

effectiveness of superphosphate fertilizer, calculated from yields of pasture and wheat, 

decreased by 30-60% in the year after application and decreased at a similar rate over 

subsequent years (Bolland et al., 1988). For the first rotation of plantation eucalypts the 

nutrient demands can be largely met by the large accumulation of nutrients resulting from 

past fertilizer applications to pastures.   

 

Sustaining the growth of plantations in the future will depend on implementing 

measures to cope with the declining availability of plant nutrients that may be predicted 

from the extensive agricultural research on the fertility of soils in this region. In the first 

rotation with eucalypts crops, nutrient supply will be high relative to the demand of 

eucalyptus due to past regular top-dressing with phosphate fertilizers. The process of 

mounding will also concentrate the nutrient-rich surface soil near to the tree and may 

accelerate mineralisation of nutrients. A decline in nutrient over time supply is unlikely to 

limit growth in later stages (especially after canopy closure) of the first rotation because 

the nutrient requirement of the stand decreases with age (Grove et al., 1996). However, at 

the early stages of second and subsequent rotations, nutrient deficiencies can be expected 

to be more prevalent (Grove et al., 2001). 

 

The major objectives of this study are to: 

 

1. Quantify the long-term changes in the P-supplying capacity of soils in eucalypt 

plantations growing on former agricultural land and determine the availability of 

P for the next rotation. Conventional soil P indices only measure plant available P 

for the short duration of an annual crop, whereas for perennial plantation systems 

a prediction of long-term P availability is needed.  

 

2. Compare the distribution of P forms (determined using Hedley et al.’s (1982) 

fractionation scheme) and organic P (determined by 31P NMR spectroscopy) for 

soils under currently fertilized pastures, plantation on ex-pasture soils and 
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unfertilized natural vegetation. The fertilized land uses represent a more open 

cycling of P due to inputs from P fertilization and export of P in produce, 

contrasting with the closed P cycling of the low-P natural vegetation systems 

(Magid, 1992).  

 

This comparison of soils under these land uses will give an indication of the 

sustainability of plantation forestry with regard to P especially for subsequent 

rotations. 

 

 3



Chapter 2 

Review of Literature 

2.1 The Unique Nature of Phosphorus – Reasons for its Reactivity 
 

Phosphorus has a unique chemistry with a phosphate complex (PO4
3-) that is 

composed of a highly charged cation (P5+) forming a tetrahedral center for four strongly 

associated oxygen atoms, resulting in three negative sites which enables the formation of 

molecules with diester links while maintaining structural stability and preventing 

hydrolysis (Westheimer, 1987).  

 

P has a key role in most metabolic pathways as well as being a structural component 

of many biochemical molecules including nucleic acid, co-enzymes, phospho-proteins, and 

phospholipids. Plants utilize P from the meager levels of orthophosphate (ca. 1.5 µM) 

maintained in soil solution by chemical processes of precipitation-solubilization and 

adsorption-desorption (Tate, 1984). Virtually all P in soils is derived from the weathering 

of phosphate minerals, as there is no measurable gaseous P and only limited atmospheric 

deposition of P in many environments (Newman, 1995). The global P cycle has a relatively 

minor microbial component in contrast to the cycling of carbon, nitrogen and sulfur, 

(McLaughlin, 1996).  

 

As much of the total soil P is unavailable for plant uptake, quantifying the various 

form of soil P and relationship between readily available, moderately available and 

sparingly available P forms is important in assessing impact of management on both short- 

and long-term crops. The dynamics of P transformations among various P forms in soils 

are reviewed in this chapter. The importance of various processes in governing P 

concentration in soil solution has been highlighted. The review is structured into three 

parts: (i) the nature, and distribution of P forms, (ii) methodologies to study the forms and 

distribution of P and (iii) the reactions controlling soil P availability to plants.  
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2.2 Chemical Characterization of Soil Phosphorus 
 

2.2.1  Inorganic phosphorus forms 
 

 Inorganic P forms are mostly associated with amorphous and crystalline 

sesquioxides, and calcareous compounds (Sharpley, 2000). The discussion in this review 

will be limited to amorphous and crystalline sesquioxides, which predominate in the 

mainly acidic soils investigated in this study. 

 

2.2.1.1 Iron and Aluminium oxides and hydroxides 

 

Aluminium and iron oxides and hydroxides occur in many soils in the form of film 

which are commonly a few tens of nanometers (Russell, 1994). They can also exist as 

amorphous Al hydroxy compounds between the layers of expandable Al silicates. Goethite 

and gibbsite are the most abundant crystalline forms of Fe and Al oxides in soils with 

hematite being more common in tropical and Mediterranean soils (Schwertmann and 

Taylor, 1989). Adsorption of phosphate to crystalline (mainly gibbsite) and amorphous 

aluminium hydroxides is by a high-energy surface reaction resulting in P being held as a 

bridging complex to two Al atoms (at low concentrations of < 3 mg kg-1 in solution) 

whereas at higher concentrations (>10 mg kg-1 in solution) low-energy reactions result in 

the formation of a new solid phases (Norrish and Rosser, 1983).  At low concentrations, 

phosphate adsorption takes place by ligand exchange between hydroxyl groups or 

coordinated water molecules of iron oxides and phosphate ions. With increasing phosphate 

concentration, more hydroxyl groups are involved, until at the adsorption maximum, 

phosphate replaces many surface OH groups (Fig. 2.1). The same mechanism is involved 

in P retention by Al (hydr)oxides (Lindsay et al., 1989). The products formed by 

precipitation reactions include variscite (AlPO4.2H2O), and strengite (FePO4.2H2O; 

Fig.2.2). A series of intergrades between variscite and strengite present in soils and are 

called the variscite – strengite isomorphous series (Lindsay et al., 1989).  
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Fig. 2.1  Surface reaction of a phosphate ion with a hydrous Fe oxide (adapted from 
Hingston et al. (1974)). 
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Fig. 2.2  A unified solubility diagram of various Ca, Fe, and Al phosphates in soils as in 
Lindsay et al. (1989). 

 
2.2.1.2 Clay minerals 

Clay minerals are considered to retain P by surface adsorption to the edge faces of 

crystals at lower solution P concentrations. At higher concentrations there is a slow 

dissolution of the clay mineral with the formation of aluminium phosphates that may 

incorporate other cations (Muljadi et al., 1966). Clay minerals saturated with divalent ions 
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sorb about twice as much P as those saturated with monovalent cations, this being 

attributed to the diffuse double layer effects. Relative P adsorption capacities of clays are: 

illites > kaolinites > smectites (Norrish and Rosser, 1983). The mechanism proposed for P 

retention by crystalline clay minerals in soil is through a ligand exchange reaction with 

(OH)H groups co-ordinated with Al on the edge of crystals (Muljadi et al., 1966; White 

and Thomas, 1981). Thus P adsorption properties depend on the proportion of the surface 

area consisting of edge faces and the number of reactive Al-OH(H) groups per unit area of 

edge face. At low solution P concentrations (<3 mg kg-1), P is adsorbed to the edge face of 

kaolinite by replacement of surface hydroxyl groups by phosphate. At high solution 

concentrations of P (>300 mg kg-1) there is a slow dissolution of kaolinite to release Si and 

Al, with subsequent precipitation of Al-P compounds (Low and Black, 1950). Clay 

minerals in soils may also adsorb phosphate through their association with iron and 

aluminium oxides (Norrish and Rosser, 1983). 

 

2.2.2 Organic phosphorus 
 

 The soil organic fractions derived from plant residues and soil flora and fauna resist 

rapid hydrolysis. It is commonly assumed that organic P has no direct effect on the P 

nutrition of plants; organic P has to be mineralized before being absorbed by plants (Sanyal 

and De Datta, 1991). While a large proportion of soil organic P remains uncharacterized, 

inositol phosphate, phospholipids, nucleic acids and their derivatives, and polyphosphates 

have been identified (Harrison, 1987). Chromatographic and nuclear magnetic resonance 

techniques have been used to quantify various organic P fractions (Kuo, 1996). Dalal 

(1977), Anderson (1980) and Stevenson (1982) have provided detailed discussions of 

organic P and its transformations in soil.  A large proportion of organic P is located mainly 

in the fulvic and humic fractions (Brannon and Sommers, 1985a). According to Anderson 

(1980), soil organic P compounds can be generally classified into three groups, namely, (1) 

the inositol phosphates comprising 60 % of soil organic P (Tate, 1984), (2) the nucleic 

acids, and  (3) phospholipids. P is also present in phosphoproteins, sugar phosphates, 

glycerophosphates, and phosphonates (Dalal, 1977; Tate, 1984). A large proportion of 

unassigned soil organic P is chemically unidentified but probably occurs as insoluble 

complexes with clay minerals and organic matter (Tate, 1984).  
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2.2.3 Microbial phosphorus 
 

Microorganisms are regarded as central to the accumulation and composition of 

soil organic P as the transformation of organic P in soil is essentially microbially-mediated 

(Richardson 1994). The microbial biomass may be defined as the living part of the soil 

organic matter excluding all plant roots and soil animals larger than 5x10-15 m3 (Jenkinson 

and Ladd, 1981). Studying P microbial biomass dynamics of a mountain ash stand, 

Polglase et al. (1992) concluded that P held in microorganisms was a substantial pool, it is 

potentially available to plants, depending on the turnover rate of the microbial biomass. 

Sparling et al. (1993) found that microbial P represented approximately 10 per cent of the 

total P in surface soils (0-20 cm), and that in the forest floor litter microbial-P represented 

up to 30 per cent of the total P present in soil in Nothofagus truncata and Pinus radiata 

stands. McLaughlin and Alston (1985) demonstrated that the microbial biomass 

assimilated a portion of the applied fertilizer equal to plant uptake in a wheat-medic 

rotation system, and that a large portion of the P derived from pasture residues entered and 

remained in the microbial pool. Soil microorganisms act both as mediators of nutrient 

transformations in soil and as a labile reservoir of plant nutrients (Jenkinson and Ladd, 

1981).  

 
2.3 Phosphorus Reactions in the Soil 
 
2.3.1 Phosphorus forms and pedogenesis 
 

Smeck (1973) and Walker and Syers (1976) proposed a generalized pathway of P 

transformations over the course of soil development across a chronosequence in New 

Zealand (Fig. 2.3), which has subsequently been verified for other ecosystems (McGill and 

Cole, 1981; Cross and Schlesinger, 1995; Johnson et al., 2003). According to this model, 

during initial soil formation stages (which are similar to ecological primary successional 

stages), P is a constituent of primary minerals (usually apatite or other calcium minerals), 

which following mineral weathering becomes loosely bound labile inorganic phosphate 

(Walker and Syers, 1976). As shown in Fig.2.3 which illustrates the P pedogensis model, 

newly released P enters the organic P pool following P uptake by organisms or is adsorbed 
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onto positively charged colloidal sites of secondary minerals, especially hydroxides of Al 

and Fe. Both the organic P and non-occluded inorganic P pools increase in quantity as the 

apatite pool is solubilized, which continues until the apatite pool starts to significantly 

diminish thereafter the organic and secondary inorganic P pools also begin to decline, as P 

is lost from the soil by leaching, erosion and in the case of cultivated and grazed land uses 

by harvests of plants and animals. Initially, a large percentage of soil organic P and surface 

bound inorganic P is labile, but with time, organic P compounds become resistant to 

microbial breakdown and begin to dominate the organic pool and inorganic P gradually 

becomes occluded in amorphous or crystalline oxides rendering the vast majority of soil P 

unavailable to the biota (Stewart and Tiessen, 1987). 
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Fig. 2.3 Generalized pathways of P transformations over the course of soil development 
(redrawn from Walker and Syers (1976)). 

 

Smeck (1985) established relationships between soil P forms and weathering 

intensities or taxonomic classes: primary Ca-associated P is dominant in less weathered 

soils (Entisols and Inceptisols), whereas secondary P associated with Al and Fe is more 

common in more weathered soils (Alfisols, Ultisols, and Oxisols). A recent review by 

Johnson et al. (2003) suggests a strong biological control (as for total soil organic matter 

content) over the labile P fractions across soil orders for forest soils having different 

weathering status.  
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Soils used in the present study are of a highly weathered nature and the unfertilized 

natural forest soils will have a very low labile P content. 

 

2.3.2 Precipitation/Dissolution 
 

Sposito (1984) distinguishing precipitation, a process which essentially causes an 

accumulation of a substance to form a new bulk-solid phase, from adsorption, regarded as 

the net accumulation at an interface, and pointed out that the former is three-dimensional in 

nature while later is essentially two-dimensional. At a molecular level, Lin et al. (1983) 

observed that P adsorption in soils involves the same mechanisms as in the formation of 

discrete phases of Fe- or Al-, or Ca- phosphates, each essentially being the result of the 

attractive forces between phosphates and Fe, Al or Ca.  It is widely thought that in soil 

adsorption mechanisms prevail at low phosphate concentrations and precipitation at higher 

concentrations. In general, Ca controls these reactions in neutral or calcareous soils, while 

Al and Fe are the dominant controlling cations in acidic environments (Fig. 2.4). In Al and 

Fe dominated soils, few well-crystallized precipitates have been observed. Generally, P 

reacts with Al oxides to form amorphous Al-P or organized phases (Lindsay et al., 1989). 

Many other amorphous mixed Al-Fe-Si-P compounds have been observed in soils that 

have high P concentrations derived from phosphatic parent material or due to large 

fertilizer or manure applications (Pierzynski et al., 1990 a and b). Since Fe-, Al-, and Ca- 

phosphates in soils have extremely slow dissolution rates in soils, it is unlikely that 

strengite, variscite and apatite control the P concentration in soil solution (Murrmann and 

Peech, 1969).  

 

2.3.3 Phosphorus (phosphate) adsorption and desorption 
  

Reaction of phosphate (P) ions in soil solution with soil surfaces resulting in surface 

accumulation on soil components is termed as adsorption or when accompanied by 

penetration of adsorbed P by diffusion into the adsorbant body termed as sorption, makes 

dissolved phosphate in soil solution unavailable to plants (Sanyal and De Datta 1991). 

Various mathematical models have been proposed for describing the relationship between 

the amount  of  phosphate  adsorbed  per  unit  of  soil  and  the concentration of phosphate  
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Fig. 2.4 Fate of P added to soil due to adsorption and occlusion in inorganic forms, as a 
function of pH (redrawn from Buckman and Brady (1970)) 

 
 
in equilibrium solution. Ratkowsky (1986) studied the P adsorption characteristics of a set 

of soils from Australia and concluded that a good empirical model for the adsorption of 

phosphate must be based on the dual considerations of goodness-of-fit and statistical 

behaviour of the model/data set combination. Based on these criteria Freundlich-based 

models gave a better fit to the data and good statistical properties compared to Langmuir-

based models (both the models are explained in Chapter 6). Adsorption-desorption curves 

(White, 1980) give information on the affinity of the soil for added P at various levels of 

addition.   The P concentration at equilibrium, where the curve crosses the ordinate is an 

estimate of inorganic P in soil-solution (the ‘null point’; Barrow, 1983). A further measure 

is obtained by extrapolating adsorption curves back to zero concentration and is the 

amount of P that could be desorbed if the concentration could be held at zero and is 

referred to as q (Fig. 2.5) (White, 1980).    

 

In acid soil, P adsorption is generally attributed to hydrous oxides of iron and 

aluminium and to 1:1 layer lattice clays, particularly in tropical soils with low pH (Fig. 

2.4). The effect of pH and organic matter on adsorption of P are more variable, with 

reports of increasing or decreasing amounts of P sorbed due to changes in pH (Barrow, 
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1984) and organic matter in the soil (and see review of Sanyal and De Datta, 1991). 

Several studies of P sorption characteristics of south-west Australian soils has shown that 

clay content, Fe and Al extracted by dithionate, oxalate and pyrophosphate are positively 

related to the commonly measured P sorption coefficients - Langmuir maxima (Xm) and 

Freundlich (k) constant. Values of dithionate and oxalate extractable Al could predict more 

than 75 % of the variation in these P sorption coefficients (Singh and Gilkes, 1991).  
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Fig. 2.5 Soil P adsorption-desorption curve adapted from White (1980). Predicted effect of 
past P fertilization on P sorption curve (based on Ozanne and Shaw’s (1967) P 
buffering capacity- PBC) adapted from Bolland (1998). 

 

Reserves of plant-available P in soils are composed of indigenous P and P originating 

from past P fertilizer addition. Fertilizer P application and other management practices can 

affect soil chemical properties, including P sorption and release (Mullins, 1991).  The 

presence of pre-existing bound P must be taken into consideration when considering 

sorption (Bache and Williams, 1971; Tolner and Fulkey, 1995). Fox et al. (1974) observed 
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a shift in P adsorption isotherms one year following heavy P fertilization, similar to the 

predicted changes in P buffering capacity (Ozanne and Shaw 1967) shown in Fig.2.5.  

The fertilizer P added to soils slowly decreases in plant availability over time, 

which is attributed the removal of P from soil-solution phase by adsorption at a faster rate 

than the release of P back into solution through desorption, this is termed hysterisis (Syers 

et al., 1970). The mechanism of slow reaction of P with soils by which the proportion of 

strongly held P in soils gradually increases (Barrow, 1980) has been examined in many 

studies (Hingston et al. 1974, Barrow 1983, Parfitt 1989), this process lowers 

concentrations of labile P.  Consequently the residual agronomic effectiveness of 

superphosphate fertilizer in southwestern Australia soils, calculated from yields of pasture 

and crops, decreased by 30-60% in the year after application and decreased at a similar rate 

over several subsequent years (Bolland et al., 1989).   

 

As reviewed by McLaughlin (1996), only few studies of the P adsorption capacity of 

Australian forest soils or comparisons of Australian forest soils with forest soils from other 

continents have been reported. This review predicts that many Australian forest soils may 

have higher affinities for added P due to their highly P deficient nature as many forested 

areas have highly weathered soil types. 

 

 
2.4 Measuring Soil Phosphorus 
 

Different methods for measuring amounts of soil P exist including determination of 

different P forms for diverse soil types and environments, and in relation to the level of 

detail required.  The various methods of measuring soil P can be broadly divided into 

direct and indirect methods. 
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2.4.1 Direct methods 
 

2.4.1.1 X-ray diffraction 

A number of studies have attempted to identify and quantify the crystalline forms 

of P in soil using X-ray powder diffraction techniques. In addition to minerals found in 

unfertilized soils, a wide variety of identifiable P minerals may be formed in the soil near 

fertilizer granules in fertilized soils (Sample et al., 1980). In both unfertilized and fertilized 

soils, crystalline forms of P make up only a small proportion of the inorganic P, with most 

of the P in the soil being  ‘dispersed’ throughout the soil, predominantly being associated 

with colloidal materials (Norrish and Rosser, 1983).  

 

2.4.1.2 Microprobe analysis 

Direct examination of both fertilized and unfertilized soils using electron microprobe 

techniques have been used with limited success (Norrish and Rosser, 1983) mainly due to: 

(i) P being a relatively minor, dispersed component of the soil matrix so that it can 

not be detected and 

(ii) The low spatial resolution of the scanning electron microscope technique (≈ 2 

µm) for P associated with sub-micron particles in P-rich materials. 

Though scanning electron microscopy (SEM) coupled with electron dispersive x-ray 

analysis (EDXS) has low analytical sensitivity and inadequate spatial resolution for 

routinely determining studying soil P, it has been used with varying degrees of success for 

locating regions of P concentration within soil fabric, and for determining associated 

elements (Sawhney, 1973; Norrish and Rosser, 1983). Pierzynski et al. (1990 a, b) used 

scanning transmission microscopy and SEM with EDXS capabilities to characterize P-rich 

particles in heavily fertilized soils. They found that Al and Si were the dominant elements 

associated with P, while Ca, Fe, and Mn generally were present at low concentrations in P-

rich materials.  

 

2.4.1.3 Solid state 31P nuclear magnetic resonance spectroscopy 

This is a powerful tool for the nondestructive determination of organic and 

inorganic P compounds. A major limitation for the application of this technique to soil P 

analysis is the presence of paramagnetic ions in soils, which broadens the resonance lines 
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and increase the intensity of the sidebands. Hinedi et al. (1988) has used this technique for 

P-enriched soils after removing paramagnetic material.  

 

2.4.2 Indirect methods  
 

Only a small proportion of inorganic P in soil is accounted for by crystalline primary 

and secondary minerals, and the remaining phosphate cannot be identified by the above 

listed methods (Norrish and Rosser, 1983). Consequently, indirect methods of 

identification have been used which are based on chemical fractionation, solubility data 

and correlations between P solubility and soil properties.  

 

2.4.2.1 Soil inorganic phosphorus availability indices 

There are many soil P tests used for assessing soil P available for plant growth which 

are mostly used for assessing agricultural soils. Based on a consideration of soil type, 

environment, and level of detail required, available estimation techniques for soil inorganic 

P were classified by Sharpley (2000) into: acid dissolution (acetic, lactic, and sulfuric), 

anion exchange (acetate, bicarbonate, citrate, lactate, and sulfate), cation complexation 

(citrate, fluoride, and lactate), or cation hydrolysis (buffered bicarbonate).  Based on the 

extraction parameters for a soil test, Moody and Bolland (1999) grouped such tests into 

tests that estimate quantity, estimate intensity, or are a composite index of both (i.e. the 

buffering capacity of soil is being taken into consideration). Soil tests with wide soil-to-

extractant ratios, long shaking time, concentrated extractant and buffered pH primarily 

estimate quantity, while soil tests with narrow soil-to-extractant ratios, short shaking time 

and unbuffered low strength salts estimate intensity (Table 2.1). Moody and Bolland 

(1999) regard the anion exchange membrane procedure as the most versatile method for 

assessing P status since by altering soil-to-membrane-to-solution ratio, the extracting 

period and the saturating anion, it is possible to derive estimates of both quantity and 

intensity. 

 

 Although no extractant will exclusively measure a single pool of soil inorganic P, 

many  have  been  proven  to  be  predictive  of  yields  of  annual  crops.  These extraction 
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Table  2.1 Extraction conditions for soil P tests (Table adapted from Moody and Bolland 
(1999)) 

 

Method Extractant 
Soil/ 
extractant 
ratio 

Extrac-
tion 
period 

Reference 

Ammonium lactate-
acetic acid 

0.1M ammonium lactate + 
0.4M acetic acid 

1:20 30 min (Egner et al., 1960) 

Bray 1 0.03M NH4F in 0.025M 
HCl 

1:7 60 s (Bray and Kurtz, 1945) 

Bray 2 0.03M NH4F in 0.025M 
HCl 

1:7 40 s (Bray and Kurtz, 1945) 

Calcium chloride 0.005M CaCl2 1:5 18 h (Moody et al., 1983) 
Colwell 0.5M NaHCO3, pH8.5 1:100 16 h (Colwell, 1963) 
Equilibrium P 
concentration 

0.01M CaCl2 1:10 18 h (Moody et al., 1983) 

Fluoride 0.5M NH4F 1:50 30 min (Holford et al., 1985) 
Lactate 0.02M Calcium lactate in 

0.01M HCl 
1:50 90 min (Holford et al., 1985) 

Mehlich 1 0.05M HCl + 0.05M H2SO4 1:4  5 min (Mehlich, 1953) 
Olsen 0.5M NaHCO3, pH 8.5 1:20 30 min (Olsen et al., 1954) 
Pi Iron oxide impregnated 

paper in 0.01M CaCl2

1:40 16 h (Menon et al., 1990; Menon 
et al., 1991) 

Troug 0.001M H2SO4 + 0.3% 
(NH4)2SO4

1:200 30 min (Truong, 1930) 

Anion exchange 
membrane 

Anion resin (Cl- or HCO3
–) variable variable (Amer et al., 1955) 

 

methods are usually employed for agricultural systems in which there are frequent 

applications of fertilizer P. They are non-specific in extracting various soil P forms but do 

provide estimates of plant available P with a relatively high degree of repeatability. 

However, extractable P does not give a quantitative measure of the less labile P forms in 

soils that may become available to plants in the long-term. Since several pools contribute P 

to soil solution, and P availability to plants is determined by the interaction of these pools 

and also by rhizosphere properties, the factors determining P availability overall will 

depend on the magnitudes of the P pools in the soil. Increasing diversity with regard to 

soil, and climatic conditions will preclude the possibility that a single soil extractant will 

have universal application.  
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2.4.2.2 Solubility products 

Olsen and Khasawneh (1980) and Russell (1994) discuss the possibility of 

determining the identity of the soil phosphate compounds by assuming compatibility 

between the phosphate concentration in solution and the solubility product of pure 

phosphate minerals using a generalized solubility diagram for the minerals that were most 

likely to control the solubility of P in soils (Lindsay et al., 1989)(Fig. 2.1).  Even though, P 

solubility studies have been carried out on highly fertilized calcareous soils, the prediction 

based on solubility constants were consistent only for very acid soils (Russell, 1994). 

 

Several difficulties have been reported in the use of solubility products (Russell, 

1994): although the solubility of an unknown compound can be approximated by using the 

solubility product of a pure compound or values obtained from the literature Solubility 

constants for some P compounds depend on whether they are being precipitated or 

dissolved, furthermore temperature variations also cause changes in solubility, and finally 

soil compounds are seldom present in the pure form. Although the use of solubility 

products to identify forms of P in soils has limitations, it provides a means of indicating 

forms of P in soils that cannot be concentrated sufficiently for identification by physical 

methods.  

 

As all the soils in the present study are acidic and many contain little P, the 

solubility product approach to determine speciation would be of limited value. 

 

2.4.2.3 Soil organic phosphorus measurement 

 Determination of soil organic P continues to be an outstanding problem of soil 

analytical chemistry mainly due to the chemical complexity of soil organic P, the 

susceptibility of some organic P to hydrolysis during extraction, strong adsorption of 

organic P by clays, and the formation of insoluble salts with metal cations (Tate, 1984). 

Organic P is mostly estimated by indirect ignition or extraction methods since it is 

predominantly present as a complex solid phase solubilized only by strong acids, alkalis or 

organic solvents (McLaughlin, 1996). Total soil organic P is determined indirectly by 

ignition or extraction (Bowman, 1989). These methods do not identify the chemical form 
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of the P compounds extracted, but can quantifying organic P according to its susceptibility 

and resistance to certain treatments (Sanyal and De Datta, 1991). Electrophoresis, 

chromatography and 31P nuclear magnetic resonance techniques have been used to quantify 

various organic P fractions (Dalal, 1977; Anderson, 1980; Kuo, 1996). P fractionation 

schemes using sequential extraction methods have been used to identify various 

components of organic P (e.g., phospholipids, nucleic acids, phosphoproteins, and acid 

soluble esters) that can be further sub-divided by chromatography or electrophoresis 

(Anderson, 1978).  Most techniques used for determining soil microbial P biomass utilize a 

biocide following which the increase in amount of P extracted by 0.5 M NaCO3 (pH 8.5) 

and suitable correction factors have to be applied to account for incomplete nutrient release 

upon fumigation and potential retention by soil of released P (McLaughlin, 1996). 

 

2.4.2.4 Selective dissolution technique 

The selective dissolution techniques –multiple or sequential- rely on the procedures 

of chemical extraction and digestion applied in parallel or in sequence to a sample, to 

remove different classes of P compound and relate to the ease of dissolution of compounds 

in particular extractants (McLaughlin, 1996). Generally dissolution techniques are based 

on the premise of partitioning P into several reasonably well defined pools, the ability of 

these pools to contribute P to vegetation is evaluated through plant growth experiments 

(Johnson et al. 2003).  

 

These techniques have evolved over several decades. The approach was first used by 

Chang and Jackson (1957) to separated inorganic P into broad phosphate species 

associated with iron-, aluminium- and calcium- (Fig. 2.6a). This procedure had many 

interpretational problems including: inorganic P being re-precipitated during fluoride 

extraction, the separation of Al- and Fe-associated inorganic P being unreliable and the 

citrate-dithionate-bicarbonate (reductant) extract which supposedly to represents the 

occluded inorganic P being an ill-defined pool (Williams et al., 1967).  

 

Attempts at more precise characterization of inorganic P forms have not been very 

successful partly due to re-adsorption of P during extraction (Williams et al., 1967 and 
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Williams et al., 1971) (Fig. 2.6 a) and non-reliable separation of Al- and Fe-associated 

inorganic P (Williams and Walker, 1969). Even though, ammonium fluoride dissolves 

considerable amounts of aluminium phosphate, it will also displace some phosphate held 

by calcium carbonate and by iron oxides, though most of the phosphate adsorbed by iron 

oxides in soil is held with sufficient strength to ensure that it will not be displaced by  

neutral fluoride (Olsen and Khasawneh, 1980). The sequence of alkaline followed by acid 

extraction followed by Williams et al. (1967) gives a reliable distinction between Al+Fe 

and Ca-associated inorganic P (Kurmies, 1972). The predominance of mixed compounds 

containing Ca, Al, Fe, P, and other ions (Sawhney, 1973) is a main complication hindering 

a more precise estimation of P forms.  

 

The above mentioned procedures ignore the extraction of organic P although it was 

shown to be important in plant nutrition (Kelly et al., 1983) and also the presence of 

microbial-P. Due to these inaccuracies and also to problems associated with distinction 

between aluminium- and iron-bound P, other schemes have been devised, which give 

broad groupings for P compounds based upon the ease of extraction and which include 

organic and microbial-P (Fig. 2.6 b) (Hedley et al., 1982). Such schemes have been useful 

in following changes in forms of P and the cycling of P associated with pedogensis and soil 

management (Bowman and Cole, 1978a; Hedley et al., 1982). Although Hedley et al. 

(1982) indicated that microbial P may be estimated using an empirical recovery factor, 

later studies suggested that this scheme underestimates microbial P in tropical soils where 

the soils were allowed to dry (Potter et al., 1991). There is good evidence that P 

determining using an anion exchange resin or Fe-impregnated strip and NaHCO3 extracted 

P represent plant available forms but there is uncertainty about the availability and inter-

relationships of the other P fractions (Cross and Schlesinger, 1995).  The Hedley et al. 

(1982) fractionation approach (Fig. 2.6b) is currently the only scheme that can be used 

with moderate success for the evaluation of available organic P. The original Hedley et al. 

(1982) fractionation left between 20 and 60% of the P in the soil unextracted which often 

contained significant amounts of organic P (Tiessen and Moir, 1993).   
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 Fig. 2.6 a Development of various P fractionation schemes (PT, PI, PO, and PM are total, inorganic, organic and microbial P respectively).
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Fig.2.6 b Development of various P fractionation schemes (PT, PI, PO, and PM are total, inorganic, organic and microbial P respectively).  
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2.5 Soil Phosphorus Dynamics and Plant Availability  

 

The P cycle is a dynamic system involving soils, plants, animals and 

microorganisms (Fig. 2.7). Major processes include uptake of soil P by plants, recycling 

through return of plant and animal residues, biological turnover through mineralization-

immobilization, fixation reactions at clay and oxide surfaces and solubilization of 

mineral phosphates (Frossard et al., 1995).  Ecologists have often described the P cycle 

in natural systems as a ‘tight cycle,’ meaning that the amount present within an 

ecosystem in the biomass and soil, and annual uptake are much larger compared to the 

gains per year to the system from outside or losses from it (Newman, 1995). Unlike 

undisturbed natural systems where the labile inorganic  P  fraction  in  soils  is small and  
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Fig. 2.7 Schematic P biogeochemical cycling depicting the major processes and 
components of the P cycle in plant-soil systems (adapted from Smeck (1985); 
Tiessen et al (1984); Gressel and McColl. (1997)). 
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closed P cycling is maintained, and where most P uptake by plants is from recycled 

organic P (Magid and Nielsen, 1992), in agricultural and plantation systems, the P cycle 

is more open because of removal of products and addition through fertilizers, organic P 

is considered to be a poor P source on a time-scale appropriate to agricultural 

production (Gressel et al., 1997). 

 
2.5.1 Dynamics of soil phosphorus release and retention 
 

 The equilibrium concentration of P in the soil solution, and the capacity of the 

soil to maintain this concentration against uptake by plants and microorganisms, are 

governed by complex physico-chemical and biochemical mechanisms (Tate, 1984). As 

shown in equation I, rapid dissolution of the labile inorganic P fraction recharges the 

soil solution P against uptake by growing plants and the soil biota and the movement of 

P from resistant to more available or easily extractable forms of soil P is controlled 

largely by the decrease in readily available inorganic P. The rate of movement between 

these fractions will be a function of soil moisture, temperature, complexation or 

precipitation reactions, and probably pool sizes (Sharpley, 1996). True equilibrium is 

seldom established between the labile and non-labile soil P; this compartmentalization 

of soil P is largely arbitrary, since the exact boundaries between compartments cannot 

be precisely delineated (Guo and Youst, 1998).  

soil solution                    labile P                  non-labile P ………..Equation I  
    P                 very fast               very slow                              (from Tate (1984)) 

  

 The continued supply of P to plants will depend on the ability of the soil to 

replenish the P concentration in solution, which primarily reflects three fundamental soil 

characteristics: concentration of P in the soil solution, quantity of P in the solid phase 

that equilibrates with the solution phase during the life of the crop, and the soil 

buffering capacity (Morel et al., 1996; Holford, 1997). While short-term availability of 

inorganic P depends on the concentration of P in the soil solution and in the pool of 

labile P that replenishes the solution (Olsen and Khasawneh, 1980), long-term 

availability of P depends on more complex soil physico-chemical and biological 
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processes. Barrow (1983) described phosphate adsorption as reversible, however, due to 

the dynamic processes involved a plot of sorbed phosphate against concentration is not 

retraced when the concentration is changed. Brewster et al. (1975) obtained similar 

results using an anion exchange resin to induce desorption. The probable reason given 

by Barrow (1983) is that adsorption induces diffusion into the adsorbing materials and 

the amount of this type of phosphate is strongly influenced by time but this explanation 

is not generally accepted.  

The amount of P present in the solid phase that is able to interact with and diffuse 

to the soil solution can be indirectly assessed by the amount and rate of isotopic 

exchange of 32PO4 (Larsen, 1967; Barrow, 1983; Le Mare and Leon, 1989). This 

technique is based on homo-ionic exchange between the radioactive 32PO4 introduced in 

the solution and the 31PO4 located on the solid phase of the soil. All isotopically 

exchangeable P present on the solid phase can come into solution and become available 

to plants (Di et al., 1994). This may demonstrate that soil P cannot be divided into pools 

containing available P and unavailable P instead the amount of available P is a function 

of time and most inorganic P must be seen as being more or less rapidly exchangeable 

with the P in solution (Barrow, 1983). 

Mattingly et al. (1975) showed the relative roles of intensity (phosphate 

concentration in the solution) and quantity (isotopically exchangeable pool) using 

ryegrass harvested four times at an interval of 41 days. Based on this experiment 

Mattingly et al. (1975) proposed that the intensity of P governed the initial rates of 

growth, but the later yield depended on the pool of isotopically exchangeable P. 

Mattingly et al. (1975) showed that measurements of concentration and isotopically 

exchangeable P can be used to estimate the capacity of soils to continue to supply 

phosphate. The slope of the line relating these two quantities (Fig. 2.8) represents the 

capacity of the soil for precipitating and retaining phosphate. The steeper the slope or 

smaller the capacity, the greater is the change in the intensity factor per unit change in 

the quantity of labile phosphate. 
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Fig. 2.8  The relationship between concentrations of P soluble in 0.01 M calcium 
chloride solution and isotopically exchangeable (labile) P for three soils 
(redrawn from Mattingly, et al. (1975)).  

 

 Di et al. (1997), used a kinetic approach to measure the rates of P release and 

retention in grassland soils using 32P radioisotopes, the result of different P 

transformations in the soil-plant system was summed up as a single compartment model 

of P influx (Fin) and outflux (Fout) (Fig. 2.9). Based on this single compartment model 

approach for a recently fertilized soil, the Fin is probably determined mainly by the rate 

of the fertilizer dissolution, P retention may dominate in a high P fixing soil and affect 

Fout; while in a non-fertilized soil it is likely that mineralisation/immobilization control 

both Fin and Fout (Di et al. 1994). 

 

 

Exchangeable P pool Fin Fout

 

 

 

Fig. 2.9 A single compartment model illustrating the influx (Fin) and outflux (Fout) of P 
(reproduced from Di et al. (1994))  
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    P in solution 
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     Epie  1 day – 3 month 

     Epie  3 month – 1 year 

     Epie  > 1 year 

     P sorbed on the soil but exchangeable     Pool of free P ions Epie 1 minute 

Solid phase of the soil Soil solution

 

Fig. 2.10 Model describing isotopically exchangeable P (reproduced from Frossard et 
al. (1995)); where Epie is the quantity of isotopically exchangeable P over time (t). 

 

 In another approach, by Fardeau (1993) as described in Frossard et al. (1995) 

soil exchangeable P was divided into four pools based on plant uptake patterns after 

different equilibration times following addition of 32PO4 ions to a soil suspension. The 

equilibration times were P exchangeable between 1 min and 24 h (time period for root 

uptake of P from soil), between 24 h and 3 months (growth period of the root system of 

an annual crop), between 3 months and 1 year, and periods longer than 1 year (Fig. 

2.10).  

 

 Though not many studies have been carried out using the compartmental 

concept, these models have the potential to provide an insight into both long and short 

term P dynamics for soils. 

 

2.5.2 Soil phosphorus mineralization 
  

The maintenance of dissolved phosphate in soil solution will depend to some 

extent on the magnitude of the two opposing processes (Harrison, 1987): 
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mineralization 
Inorganic P Organic P 

 immobilization 

In natural systems, the recycling of P through the decomposition of added 

organic matter is well recognized but in fertilized soils the relevance of mineralization 

and organic P may have been overlooked or be of lesser immediate value (Gressel and 

McColl, 1997). Labile organic P (e.g. glycerophosphate, phospho-sugars and 

nucleotides) have been designated as the organic P components that undergo rapid 

transformation through mineralization, whereas other organic P compounds includes 

inositol phosphates, a major compound of organic P, generally mineralize slowly 

(Hawkes et al. 1984).  The rate of mineralization of organic P is increased by increasing 

soil temperature and pH, due largely to the controlling effects of temperature and pH on 

microorganisms and enzymes (Harrison, 1987).  Organic P may mineralize only slowly 

in soils having high P retention capacity (Harrison, 1987) which may be due to discrete 

low-molecular-weight ions being adsorbed by hydrous oxide surfaces and to a major 

proportion of organic P being associated with humic and fulvic organo-metallic P 

compounds (as reviewed by Hinsinger 1998). Recent studies using 33P radioisotopes 

and sequential chemical sequential extraction of soils from contrasting fertilized and 

non-fertilized land uses have shown that organic P fractions become important when 

soil inorganic P reserves are limited (Buehler et al. 2002). 

 

 The net mineralization of P from organic matter depends, among other factors, 

upon the C: organic P ratio, which should be below 200:1 and immobilization occurs if 

this ration is above 300:1 (Harrison, 1987) but the C: organic P ratio has also been 

described as an unreliable predictor of mineralisation. Net mineralisation annual rates of 

organic P, determined over a period of 20-50 years at Rothamsted, ranged from 0.5 to 

3.2 kg P ha-1 and are relatively small when compared to the organic P pool, but the 

turnover rates will be comparatively higher (Chater and Mattingly, 1979). Unlike 

organic N mineralisation, which is directly linked with organic C mineralisation, 

organic P mineralisation is also a consequence of inorganic P demand by micro-

organisms (McGill and Cole, 1981).  
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2.5.3 Rhizosphere mediated effects on soil phosphorus 
 

The rhizosphere – the volume of the soil that is directly influenced by root activity 

– is an especially active site for P transformations because of the presence of a 20-50 

times higher population of soil microorganism actively engaged in P transformations 

(Newman, 1978) than are present in bulk soil, and also to diverse exudates of plant or 

microbial origin (Hinsinger, 1998).  

 

The pH changes in the rhizosphere essentially originate from the imbalance of 

anions and cations taken up by plant (Nye, 1981) and can be a critical factor in 

influencing the dynamics of various forms of inorganic P. Both H+ or HCO3
- ions 

excreted by plant roots may desorb phosphate since desorption of phosphate ions from 

minerals involves ligand exchange, thus result from either a root-induced decrease or an 

increase in rhizosphere pH, depending on the dominant forms of inorganic P present in 

the soil (Hinsinger, 1998). Low-molecular-weight organic acids originating from plant 

roots or microorganisms accelerate the dissolution of sparingly soluble phosphate 

minerals by complexing the metal cations of these minerals (Fig. 2.11). Organic acid 

anions accumulating in the rhizosphere can compete with  orthophosphate  for 

adsorption   sites   on   Fe   or  Al  oxides  (Grinsted et al., 1982).  A  recent  review  by 

Fig. 2.11  Mechanisms of rhizosphere induced changes in P forms (reproduced from 
Richardson (1994)). 
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Trolove et al. (2003), evaluating dissolution of phosphate ions associated with various 

hydrous oxide surfaces in acid rhizosphere, concluded that increases in soil solution P 

were more influenced by corresponding increases in concentrations of organic acids 

than to changes in pH. Rhizosphere studies have reported both increases and decreases 

in organic P (as reviewed in Trolove et al. 2003). Tate (1984) concludes that inorganic 

P concentration in rhizosphere soil solution may be increased by the hydrolytic cleavage 

of soil organic P forms, and notably the P esters by extracellular phosphohydrolases. 

Chelating organic anions could also be responsible for organic P release from organo-

metallic P complexes in soils (Trolove et al. 2003). 

 

Mycorrhizal fungi associations with plant roots contribute to P uptake by plants 

especially from less soluble inorganic P sources (Bolan 1991) and it was hypothesized 

that VAM fungi may chelate Fe and release P from Fe-phosphate complexes in low pH 

soils. 

 

2.5.4 Phosphorus forms and plant availability 
   

The existing literature on the plant availability of the soil P fractions determined 

from P fractionations schemes can be assessed. Hedley et al.'s (1982) scheme has nine P 

fractions which are arbitrarily grouped into readily available P (resin-PI, and NaHCO3-

PI), moderately available P (NaHCO3-PO, NaOH-PI and PO, NaOH Son-PI and Son-PO, 

and HCl-PI), and sparingly available P (residual-P) based on the Guo and Youst (1998) 

criteria, although these authors use the term reversibly available P instead of moderately 

available P. 

 

2.5.4.1 Readily available P fractions 

Anion exchange resin-, and NaHPO3 –extracted inorganic P (readily available P) 

are considered to be the forms of soil P that best represent plant P withdrawal for 

various soils types. The rationale for using bicarbonate as extractant of available P is 

that plant roots produce CO2, which forms bicarbonate in soil solution and which may 

release soil P (Tiessen and Moir, 1993). The soil-P pool measured by resin extraction is 

very similar to that assessed using isotopic dilution (Amer et al.1955). The biologically 
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available P consists of labile inorganic P and represents soil solution P, soluble 

phosphates originating from calcium phosphates, and weakly sorbed inorganic P on the 

surfaces of sesquioxides or carbonates (Mattingly, 1975). Compared to all other 

fractions studied (Table 2.2 a and b), readily available P generally showed an increase 

for land uses with P fertilization, while unfertilized soils had less of this P form, 

supporting Cross and Schlesinger’s (1995) conclusion that resin- and NaHPO3-

inorganic P represent the most plant available P forms of the several P fractions 

determined in Hedley et al.’s (1982) scheme.  

 

2.5.4.2 Moderately available inorganic P fractions 

Hydroxide extractable inorganic P has lower plant availability and is thought to 

be associated with amorphous and some crystalline Al and Fe phosphates (Williams et 

al., 1980). Acid extractable inorganic P is largely Ca bound to P (Williams et al., 1980). 

When there is a higher concentration of readily available soil P, NaOH extractable P 

generally accumulates or remains constant in the soil. With the decline in readily 

available P forms, hydroxide extractable P declines especially for soils with high NaOH 

extractable inorganic P levels (Table 2.2 a and b).  Higher concentrations  of HCl 

extractable inorganic P (especially in slightly weathered soils) can also be a source for 

readily available P (Guo et al. 2000). 

  

2.5.4.3 Moderately available organic P fractions 

 NaHCO3 extractable organic P usually has a lower capacity to of accumule in 

soils because it is composed of easily decomposable organic compounds, such as 

phospholipids and nucleic acids (Harrison, 1987), which are susceptible to 

mineralization. The percentage of total P as NaHCO3 and NaOH extracted organic P 

was higher in highly weathered soils which has higher amounts of initial inorganic P 

due to fertilization compared to the slightly-weathered soils for an exhaustive cropping 

experiment by Guo et al. (2000). This result is consistent with conclusions of the
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Table  2.2 a Changes in non-calcareous surface soil P fractions as affected by cultivation, glasshouse and incubation experiments. 
 

Description of the study Duration  Fractionation 
scheme P Forms Degree of change following the 

treatment Reference 

Non-occluded inorganic P Marked increase 

Occluded inorganic P Marked decrease 
Potato-potato-fallow- clover 
rotation; Cotton; corn-wheat-
meadow compared to forest 
analogues 

30-60 yrs 

Chang & Jackson  
based 

Organic P No change 

(Sharpley and 
Smith, 1985) 

NaOH and NaOH sonicated 
organic P, and  residual P 

No marked change 
 Rice-corn-soyabean rotation –

fertilized 
13 yrs 

 
Hedley based 

 All other fractions Significant increase 

Resin, NaHCO3, NaOH organic P Significant decrease 

Residual P Significant increase 

Rice-corn-soyabean rotation –
unfertilized 13 yrs 

 
Hedley based 

 
All other fractions No marked change 

(Beck and 
Sanchez, 
1996) 

NaHCO3, NaOH organic P 
and residual P 

No change between the zero fertilizer 
- organic inputs -mineral fertilizer 
comparisons 

No fertilizer - organic inputs -
mineral fertilizer comparisons in 
red beet, wheat, barley, clover 
cropping rotation 

10 yrs Hedley based 
NaHCO3, NaOH 
inorganic P 

Considerable increase in organic and 
mineral treatments 

(Oberson et 
al., 1993) 

Inorganic P, and NaHCO3, and 
NaOH sonicated organic P 
 

No marked change Conventional tillage (CT) -no 
tillage-low input agriculture-
popular plantation-alfa alfa crop-
secondary succession 
community (tilled) 

CT-50 yrs 
and fallow 
for 7 yrs 

Hedley based 

NaOH organic P and residual 

Increasing trend for NaOH organic P 
and decreasing trend for residual P 
from fertilized to not-fertilized 
treatments 

(Daroub et al., 
2001) 

Soyabean-maize rotation  
 

17 yrs 
(fertilized 

for 1st 10 yrs 
only) 

Hedley based Resin, NaHCO3, NaOH inorganic 
P and NaOH organic P 

Significantly higher when being 
fertilized followed by a decrease 
when fertilizer was stopped. 

(Schmidt et 
al., 1996) 
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Table 2.2 b Changes in non-calcareous surface soil P fractions as affected by cultivation, glasshouse and incubation experiments. 
 

Description of the study Duration  Fractionation 
scheme P Forms Degree of change following the 

treatment Reference 

Resin, NaHCO3, and residual 
inorganic P No difference 

NaHCO3 organic P Significantly higher values in 
managed fallow species 

Managed fallow-natural fallow-
maize/bean rotation 

1 yr Hedley based 

NaOH inorganic and organic P Significantly higher values in 
managed and natural fallow 

(Phiri et al., 
2001) 

Fe impregnated paper extracted P, 
NaHCO3, NaOH and Con. H2SO4 
inorganic P 

Significantly higher for high P 
application 

NaHCO3, NaOH and Con. HCl 
organic P No marked difference  

NaOH inorganic P Declined more with labile P removal 
in highly-weathered soils 

Residual P and HCl inorganic P Declined more with labile P removal 
in less-weathered soils 

Soyabean-maize rotation with 
three levels of P mineral 
fertilizer [155 (low), 310 
(medium), and 930 (high) kg P 
ha-1] 

4 yrs 
(fertilized 
for 1st 2yrs 

only) 

Hedley based 

NaHCO3 and NaOH organic P No effect in high inorganic P soils 

(Linquist et al., 
1997) 

Resin, NaHCO3, and NaOH 
inorganic P Increase Incubation of 33P labeled soils 

from annually fertilized and 
unfertilized soils 
 

2 weeks Hedley based 
NaOH and HCl organic P Increase 

(Buehler et al. 
2002) 

NaHCO3 organic and inorganic P Sensitive to both nutrient sources and 
attributed as transitory soil P pools 

NaOH inorganic P 
Sink for added inorganic P and 
source of NaHCO3 inorganic P in 
mineral fertilized system 

 Mineral and dairy manure 
fertilized 0-30 cm surface soils 
with barley monoculture  

8 yrs Hedley based 

NaOH organic P Mineralized to labile P forms in dairy 
manure fertilized system  

(Zheng et al. 
2002) 
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Cross and Schlesinger's (1995) review of P forms determined by the Hedley procedure 

where it was reported that the proportion of labile forms of organic P increased with 

weathering.  The hydroxide extractable organic P form tends to accumulate more than 

does the NaHCO3 extractable organic P form (Condron, 1990), and represents inositol 

phosphates and their metal phytins (Cosgrove, 1977). When cropping is intensive, there 

was an accumulation of organic P along with accumulation of soil organic matter 

(Wagar et al., 1986). When soil available P was greatly depleted due to harvest or from 

little or no fertilization, there was a decrease in NaHCO3 extractable organic P (Table 

2.2 a and b). Beck and Sanchez (1994) found that organic P did not significantly 

contribute to plant-available inorganic P for an Ultisol that had received repeated P 

applications (Table 2.2 a). For a Colombian Oxisol soil an incubation study showed that 

with increasing incubation time labeled 33P transformed from the resin-P to the 

NaHCO3-PI and NaOH-PI fractions, but the organic or recalcitrant inorganic fractions 

contained almost no labeled 33P  (Table 2.2 b). In contrast, for soils with low or no P 

fertilization, more than 14% of the 33P was recovered in NaOH-PO and HCl-PO fractions 

2 wk after labeling, showing that organic P dynamics are important when soil PI 

reserves are limited (Buehler et al., 2002). When soil inorganic P was low, especially 

unfertilized natural vegetation soils, NaHCO3 extracted organic P began to contribute to 

the available P. Organic P may be important in contributing to P fertility in unfertilized 

soils or soils with a high organic matter, but it does not appear to contribute 

significantly to P availability for high-P mineral soils.   

 

2.5.4.4 Residual P fraction 

The literature is ambiguous about the plant availability of the residual P 

fraction. Guo et al. (2000) reported a decline in this fraction with exhaustive cropping of 

slightly weathered soils while there was a gradual accumulation of residual P in 

fertilized weathered soils. This study notes that the residual P in slightly weathered soils 

tended to decline in response to reduction in labile P due to plant uptake. The residual P 

fraction is thought to be mainly present in the stable humus fraction and as highly 

insoluble inorganic P forms (Hedley et al., 1982).  
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2.6  Land Use Changes and Soil Phosphorus Cycle 

 

The sustainability of an agricultural or forestry production system depends on the 

efficiency of nutrient mobilization for crop use (Tiessen, 1998). There are relatively 

very few long-term studies on P transformations and losses in these systems. Various 

management practices (e.g. felling, burning and cultivation) change the importance of 

the mechanisms evolved under natural vegetation to cycle nutrients effectively between 

the biotic and soil compartments. In undisturbed ecosystems, where the labile inorganic 

P fraction is small and with a closed P cycle, most of the P entering plants is supplied 

from the slow recycling of plant residue P through microbial P mineralisation processes 

in the soil. Most of these natural systems have evolved to recycle P available in the 

particular ecological habitat. In agricultural systems, the P cycle is more open because 

agricultural products are removed, and substantial losses often occur from surface 

runoff and erosion. Fertilizer P is added to compensate for these losses, as well as, to 

raise plant production above natural levels and to enhance product quality, making the 

contribution of the soil cycle more difficult to assess. Plantation crops have longer 

gestation periods compared to agricultural systems and usually fertilizer applications 

will be needed during the plantation establishment phase up untill canopy closure to 

match the nutritional demand for maximal growth rate (Goncalves et al., 1997). 

Goncalves et al. (1997) hypothesizes that nutrient demand is lower following canopy 

closure. Most of the P nutritional demand by plantations following canopy closure may 

be met by the slow recycling of organic P through microbial processes and P release 

from moderately and sparingly available P forms in the soil. 

 

2.7 Conclusions and Objectives of this Research 
 

This review of literature has shown that the nature and relative amounts of soil P 

compounds present may differ with differences in parent material, fertilization practice, 

and soil constituents. Although the different techniques used to determine soil P forms 

have limitations, they provide a valid means to obtain information about the nature and 

amounts of P for three contrasting land uses of the soils studied in this research. 

Partitioning of the continuum of soil P forms into discrete P pools can help in assessing 
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the long-term plant availability of soil P, especially from a sustainability point of view. 

To overcome the problems associated with indirect determination of organic P, solution 
31P NMR was used to provide better knowledge of the associated changes with changes 

in land use. This study was undertaken to address the following aspects of soil P 

chemistry for land use change in South-West Australian soils: 

 

i. The amount and nature of inorganic and organic P 

ii. Relationships between P fractions and soil chemical and physical properties  

iii. Contributions of P fractions to availability of P to plants 

iv. P adsorption characteristics of soils and influence on P fractions 

v. Relationships between readily available P and soil P fractions 

 

The general hypothesis of the study is that during initial phase of plantation 

establishment, even with discontinuation of P fertilization following plantation, readily 

available P accumulated from past fertilizer applications to pastures may play a crucial 

role in P supply. Moderately available and sparingly available P forms may be an 

adequate P source during the post-canopy closure stage of plantation development.   
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Chapter 3 
Site Selection, Description, and Characterisation 

3.1 Site Selection 

Sites were selected throughout the Mediterranean climate, high rainfall region 

(>550 mm annually) of south-western Australia where three types of land use: 

Eucalyptus globulus plantations, pasture and natural vegetation occur. The eleven 

sites chosen (Fig 3.1) were a subset of 31 paired pasture/plantation sub-sites used by 

Grove et al. (2001) where remnant natural vegetation was in close proximity to 

pasture and plantation sites and the sub-sites had well matched soils. The plantations 

were established on ex-pasture sites with a long history of management. The natural 

vegetation sites were subsequently established as a benchmark for comparing soil 

change since land clearing. 

The criteria for selection of pasture/plantation sub-sites (Grove et al., 2001) 

and the natural vegetation sub-sites were:  

( i )  first-generation plantations to be at least 6 years of age so that any 

changes in soil properties associated with the tree crop would be 

better distinguished from the background spatial variation in soil 

properties 

( ii ) sites to be representative of the range in climates and soils within the 

region where E. globulus is grown  

( iii ) pasture areas adjacent to the plantation have continued to  be managed 

according to traditional agricultural practices 

( iv ) areas of pasture, plantation, and natural vegetation were large enough 

for representative soil sampling and were well matched in terms of 

topographic and soil profile characteristics 

 

Information on each of the sites including the land-use history of pasture and 

plantation areas is in Table 3.1.  

 

 
6
3
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3.2 Climate and Land Use History 

Mean annual rainfall and summer (December, January, February) evaporation 

(Fig. 3.1) were estimated for each site by interpolation from historic records using 

Hutchinson's (1990) climate analysis model (Grove et al., 2001). At most of the 

native vegetation sites, natural vegetation comprised an overstorey of eucalypts with 

a highly diverse understorey of shrubs and annual species.  The most prominent 

species in pastures were subterranean clover (Trifolium subterraneum), capeweed 

(Arctotheca calendula) and ryegrasss (Lolium rigidum). The pasture age since 

conversion from natural vegetation ranged between 20 to 71 years with an average 

annual P fertilization rate of 15 kg ha-1of P as superphosphate. Since conversion of 

pastures to plantations (7 to 10 years prior to sampling) of a monoculture of bluegum 

(Eucalyptus globulus), these ex-pasture sites have not received any P fertilizer (apart 

 

from a spot application at the time of plantation establishment).   

ig. 3.1  Location of the 11 triplet sites (pasture-plantation-natural vegetation) in 
 
F

relation to broad soil groups, long-term annual rainfall (red lines) and 
average summer (Dec, Jan, Feb) evaporation (blue lines). Climate estimates 
are from the climate analysis model of Hutchinson (1990).Soil map compiled 
by G.E. Donald, CSIRO, Animal Production, Floreat, WA, Australia and Nick 
Middleton, Dept of Soil Science and Plant Nutrition, University of Western 
Australia, Crawley WA 6009 based on Mulcahy (1967). 



 
 

 
  
 
      

  
 
       

       

        
      

  
 
      

Table 3.1 Site location, soil classification, climate attributes and land-use history 
 
 
Soil 
sample  
no. 

Site name Latitude 
----------- 
Longitude 

Soil description and classification 
--------------------------------------- 

FAO system*/Australian system** 

Annual 
Rainfall 

-------------- 
Summer 

Evaporation 
(mm) 

Land-use 

Age 
since 

conversion 
(yr) 

Phosphorus 
fertilizer 

application 
rates¶

kg P/ha/yr 

       
1 Andrews

 
34056’ S Sandy apedal yellow-mottled duplex 865 Pasture 20 7.9 

2 11800’ E 
 

Ferric Acrisol* 572 
 

Plantation 10 - 
3 (Dy5.8)** Natural vegetation - -

4 Anning
 

34057’ S Sandy apedal yellow-mottled duplex 1291 Pasture 71 9.9 
5 116052’ E 

 
Ferric Acrisol 531 Plantation 8 - 

6 (Dy5.8) Natural vegetation - -

7 Ayers 33°48’ S Red massive earth 983 Pasture 29 13.0 
8  116°03’ E 

 
Red Ferrosol 

 
581 Plantation 9 - 

9 (Gn 2.1) Natural vegetation - -

10 Gibbs 
 

33°30’ S Siliceous sand 721 Pasture 31 21.6 
11 116°31’ E

 
Haplic Arenosol

 
658 Plantation 9 -

12 (Uc1.21) Natural vegetation - -

13 Hall
 

34029’ S Siliceous sand-gravelly 661 Pasture 43 12.1 
14 117023’ E 

 
Haplic Arenosol 

 
590 Plantation 8 - 

15 (Uc1.21) Natural vegetation - -

38

 
* FAO-UNESCO (1990) ** Northcote (1979) – soil classification for the study sites was by G.M. Dimmock, CSIRO, Floreat, WA, Australia. 
*** Plantation was converted from pasture 
¶ Fertilizer application rate based on total P applied since land clearing. Annual P application was discontinued following conversion of pasture to plantation, most 
plantations received a spot application at the time of plantation establishment. 
 
 



 
 

      

  
 

    

  
 
       

  
 
      

       
       

      

 
Table 3.1 contd. Site location, soil classification, climate attributes and land-use history. 
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Soil 
sample  
no. 

Site name Latitude 
----------- 
Longitude 

Soil description and classification 
--------------------------------------- 

FAO system*/Australian system** 

Annual 
Rainfall 

-------------- 
Summer 

Evaporation 
(mm) 

Land-use 

Age 
since 

conversion 
(yr) 

Phosphorus 
fertilizer 

application 
rates¶

kg P/ha/yr 

16 Hartridge 34°15’ S Siliceous sand 1087 Pasture 30  17.6 
17  115°21’ E 

 
Gleyic Arenosol 

 
538        Plantation *** 9 - 

18 (Uc1.21) Natural vegetation -

19 Jefferies
 

34056’ S Siliceous sand 655 Pasture 31 13.2 
20 116038’ E 

 
Haplic Arenosol 

 
653 Plantation 8 - 

21  (Uc1.22) Natural vegetation - -

22 Moltoni
 

34021’ S Sandy apedal yellow-mottled duplex 1358 Pasture 18 30.9 
23 115059’ E 

 
Ferric Acrisol 519 Plantation 10 - 

24 (Dy5.6) Natural vegetation - -

25 Patmore
 

34024’ S Siliceous sand-gravelly 836 Pasture 20 11.4 
26 116049’ E 

 
Haplic Arenosol 

 
569 Plantation 8 - 

27 (Uc1.21) Natural vegetation - -

28 Robinson 
 

34°04’ S Sandy apedal yellow-mottled duplex 
 

1226 Pasture 42 14.2 
29 115°06’ E

 
Ferric Acrisol 545 Plantation 10 -

30 (Dy5.5) Natural vegetation - -

31 Walker 34°37’ S Siliceous sand 574 Pasture 24 10.0 
32  118°22’ E 

 
Haplic Arenosol 

 
626 Plantation  9 - 

(Uc1.21) Natural vegetation - -

39

* FAO-UNESCO (1990) ** Northcote (1979)– soil classification for the study sites was by G.M. Dimmock, CSIRO, Floreat, WA, Australia.                                                                  
*** Plantation was converted from pasture   
¶ Fertilizer application rate based on total P applied since land clearing. Annual P application was discontinued following conversion of pasture to plantation, most 
plantations received spot a application at the time of plantation establishment. 
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3.3 Soil Sampling and Analyses 

Surface soil samples from the 0-10 cm and 10-20 cm depth ranges were taken at 

intervals along a 40 m transect in each of the land use types and combined to give 

two representative samples. At each sub-site, transects were established in the 

pasture and plantation areas at a distance of about 25 m from the boundary between 

the two areas. As far as possible, transects in the natural vegetation areas were taken 

close to the other two land-use sub-sites. The sampling sites have moderate slopes. 

Surface soils in the plantations had not been disturbed since being under pasture, 

except along the planting rows, and in this case soil sampling was confined to the 

undisturbed inter-row area. Each sample was a composite obtained by bulking 36 

cores collected from 1-2 m on either side and along each transect.  The samples were 

air-dried and sieved (<2 mm). Although, some P may also be present in litter 

(undecomposed) and O (partially decomposed) horizon materials these materials 

were not sampled, as they were not the focus of this research. A number of physical 

and chemical properties were determined on the 0-10 cm soil sample, and the 10-20 

cm samples was used for XRD (in order to minimize interference from organic 

matter) and to provide a representative elemental composition of soil material using 

XRF analysis.  
 

3.3.1 Soil physical and chemical analyses 
The following physical and chemical properties were determined on the 0-10 

cm soil sample: soil pH was determined using a 0.01 M CaCl2 1:5 soil:solution ratio 

(pH (CaCl2)), soil pH was also measured in 1 M NaF after shaking for 1 h and using a 

soil:solution ratio of 1:50 (Fieldes and Perott, 1966) (pH(NaF)), particle size was 

measured by the method of Gee and Bauder (1986),  and electrical conductivity  

measured in 1:5 soil:H2O. Total organic carbon was determined using a high 

frequency induction furnace (LECO CHN analyzer, St. Joseph, Michigan, USA). 

Dithionate-citrate-bicarbonate extractable Fe and Al (FeD and AlD, Mehra and 

Jackson, 1960) were determined as measures of total free Fe and Al oxide contents of 

the soils. Pyrophosphate extractable Fe and Al (FeP, AlP) were determined according 

to Rayment and Higginson (1992). To estimate the concentration of short-range 

order Fe and Al oxyhydroxides  (FeO and AlO), soils were extracted with ammonium 



Chapter 3                                                                       Site Selection, Description and Characterisation 
 

 41

oxalate using the method of Rayment and Higginson (1992). The difference between 

FeO and FeD was used to estimate the amount of well-crystallized iron oxides 

(goethite and hematite) and the ratio of FeO to FeD was taken as an index of the 

degree of crystallinity of Fe and Al  oxyhydroxides (Carreira and Lajtha, 1997). 
 

3.3.2 X-ray Fluorescence Spectrometry 

Major and minor elements in the 10-20 cm soil sample were determined 

using a Philips PW 1400 XRF spectrometer fitted with a rhodium tube. 

Approximately 10 g air-dry soil (<2 mm) was placed in clean 100 g capacity steel 

mortar with a ring and puck head, and milled in a ChatterboxTM for a minimum of 2 

minutes, or until particle size was mostly <20 µm. Samples were prepared for XRF 

analysis by fusing 0.700 g of sample with 7.000g of lithium meta/tetraborate flux at 

1050oC in a platinum crucible. The molten mixture was cast in a platinum-gold alloy 

mold. The elemental compositions were corrected for matrix effects using α-factors 

provided by Philips and adjusted for this sample preparation procedure (Norrish and 

Hutton, 1969). 
 

3.3.3 X-ray diffraction  

The identification of soil minerals was carried out by X-ray diffraction 

(XRD) using a random powder procedure. Soil samples were ground as described in 

the previous section and the powdered samples were lightly pressed into aluminium 

holders. X-ray diffraction patterns were obtained using a Philips PW-3020 

diffractometer equipped with a diffracted beam monochromator using CuKα 

radiation generated at 50 kV and 20 mA with a fixed divergence slit of 1o and a fixed 

receiving slit of 0.1o. Continuous scans were collected between 5 and 70o 2θ at a 

speed of 0.02o 2θ sec-1. The diffraction patterns were interpreted with the aid of 

XPAS analytical software (Singh and Gilkes, 1992a) and Traces 5.0.5 software 

(Diffraction Technologies, 1999). Quartz, which was present in all the bulk samples, 

was used as an internal spacing standard, to correct the minor d-spacing errors 

caused by instrumental and sample factors.  
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Based on the ratio of the strongest peak area of a mineral in the sample to its 

equivalent peak-area in a XRD pattern of pure sample of the mineral a semi-

quantitative estimate of mineral abundance was derived for the minerals identified 

from the XRD patterns (Brown and Brindley, 1980). Each mineral was then 

expressed as a mass percentage of the the sample.  
 

3.3.4 Statistical Analysis 

Soil properties for different land uses and bivariate relationships between 

properties were assessed using analysis of variance with the ANOVA/MANOVA 

module of STATISTICA 5.1 (Statsoft, 1997), with each site being treated as a 

separate replicate block. Principal components analysis (PCA; FACTOR 

ANALYSIS module of STATISTICA 5.1 (Statsoft, 1997)) was used to classify and 

group the sites and evaluate the degree of matching of the sampling locations for 

each land uses at each site. Soil chemical/mineralogical characteristics that were least 

likely to be affected by changes in land use practices were selected as PCA variables. 

PCA was conducted using a correlation matrix to reduce the variables to a common 

scale (Hair et al., 1984).  
 

3.4 Soil Characterisation and Land Use Differences 

3.4.1 Soil pH, organic carbon, texture and electrical conductivity 
Surface soils (0-10 cm) have pH(CaCl2) values in the acidic range and are of low 

electrical conductivity (Table 3.2). There were no significant differences between 

land-uses (P<0.05%) for pH, organic matter, electrical conductivity, and texture.  
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Fig. 3.2 Comparison of soil organic carbon (%) between land-uses. 
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Fig. 3.3 Comparison of silt+clay (%) between land-uses.  
 

There is an almost 5-fold variation in organic C among sites - from 1.4% at 

Jefferies to 8% at Ayers (Fig 3.2). Soil C concentrations gave similar results 

(Mendham et al., 2002). These authors found no significant land use effect on soil 

carbon in the 0-10 cm depth range, however, C:N and C:P ratios were significantly 

lower for the managed relative to the natural vegetation soils. 

 

Table 3.2 Organic carbon, pH, electrical conductivity (EC), and soil texture values 
in the surface soil (0-10 cm) for pasture, pasture converted to plantation and 
natural vegetation land-uses.  

 
Mean  
(Standard deviation) 

Organic 
carbon (%) pH (CaCl2)

EC 
(mS m-1) Sand (%) Silt(%) Clay (%) 

 
Pasture 4.0 (± 1.8) 4.4 (± 0.3) 7 (± 3) 87 (± 10) 3.3 (± 2.8) 9.4 (± 7.3) 
Plantation 4.2 (± 2.1) 4.1 (± 0.4) 6 (± 2) 86 (± 11) 3.8 (± 2.9) 9.9 (± 8.4) 
Natural vegetation 5.1 (± 2.7) 4.6 (± 0.5) 5 (± 2) 89 (±   8) 3.3 (± 2.2) 7.4 (± 6.1) 
Overall mean 4.4 (± 2.2) 4.4 (± 0.5) 6 (± 2) 88 (± 10) 3.5 (± 2.6) 8.9 (± 7.2) 

 P<0.05% N.S.* N.S. N.S. N.S. N.S. N.S. 

*N.S. – Non significant  
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The soil texture for the sites studied included coarse sand (Walker, Hall, and 

Jefferies), loamy sand (Andrews, Gibbs, and Hartridge), sandy loam (Moltoni, and 

Patmore) and clayey sand (Ayers, Robinson, and Annings) (Table 3.1 and Fig. 3.3).  

At most of the sites the soil samples for the three land uses are quite well matched on 
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the basis of silt+clay % since data fall close to the 1:1 equi-amount line (Fig. 3.3). 

The Ayers site has heavier textured soils under pasture and plantation compared to 

the soil under natural vegetation. Most of the heavier textured sites occur in higher 

rainfall areas. This differences are significant because soils with similar clay fraction 

mineralogy but having a higher clay content adsorb more phosphate due to the 

presence of more exposed surface area (Fox and Kamprath, 1970). Soils at all sites 

have predominantly kaolinitic clays (Fig. 3.4). Kaolinite has more exposed Al-OH 

groups with a strong affinity for phosphate ions (Bohn et al., 1979) than do high 

SiO2/R2O3 (silica/sesquioxide) clay minerals like smectities. Clay minerals possess 

oxyhydroxy aluminol, ferrol, and silnol surfaces, where protonation of exposed OH 

groups produces positive charges resulting in higher retention of phosphate 

(Hingston et al., 1968). Sesquioxides, together with Al-OM complexes also provide 

much of the P sorption capacity of soils (Sanyal and De Datta, 1991). 

 

3.4.2 Iron and aluminium oxides 

The values of dithionite and oxalate extractable Fe (the increment indicates 

well-crystallized iron oxides) shows that Gibbs, Hall, and Hartridge had slightly 

lower concentration of amorphous Fe oxide than did other sites (Table 3.3). Oxalate 

extractable Fe content was higher than oxalate extractable Al for the lighter textured 

sites, whereas for the heavier textured soils, oxalate extractable Fe and Al did not 

follow a similar trend. In comparison to the crystalline Fe and Al oxides (dithionite 

extracted) the amorphous (oxalate extracted) Fe and Al oxides have higher specific 

capacities to adsorb P in acidic soils (Sanyal and De Datta, 1991). For all three Fe 

and Al extraction methods: the Moltoni, Patmore, Robinson, Ayers and Annings 

have higher values compared to the more sandy sites (Walker, Hall, Gibbs, Jefferies, 

and Hartridge). Al and Fe concentrations between soils from different land use types 

(Table 3.3) were not statistically significant (at P<0.05).  Concentrations of Fe were 

lower than concentration of Al for pyrophosphate extracts which measure organic 

complexes of Fe and Al. The overall mean AlP minus FeP  



 
 
Table 3.3 Concentrations of Al and Fe soluble in acid-oxalate extractant, dithionate-citrate-bicarbonate extractant, and pyrophosphate 

extractant. 
 
 

AlO* FeO AlD FeD AlP FeP AlD+FeD FeD-FeO FeO-FeP FeO/FeDSoil 
sample 

no. 

Site 
name Land-use      g kg-1      

            
            
             
            
            
             
             
            
             
            
            
             
            
            
             
            
            
             
            
            
             

1 Andrews
 

 Pasture 0.05 0.20 0.06 0.25 0.04 0.09 0.31 0.05 0.11 0.80
2 Plantation 0.02 0.14 0.03 0.16 0.01 0.04 0.19 0.02 0.10 0.86
3 Natural vegetation

 
0.02 0.15 0.04 0.16 0.00 0.01 0.2 0.01 0.14 0.92

4 Anning
 

Pasture 0.43 0.59 0.43 1.21 0.24 0.14 1.64 0.62 0.69 0.49
5 Plantation 0.30 0.80 0.32 1.20 0.20 0.12 1.52 0.40 0.72 0.67
6 Natural vegetation 0.27 0.77 0.27 1.12 0.11 0.05 1.39 0.35 0.36 0.69
7 Ayers

 
Pasture 0.97 0.47 0.68 1.33 0.49 0.10 2.01 0.86 0.26 0.35

8 Plantation 0.96 0.73 0.72 1.75 0.41 0.10 2.47 1.02 0.22 0.42
9 Natural vegetation

 
0.33 0.31 0.31 0.91 0.15 0.05 1.22 0.60 0.13 0.34

10 Gibbs
 

Pasture 0.03 0.24 0.03 0.18 0.03 0.02 0.21 -0.06 0.19 1.34
11 Plantation 0.03 0.16 0.03 0.14 0.02 0.02 0.17 -0.02 0.13 1.16
12 Natural vegetation

 
0.05 0.22 0.04 0.19 0.01 0.01 0.23 -0.02 0.17 1.11

13 Hall
 

Pasture 0.07 0.20 0.05 0.17 0.04 0.01 0.22 -0.04 0.20 1.21
14 Plantation 0.04 0.13 0.03 0.12 0.04 0.00 0.15 -0.01 0.19 1.10
15 Natural vegetation 0.09 0.18 0.06 0.18 0.04 0.01 0.24 0.00 0.27 0.99
16 Hartridge

 
 Pasture 0.11 0.22 0.09 0.20 0.10 0.09 0.29 -0.02 0.18 1.09

17 Plantation 0.27 0.39 0.20 0.36 0.23 0.19 0.56 -0.03 0.11 1.07
18 Natural vegetation

 
0.01 0.20 0.02 0.18 0.02 0.01 0.20 -0.02 0.10 1.09

19 Jefferies
 

Pasture 0.17 0.28 0.12 0.31 0.07 0.01 0.43 0.03 0.45 0.91
20 Plantation 0.08 0.18 0.05 0.18 0.02 0.01 0.23 0.00 0.69 0.98
21 Natural vegetation 0.06 0.19 0.05 0.18 0.03 0.01 0.23 0.01 0.72 1.02
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* AlO & FeO - acid-oxalate extractable, AlD & FeD - dithionate-citrate-bicarbonate extractable and AlP & FeP – pyrophosphate extractable



 
 
Table 3.3 contd.  Concentrations of Al and Fe soluble in acid-oxalate extractant, dithionate-citrate-bicarbonate extractant, and 

pyrophosphate extractant…….contd. 
  

AlO* FeO AlD FeD AlP FeP AlD+FeD FeD-FeO FeO-FeP FeO/FeDSoil 
sample 

no. 

Site 
name Land-use      g kg-1      

             
          
          

             
          
          

            
          
          

             
          
          

            
           
            

          

22 Moltoni Pasture 0.73 0.44 0.47 0.43 0.40 0.06 0.90 0 0.38 1.01
23  Plantation 0.59 0.15 0.55 0.55 0.46 0.07 1.10 0.40 0.08 0.28
24  Natural vegetation 0.49 0.19 0.50 0.44 0.34 0.07 0.94 0.25 0.12 0.42
25 Patmore Pasture 0.44 0.55 0.42 1.09 0.24 0.05 1.51 0.54 0.39 0.51
26  Plantation 0.53 0.45 0.42 0.82 0.30 0.06 1.24 0.37 0.33 0.55
27  Natural vegetation 0.62 0.41 0.45 0.83 0.31 0.08 1.28 0.42 0.21 0.49
28 Robinson Pasture 0.78 0.37 0.55 0.75 0.49 0.16 1.30 0.38 0.22 0.49
29  Plantation 0.73 0.38 0.57 0.84 0.49 0.20 1.41 0.46 0.08 0.45
30  Natural vegetation 1.15 0.31 0.82 0.90 0.65 0.09 1.72 0.58 0.14 0.35
31 Walker Pasture 0.01 0.08 0.01 0.10 0.01 0 0.11 0.02 0.26 0.82
32  Plantation 0.01 0.15 0.02 0.13 0.01 0 0.15 -0.01 0.26 1.09
33  Natural vegetation 0.02 0.10 0.02 0.12 0.01 0 0.14 0.03 0.24 0.78
 Mean

 
Pasture 0.34 0.33 0.26 0.55 0.20 0.07 0.81 0.22 0.38 0.82
Plantation 0.32 0.33 0.27 0.57 0.20 0.07 0.84 0.24 0.08 0.78
Natural vegetation 

 
0.28 0.27 0.23 0.47 0.15 0.03 0.70 0.20 0.12 0.75

  Overall 0.32 0.31 0.26 0.53 0.18 0.06 0.79 0.22 0.50 0.78
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* AlO & FeO - acid-oxalate extractable, AlD & FeD - dithionate-citrate-bicarbonate extractable  and  Al P & FeP – pyrophosphate extractable 
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was 0.12 g kg-1 (Table 3.3). Al  has  been  reported  to  complex  with  organic  

matter  in  acid soils (Norrish and Rosser, 1983) and can contribute greatly to P 

sorption by some Western Australian soils (Hughes and Gilkes, 1994).  

 

3.4.3 Mineralogy 

X-ray diffraction analysis of random powders of whole soils indicated that 

only a limited number of mineral species occur in these soils (Fig 3.4). Quartz is the 

dominant mineral at all the sites. Various quantities of feldspar and gibbsite are 

present in many of the soils. Ilmenite is present at the Andrews site. In general, there 

is more variation in the abundance of the minerals between the land uses at sites with 

heavier textured soils but this variation is relatively minor. The clay mineralogy is 

dominated by kaolinite at all of the sites and no other clay mineral was recorded from 

the random powder diffractograms. The dominance of kaolinite is a consequence of 

the intense weathering experienced in the region during a previous sub-tropical 

climate and also reflects the great tectonic stability of the Yilgarn Craton (McArthur, 

1991). Because these soils are highly weathered there are only very minor amounts 

of weatherable minerals, and no phosphate minerals were detected by XRD. 

 

3.4.4 Inter-relationships between soil properties  

Clay and silt are strongly and positively related to all the extractable forms of 

Al and Fe, especially Al forms (at P<0.001; Table 3.4). X-ray diffractograms reveal 

the presence of kaolinite in soils at many of the sites (Fig. 3.4). Kaolinitic clays have 

more exposed Al-OH groups than 2:1 clays such as smectities and therefore have a 

stronger affinity for phosphate ions (Bohn et al., 1979). The close relationship 

between the AlD and FeD values may be indicative of  Al substituting for Fe in iron 

oxides as most Fe oxides in WA are Al substituted to levels of up to 30 mole % Al 

(Singh and Gilkes, 1992b). There are strong positive relationships between pH(NaF) 

and AlO AlP and to a lesser extent with other forms of Al and Fe which are major 

contributors to P sorption, thus  pH(NaF)  can be used as a measure of the P retention 

capacity associated with poorly ordered aluminosilicates and Al-humus (Perrott et 

al., 1976; Singh and Gilkes, 1992b). The significant positive relationship (p<0.001; 
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Table 3.4) between total organic carbon and silt+clay has also been noted by 

Mendham et al. (2002) for a similar set of soils. In sandy soils total organic carbon 

may also be related to the amount of pyrophosphate extractable Al oxyhydroxides 

and to a lesser extent to Fe oxyhydroxides, possibly indicating complexation of Al 

and Fe with organic matter (Norrish and Rosser, 1983).  

 

Table 3.4 Correlation coefficients (r) for positive linear relationships between soil 
properties (r >0.72 for P <0.001, r between 0.72 and 0.59 for P<0.01, r 
between 0.58 and 0.32 for P <0.05) 

                    

 OC pH 
(CaCl2)

pH 
 (NaF)

Silt Clay  Silt 
+Clay 

AlO FeO  AlD FeD AlP FeP   PBC 

             
pH(CaCl2) 0.22            
pH(NaF) 0.37 0.59           
Silt 0.79 0.32 0.64          
Clay 0.72 0.24 0.66 0.93         
Silt+Clay 0.75 0.27 0.66 0.96  0.99         
Al0 0.71 0.50 0.79 0.89  0.90 0.91        
FeO 0.40 0.49 0.36 0.46  0.41 0.43 0.54       
AlD 0.72 0.53 0.78 0.90  0.89 0.90 0.98  0.58      
FeD 0.63 0.51 0.48 0.75  0.66 0.69 0.76  0.88  0.81     
AlP 0.69 0.43 0.82 0.88  0.92 0.92 0.97  0.46  0.97   0.68    
FeP 0.58 0.09 0.47 0.66  0.72 0.71 0.63  0.54  0.65   0.58  0.70   
PBC 0.65 0.27 0.71 0.80  0.86 0.87 0.85  0.47  0.86   0.61  0.91 0.88  
Total P 0.37 0.15 0.59 0.61 0.63 0.63  0.55   0.62  0.61 0.66 0.67  0.74 0.66 

pH(CaCl2) - 0.01M CaCl2 ,  OC - Organic Carbon (%),  AlO & FeO - acid-oxalate extractable Al & Fe 
(mg kg-1), AlD & FeD - dithionate-citrate-bicarbonate extractable Al & Fe (mg kg-1) and  Al P & FeP - 
pyrophosphate extractable Fe &Al (mg kg-1), PBC Phosphorus buffering capacity (mg L-1) measured 
by the method of  Ozanne and Shaw (1967). 
 
 

3.4.5 Principal component analysis 

The first three components of a principal component analysis using soil 

properties which are least affected by land management explained 82% of the 

variation between the sites and land uses at each site by (Table 3.5). These three 

components have eigenvalues >1.0 and so account for more variation than can be 

explained by any one of the variables measured. Soil parameters having a strong 

loading on PC1 are clay, sand, silt, AlO, Al2O3, SiO2, FeO, gibbsite, anatase, quartz 

and kaolinite. As expected, sand content and the associated SiO2 and quartz 

concentrations had negative loadings as shown in Table 3.5 and the corresponding 

bi-plot (Fig 3.5). PC1 explained 56% of the variation while the next two components 

explained 15%  
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Fig. 3.4 XRD patterns of random powders of whole soil (10-20 cm). Quartz (Q), 
feldspar (F), kaolinite (K), gibbsite (G), anatase (A) are the major minerals. 
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Fig. 3.5 Bi-plot representing the component loadings for principal component for the 

surface soil of the trio of pasture, plantation and natural vegetation sub-sites 
for mineralogical and chemical soil properties least affected by land-use. 

 
 

 
F

AYEBUS AYEPLA
AYEPAS 

ANDPAS 

ANDPLA 

ANDBUS 

ROBBUS 
ROBPLA 

ROBPAS

P
C

 2
 (1

5.
1 

%
) 

2.5 2 
PC 1 (56.3 %) 

1.51-1.5 

4 
3.5 

3 
2.5 

2 
1.5 

-1.5 
-1 

-0.5
PATPAS
 PATBUS

0 

M
O

LB
U

S
 

0.5 
1 

-1 
WALPAS -0.5 0.5

WALPLA 
WALBUS 

GIBPAS 
GIBPLA 

GIBBUS 

JEFBUS A
N

N
P

LA
 

A
N

N
B

U
S
 

H
A

R
P

LA
 

PATPLA

M
O

LP
A

S
  

 

 

H
 

JE
FP

A
S
 

H
A

R
B

U
S

H
A

R
P

A
S  

H
A

LP
LA

A
LB

U
S  

H
A

LP
A

S

JEFPLA 

M
O

LP
LA

A
N

N
P

A
S
 

ig. 3.6 Scatter plot of factor scores for the surface soil of the trio of pasture, 
plantation and natural vegetation sub-sites generated by principal component 
analysis from mineralogical and chemical soil properties least affected by 
land-use (Abbreviation: Site+Land use; Sites: AND-Andrews, ANN–Annings, AYE–Ayers, 
GIB-Gibbs, HAL–Hall, HAR–Hartridge, JEF–Jefferies, MOL–Moltoni, PAT-Patmore, ROB-
Robinson, and WAL-Walker; Land uses: PAS- Pasture, PLA-Plantation, and BUS-Natural 
vegetation). 
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Table 3.5 Eigenvalues, percentage variation, and variable loadings for principal 
component scores PC1, PC2, and PC3 (highlighted scores have eigenvalue > 
0.7)  

 PC 1 PC 2 PC 3 

Eigenvalues 9.7 2.1 1.8 
Proportion of 
variation 0.56 0.15 0.11 
Cummulative 
variation 0.56 0.71 0.82 

Component 
loadings    
Al2O3 (%) 0.834 0.033 0.430 
SiO2 (%) -0.756 -0.237 -0.535 
TiO2 (%) 0.212 0.946 0.119 
Fe2O3 (%) 0.305 0.320 0.821 
Kaolinite (%)  0.707 0.018 0.456 
Aanatase (%) 0.780 -0.010 -0.203 
Quartz (%) -0.778 0.178 0.405 
Gibbsite (%) 0.791 0.037 -0.036 
Ilmenite (%) -0.189 0.955 -0.067 
Clay (%)  0.939 0.020 0.285 
Silt (%) 0.867 0.074 0.401 
Sand (%) -0.934 -0.034 -0.320 
AlO (%) 0.865 -0.115 0.373 
FeO (%) 0.814 -0.164 0.360 
AlD (%) 0.164 -0.162 0.920 
FeD (%) 0.209 0.002 0.882 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
and 11% of the variation. PC2 had a high loading for ilmenite (FeTiO3) and thus total 

TiO2 while PC3 had Fe2O3, AlD and FeD as its major contributors (Table 3.4). 

 

The major separation of sites is associated with strong loading of soil textural 

properties (Table 3.5). Ayers, Robinson, Moltoni, Patmore and Annings are 

separated from Walker, Jefferies, Hall, Hartridge and Gibbs mainly because of 

differences in clay, silt and sand contents. Within each site, the triplets of sub-sites 

were less well matched for heavier textured soils. The Robinson soils (with their 

higher contents of Al2O3, AlO, AlD FeD and TiO2) and Andrews soils (with the 

presence of ilmenite and associated TiO2) have the greatest separation from the 

above-mentioned general grouping.  Due to the strict selection criteria followed for 
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identifying the closely adjacent paired pasture and plantation sites there is a higher 

degree of uniformity of sub-sites for these two land uses, it was not always possible 

to locate an equally well-matched sub-site under natural vegetation. Noted 

exceptions are the difference shown by Hartridge plantation and Andrews pasture 

soils compared to soils under other land uses at these particular sites. 

   

3.5 Conclusions 

The sites are representative of some major soil types in southwestern 

Australian. Thus, the site framework provides an ideal system for studying changes 

in P forms since land clearing for agriculture and the ensuing conversion to 

plantations (on an average 9 years ago), and  in comparison to P forms in soils 

adjacent unfertilized natural vegetation areas. However, the study depends on the 

degree of similarity of soils within each triplet set of sub-sites. Based on the soil 

characteristics studied, within each site there is generally a better matching between 

pasture/plantation pairs than between natural vegetation and either pasture or 

plantation. These different levels of matching of within the trio of land uses needs to 

be considered when interpreting the effects of land use on the forms and behaviour of 

soil P, at the various sites. Interpretation of results using statistical techniques 

including regression analysis can accommodate much of this sub-site difference.  

 



  Chapter 4 
Effects of Land Use Change on Phosphorus Forms in Surface Soil 

Assessed by Hedley et al.’s Fractionation Scheme 
 

4.1 Introduction 
 

The complex chemistry and the highly dispersed nature of P compounds in 

soil, makes direct identification of P compounds and thus assessment of their plant 

availability difficult (Sawhney, 1973; Pierzynski et al., 1990 a and b; McLaughlin, 

1996). The Hedley fractionation method (Hedley et al. 1982) has been widely used to 

characterize soil P availability. Many of the earlier P fractionation schemes (Chang 

and Jackson, 1957; Williams et al., 1967) determined only inorganic P forms. The 

procedure, in its original Hedley et al. (1982) or modified forms (Tiessen et al., 

1983; Tiessen et al., 1984; Sharpley, 1987; Tiessen and Moir, 1993; Beck and 

Sanchez, 1996), directly determines inorganic P and indirectly determines 

(calculates) organic P. These schemes initially remove readily available P from the 

soil with mild extractants, and then the more stable P forms with stronger extractants. 

The basic assumption of the procedure is that extractants of varying strength are 

assumed to selectively estimate P fractions of different solubility (availability) and 

these forms are tentatively allocated to different groups of compounds (Hedley et al., 

1982). The fractionation scheme therefore identifies a range of P pools, in contrast to 

conventional P availability indices based on a single extraction such as the methods 

of Bray and Kurtz (1945), Olsen et al. (1954) and Colwell (1963). Most conventional 

soil P indices are used in predicting the availability of P for annual crops or pastures, 

but may not be effective in determining P availability for perennial species growing 

over long rotation periods (e.g. forest plantations). These indices may not be suitable 

for measuring the effects of land management changes on the availability of soil P to 

trees. 

 

P forms determined by the Hedley’s fractionation procedure have been used 

to develop an understanding of P dynamics in soils over longer periods and also to 

study effects on P due to land use changes (Sharpley and Smith, 1985; Oberson et 

al., 1993; Beck and Sanchez, 1996; Schmidt et al., 1996; Daroub et al., 2001) for a 

53 
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variety of soil types. Various interpretations, reflecting the large uncertainty over the 

plant availability of these fractions, that have been suggested by different authors 

have been summarized by Cross and Schlesinger (1995). There is general agreement 

that the P extracted by anion exchange resin, Fe-impregnated strips and inorganic 

bicarbonate is plant available (Cross and Schlesinger, 1995).  However, the extent to 

which other P fractions contribute to plant available P is less certain. One reason for 

the ambiguity regarding the role of other P forms is the lack of long-term land use 

studies monitoring changes in P fractions. Furthermore, repeated P additions to soils 

in many such studies may have masked the effects of P transformations between 

various P forms. The complex processes involved in the transformation of P in soil, 

complicate the interpretation of P availability from P fractions based on temporal 

changes to P fractions associated with plant P uptake from the soil. Buehler et al. 

(2002) assigned P forms to pools of differing plant availability using 33P-labeled P 

and concluded that for annually fertilized soils inorganic P forms extractable by 

resin, bicarbonate, and hydroxide, represent the most exchangeable (available) P. In 

contrast, in soils to which little or no P was added, organic P forms extractable by 

hydroxide were relatively more important.  

 

Ascertaining the plant availability of various soil P fractions is of importance 

in predicting the long-term P fertility of soil where land use is modified.  P forms 

may be a better indicator compared to conventional soil P tests for developing 

management strategies that maintain or improve long-term productivity. When 

agricultural systems with more open P cycles (i.e. with frequent removal of P in 

products and addition of P through fertilizer) are converted to plantation forestry, 

there will be changes to the above and below ground P stocks and P cycling. These 

managed systems contrast with undisturbed native ecosystems, where the labile 

inorganic phosphorus fraction in soils is small and closed P cycling is maintained so 

that much P uptake by plants is from recycled organic phosphorus (Magid and 

Nielsen, 1992).   

  

An objective of particular interest to the present research was to determine 

whether changed land-use affects the various P forms in soils thereby affecting the 
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availability of P. As more than 200,000 ha of farmland has been converted to 

plantation forest and widespread planting of eucalyptus and pine is continuing in 

south western Australia, this information is of considerable practical value (National 

Forest Inventory, 2000). Forms of P in soils at eleven sites (as described in Chapter 

3) where three land use types (pasture, plantation and natural vegetation) are in close 

proximity and on comparable soils have been investigated in this study.  

 

Hypotheses tested were (i) the concentration of labile P fractions will be 

lower in plantation soils where P fertilizer application had ceased compared to the 

pasture soils which have continued to receive fertilizer, (ii) soils in natural vegetation 

areas will have smaller pools of labile and moderately available organic P and a 

greater proportion of P in poorly soluble inorganic P forms.  

 

4.2 Materials and Methods 
 
4.2.1 Soil analysis 
 

Surface soil (0-10 cm) was sampled from the pasture, plantation, and natural 

vegetation areas at each of the sites and air-dried. Soils were passed through a 2 mm 

sieve and basic soil physico-chemical analyses carried out as described in Chapter 3. 

Phosphorus buffering capacity (PBC) was measured by the method of Ozanne and 

Shaw (1967) (detailed methodology in Chapter 6). 

 

4.2.2 Determination of soil P forms 
 

4.2.2.1 Total soil P  

 
Approximately, 10 g air-dry soil (<2 mm) was ground in clean 100 g 

capacity, steel mortar with a steel puck ring mill for a minimum of 2 minutes to 

produce a particle size <20 µm. Powdered samples and standards (7.5 g) were mixed 

with Hoechst wax C micropowder (Merck) binder (2.5 g) and pelletised in a die at 

200 MPa pressure.  Total soil P was determined using pressed pellets of finely 

ground soil on a Philips PW 1400 XRF spectrometer fitted with a rhodium-target x-

ray tube operated at 45 mA and 50 kV. The P Kα intensity was measured using a 



Chapter 4                                                          P Forms Determined by Hedley’s Fractionation Scheme 
 

 56

PET crystal at 2θ-89.56, with an integration time of 100 s. The background was 

measured using a simple linear interpolation method. The net count was converted to 

concentration using a linear calibration algorithm and accuracy checked by analysis 

of reference samples.  

 

4.2.2.2 NaHCO3 extractable-P (Colwell, 1963) 

 
The Colwell (1963) extractable P method has been widely used in Western 

Australia and data for common soil types are provided by McArthur (1991). The 

method is a modification of the Olsen et al. (1954) method. The soil:solution (0.5 M 

NaHCO3 adjusted to pH 8.5 using NaOH) ratio of 1:100  was used for an extraction 

time of  16 h at 25oC on an end-over-end shaker. For this extraction method, there is 

no prior adjustment of soil pH, or removal of possible interference such as arsenate 

Any precipitation during the final determination of soluble P, possibly associated 

with organic compounds, is ignored. The solution was filtered, acidified using 2 mL 

1M H2SO4, and after effervescence had ceased a further 5 mL of 1M H2SO4 was 

added and the solution left to stand overnight. The pH was adjusted to 8.5 with 

NaOH using paranitrophenol indicator. For samples with very fine particulate matter 

remaining after filtering, duplicate samples were analysed without the colour 

indicator (Murphy and Riley, 1962) to provide a background correction. Samples and 

standards were read on a spectrometer at 882 nm. Standards were prepared by adding 

different volumes of primary KH2PO4 standard solution to a matrix identical to that 

for the samples. 

 

4.2.2.3 Soil fractionation  

Soil samples were sequentially extracted for P using the Tiessen et al. (1984) 

modification of the Hedley et al. (1982) procedure. Samples were weighed into 

centrifuge tube, and the tubes were shaken for 16 h for each extraction followed by 

centrifugation (Fig. 4.1). Based on the extractant used, forms of P (inorganic P – PI 

and organic P - PO ) extracted were in the sequential order: resin-PI, NaHCO3-PI and 

PO, NaOH-PI and -PO, NaOH and sonicated (NaOH Son-PI and -PO), HCl-PI and 

residual-P. Following is a detailed description of the fractionation procedure: 
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Moderately 
Available 

P 

Readily 
Available 

P 

Acid-P  

NaOH Son-P 

Residual-P  

Residue shaken for 16 h in 30 mL 0.5M NaHCO3  (pH 8.5) and 
centrifuged NaHCO3-P 

 PT – PI= PO
‡

Residue shaken for 16 h in 30 mL 0.1M NaOH and centrifuged   

Digestion by ammonium persulphate* 

 PI  

Residue digested in 5 mL con. H2SO4 and H2O2

 PT – PI= PO
Digestion by ammonium persulphate 

 PI  PT

Residue sonicated for 2 min in 20 mL 0.1 M NaOH, made up 
to 30 mL 0.1 M NaOH, shaken for 16 hr and centrifuged 

Digestion by ammonium persulphate  PT  PI   PT – PI= PO

Residue shaken for 16 h in 30 mL 1M HCl+ centrifuged 

 PI
‡  

 PT  PI

PT

0.5 g soil shaken for 16 h in 30 mL distilled water with 0.4 g 
Dowex 1 x 8-50 resin (bicarbonate form), centrifuged and Pi 
extracted with 0.5M HCl Resin-P  

NaOH-P

Sparingly 
Available 

P 

 

Fig. 4.1 P fractionation scheme based on that of Hedley et al. (1982) as modified by 
Tiessen et al. (1983). *APHA-AWWA-WEF (1995), ‡PT, PI, and PO are total, 
inorganic, and organic P respectively, in the specified fraction. Soil P forms 
were grouped based on criteria of  Guo and Youst (1998). 

 
 
Step 1: 0.5 g soil samples, air-dried, and finely ground to <100 mesh size were 

weighed in 50 mL centrifuge tubes with screw-caps.  0.4g of strong anion-type resin 

(DOWEX 1-X8 of 30-50 mesh size in bicarbonate form), enclosed in nylon mesh bag 

was placed in the tubes and 30 mL D.I. water was added. The tubes were shaken on 

an end-over-end shaker for 16 h at 24oC.  
 

Step 2: Any soil adhering to the bag/resin was washed free with DI water over a 45 

µm pore-size filter and returned to the tube containing the sample. Soil–free resin 

bags were placed in centrifuge tubes, 20 mL of 0.5 M HCl was added and were set 
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aside without capping for 1 h, for any gas to escape, followed by shaking for 16 h on 

an end-over-end shaker. Inorganic P (resin-PI) was determined colorimetrically by 

the Murphy and Riley (1962) procedure.  
 

Step 3: Soil suspension was centrifuged at 2.5 x 104 g for 10 min at 0oC and decanted 

through a Millipore filter (pore-size 0.45 µm) into a vial. Any soil adhering to the 

filter was washed off into the tube with a little 0.5 M NaHCO3  (pH 8.5) solution. 

More 0.5 M NaHCO3 (pH 8.5) solution was added to bring volume to 30 mL. The 

tubes were shaken on an end-over-end shaker for 16 h at 24oC.  
 

Step 4: Soil suspension was centrifuged at 2.5 x 104 g for 10 min at 0oC and decanted 

through a Millipore filter (pore-size 0.45 µm) into a vial.  Inorganic P (NaHCO3-PI) 

was determined by the Murphy and Riley (1962) method and extracted solution was 

digested to determine total P (APHA-AWWA-WEF, 1995). The organic P 

(NaHCO3-PO) was calculated from the difference between the bicarbonate extract 

total P and inorganic P. Any soil adhering to the filter was washed into the tube with 

a little 0.1 M NaOH solution. More 0.1 M NaOH solution was added to bring the 

volume to 30 mL. The tubes were shaken on an end-over-end shaker for 16 h at 

24oC.  

 

Step 5: Soil suspension was centrifuged at 2.5 x 104 g for 10 min at 0oC and decanted 

through a Millipore filter (pore-size 0.45 µm) into a vial.  Inorganic P (NaOH-PI) 

was determined by the Murphy and Riley (1962) method and the solution was 

digested to determine total P (APHA-AWWA-WEF, 1995). The organic P (NaOH-

PO) was calculated from the difference between the hydroxide extract total and 

inorganic P. Any soil adhering to the filter was washed off into the tube with a little 

0.1 M NaOH solution. More 0.1 M NaOH solution was added to bring the volume to 

20 mL and sonicated for 2 min using a 130 watt ultrasonic processor (VC 130) with a 

6 mm probe (Sonics, Newton, CT, USA; www.sonicsandmaterials.com). The final 

volume was made to 30 mL with 0.1 M NaOH and the tubes were shaken on an end-

over-end shaker for 16 h at 24oC.  
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Step 6: Soil suspension was centrifuged at 2.5 x 104 g for 10 min at 0oC and decanted 

through a Millipore filter (pore-size 0.45 µm) into a vial.  Inorganic P (NaOH Son-

PI) was determined by the Murphy and Riley (1962) method and this solution was 

digested to determine total P (APHA-AWWA-WEF, 1995). The organic P (NaOH 

Son-PO) was calculated from the difference between the hydroxide extract total and 

inorganic P. Any soil adhering to the filter was washed off into the tube with a little 1 

M HCl solution and the final volume was made to 30 mL with 1 M HCl and the tubes 

were shaken on an end-over-end shaker for 16 h at 24oC. 
 

Step 7: Soil suspension was centrifuged at 2.5 x 104 g for 10 min at 0oC and decanted 

through a Millipore filter (pore-size 0.45 µm) into a vial.  Inorganic P (HCl-PI) was 

determined by the Murphy and Riley (1962) method. 10 mL D.I. water was added to 

the tubes to disperse the soil residue. The suspension was transferred into 75-mL 

glass digestion tubes using a minimum amount of H2O to transfer the entire soil 

residue, 5 mL conc. H2SO4 was added along with a boiling chip and the suspension 

was vortexed. The digestion tubes were placed on a cold digestion block and the 

temperature was raised slowly to 360oC. Following which the tubes were removed 

from the block and brought to near room temperature. 0.5 mL of H2O2 was added and 

tubes were reheated for 30 min during which H2O2 completely decomposed. H2O2 

addition and heating was repeated until the liquid was clear. Since residual H2O2 

interferes with the colorimetric P determination, following the final addition of H2O2 

the digest was heated at 120oC for a sufficient time to destroy all H2O2 and left to 

cool. The volume was made up to 75 mL, vortexed and transferred to a vial. The 

digest was allowed to stand until the solution became clear and P was determined by 

the Murphy and Riley (1962) method (residual-P). 

 

Inorganic P (PI) in the extracts was determined colourimetrically after pH 

adjustment with HCl using nitrophenol indicator. Although Hedley et al. (1982) also 

estimated the microbial P fraction, Potter et al. (1991) have suggested that Hedley et 

al. (1982)’s original scheme underestimates microbial P in some soils when soils are 

allowed to dry. As microbial P is generally highly variable and one of the smaller 
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fractions in most soils many studies have omitted the chloroform-bicarbonate 

extraction for estimating microbial P (Tiessen et al., 1983, 1984).  

 

To aid discussion and interpretation of the results from a sustainability and 

plant availability point of view, throughout this thesis, the Hedley et al. (1982) 

scheme’s nine P fractions are arbitrarily grouped into readily available P (resin-PI, 

and NaHCO3-PI), moderately available P (NaHCO3-PO, NaOH-PI and PO, NaOH 

Son-PI and Son-PO, and HCl-PI), and sparingly available P (residual-P) based on the 

Guo and Youst (1998) criteria although these authors use the term reversibly 

available P instead of moderately available P. This nomenclature is followed 

throughout the thesis. 

 

4.2.3 Microprobe analysis 
 

The distribution of P in soil and the elements associated with P in soils were 

examined by scanning electron microscopy (SEM) coupled with an energy-

dispersive x-ray analysis (EDXA). Soil samples were impregnated with an epoxy 

resin, polished and cylindrical blocks were prepared by usual petrological 

techniques, except that kerosene was used as a lubricant (to avoid dissolution of 

soluble compounds and hydration/dispersion of colloidal material). A glass plate and 

1200-mesh silicon paper were used for grinding. The uncovered section was polished 

successively with 6 and 1 µm diamond paste and then coated with carbon in a 

vacuum-coating unit. Qualitative and quantitative elemental analyses were carried 

out on polished thin sections using a JEOL 6400 ESM instrument. Suitable operating 

conditions were found to be an accelerating voltage of 15 kV and an absorbed 

electron current of the order of 2 nA. For mapping the elemental distribution, the X-

ray signal was collected for selected elements. Four X-ray or electron signals could 

be collected simultaneously. The desirable time for the collection of X-ray data for 

the field of view was 1000 s, which is a very long time but was necessitated by the 

low concentrations of P in the soils. 
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4.2.4 Statistical analysis 

The effects of change in land use on forms of phosphorus have been assessed 

by one-way ANOVA (in Randomized Blocks) using the analysis of designed 

experiments module of GenStatR for Windows Release 6 (GenStat, 2000), with each 

site treated as a separate replicate block. ANOVA was carried out following log 

transformation due to the skewed distribution of some of the data. Relationships 

between the P forms and soil physical and chemical properties were analyzed by 

simple linear regression and tested for significance at P<0.05. Analysis by the 

stepwise multiple regression procedure of Statistica (Statsoft, 1997), was used to 

identify the interrelationships between readily, moderately, and sparingly available P 

forms and soil physico-chemical properties. Taking into consideration the difference 

in total P content of soils due to past land use management the P forms are expressed 

as P forms as percentage of total P.  

4.3 Results and Discussion  
 

The eleven sites studied can be grouped based on the FeD+AlD classification 

values where low FeO+AlD values are classified as low P retention soils (McArthur, 

1991) Andrews, Gibbs, Hall, Hartridge (except for the plantation soils), Jefferies, and 

Walker soils belong to the low P retention class (FeD+AlD: 0.09 to 0.42 g kg-1; Table 

3.3) of Western Australian soils while Anning, Ayers, Moltoni, Patmore, and 

Robinson soils are classed as being of moderate P retention (FeD+AlD : 0.64 to 1.46 g 

kg-1). This grouping using the FeD+AlD based P retention index is the same as the 

grouping based on the PBC values (Ozanne and Shaw 1967) (see Chapter 6).  

 

4.3.1 Phosphorus forms 
 
4.3.1.1 Total and Colwell (1963) NaHCO3 extractable P  

Since land clearing, pastures have received an average of 15 kg P ha-1 yr-1 in 

fertilizer across all sites. Plantations established on the ex-pasture sites have not 

received any subsequent P fertilizer, except in an initial spot application at the time 

of plantation establishment. The consequence of cessation of P fertilizer application 

following conversion of pasture to plantation is evident from the Colwell (1963) 
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bicarbonate extractable P data. The average extractable P concentrations in surface 

soils (0-10 cm) across sites were 46, 30 and 7.2 mg kg-1 for pasture, plantation and 

the unfertilized natural vegetation surface soil, respectively (Fig. 4.2 and Fig. 4.3). 

After accounting for the skewed distribution of the data by log transformation, 

NaHCO3 extractable P differed significantly at the 0.001 confidence level between 

land uses while total P was not significantly different (P<0.05) between the two 

fertilized land uses at the (Fig. 4.3). There was a 34%  reduction in the average 

Colwell extractable  P for  plantation  soils  relative  to  pasture  soils.  Significantly 

lower values for plantation soils were also observed for a larger set of 18 sites paired 

pasture-plantations in south-western Australia (Grove et al., 2001). Using Colwell 

(1963) P values, Bolland et al. (1988) estimated the agronomic effectiveness of 

superphosphate decreased to about 45% in the year after application, followed by a 

more gradual decrease to approximately 15%  after 10 years for  three  Western  

Australian  soils .  
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Fig. 4.2 Relationship between Colwell (1963) P index values (mg kg-1) for pasture 
and plantation soils (0-10 cm) showing the influence of discontinuing P 
fertilization following conversion of pasture areas to plantation. 
Concentrations are plotted on the log10 scale and the dashed line has a slope of 
1, representing P values in pasture and plantation as being identical 
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Total P was significantly higher (P < 0.01; Fig. 4.3) for pasture and plantation 

soils compared to natural vegetation soils and there was no systematic difference 

between the two sets of fertilized soils. Across all three land uses, 11% of total P is in 

the Colwell NaHCO3-P form (14% and 10% for the pasture and plantation soils, 

respectively and 8% for the natural vegetation soils). 
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Fig. 4.3 NaHCO3 extractable soil (Colwell, 1963) and total P determined by XRF 
analysis. 

 

The discontinued application of P fertilizers following plantation establishment 

and plant P uptake are presumably responsible for the significantly lower Colwell P 

values in the plantation soils compared to the pasture soils. Data for pasture and 

plantations soils were inconsistent with this trend for some of the sites: Moltoni and 

Ayers (probably due to difference in P application rates between plantation and 

pasture areas prior to plantation establishment) and Hartridge (soils from the three 

land uses at the Hartridge site are not perfectly matched (Fig. 3.6) [as was observed 

for the P retention capacity (FeD+AlD value; Table 3.3) and Ozanne and Shaw’s 

phosphorus buffering capacity values - Table 6.1].  
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4.3.1.2 Readily available P forms - resin and 0.5 M NaHCO3 extractable inorganic 

phosphorus  

Neither the resin extraction nor the 0.5 M NaHCO3 solution greatly modifies 

both pH and ionic strength of soil solution, and their extraction power may better 

mimic the extraction power of plant roots than do other more aggressive reagents 

used during fractionation. Resin-PI and the NaHCO3-PI are thus commonly assumed 

to be plant available P (Cross and Schlesinger, 1995). Estimates of available P using 

these two extractants were highly correlated with plant P uptake in a study by 

Sharpley et al. (1987). Based on the Guo and Youst (1998) criteria the sum of resin-

PI, and NaHCO3-PI was arbitrarily classed as the readily available P. 

 

Overall mean values of resin-PI for pasture, plantations, and natural 

vegetation land uses were 20, 13, and 5 mg kg-1 respectively, and were significantly 

different (P<0.001%) between pasture and plantation soils, as well as between the 

two fertilized and the non-fertilized soil under natural vegetation (Fig. 4.4). A similar 

trend was observed for NaHCO3-PI. When expressed as a percentage of all P forms 

determined by the Hedley’s P fractionation procedure, mean percentages of readily 

available P (Guo and Youst, 1998) trend from currently fertilized pasture soils (15%) 

to previously fertilized plantation soils (12%) to unfertilized natural vegetation soils 

(10%). The higher proportion of readily available P in pasture soils can be attributed 

to the continued P fertilization.  In soils with higher buffering capacities there was a 

smaller change in the percentage of soil P in readily available P form compared to 

soils with lower buffering capacity (Fig. 4.4 a and b).  
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Fig. 4.4 (a) Changes in concentrations of P forms in surface soil (0-10 cm), 
determined by Hedley et al.’s (1982) fractionation scheme, following 
conversion of pasture to plantation in comparison to unfertilized natural 
forest. Soil P forms were grouped based on perceived plant availability (Guo 
and Youst, 1998) and are also expressed as percentages of total P. 
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Fig. 4.4 (b) Changes in concentrations of P forms in surface soil (0-10 cm), 

determined by Hedley et al.’s (1982) fractionation scheme, following 
conversion of pasture to plantation in comparison to unfertilized natural forest. 
Soil P forms were grouped based on perceived plant availability (Guo and 
Youst, 1998) and are also expressed as percentages of total P. 
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Fig. 4.5 Relationship between the sum of resin- and NaHCO3-extractable PI 
determined by Hedley et al.’s (1982) scheme and plant available soil P 
determined by Colwell’s  (1963) method (** Significant at P<0.001) 

 

The readily available P (sum of resin-PI and NaHCO3-PI) was strongly related 

to the plant available P index of Colwell (1963) with most data occurring close to the 

line of unit slope (Fig. 4.5). The two procedures probably extract the same soil P 

pools.  The overall regression equation slope is greater than one (1.3) which is 

mainly due to four high P soils not conforming to the 1:1 relationship. The higher 

Colwell P values for soils with high amounts of P may due to the difference in soil to 

solution ratio, with the Colwell method having a soil to solution ratio of 1:100 

compared to the readily available P fractions which are extracted with a 1:60 ratio 

and thus the former may have a higher extracting power. The amount of desorbable P 

increases with increasing soil:solution ratio and increasing shaking time (Sharpley et 

al., 1981), this effect is greater for highly-buffered soils (Fig. 4.5). 
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The cessation of P fertilizer application following conversion of pasture to 

plantation (Table 3.1) has affected the readily available fraction as the data fall on the 

pasture side of the equal-value, 1:1 line (Fig. 4.6). The unfertilized natural vegetation 

sub-sites have much lower amounts of readily available P forms compared to the 

fertilized land-uses with data falling well below the 1:1 line.  

 

 
4.3.1.3 Moderately available P 

  

4.3.1.3.1 Inorganic sodium hydroxide extractable phosphorus  

 

The PI extracted by 0.1 M NaOH is considered to be P associated with Fe and 

Al compounds (Hedley et al., 1982; Tiessen et al., 1984) through chemisorption to 

surfaces of Fe and Al minerals (McLaughlin et al., 1977). Williams et al. (1971) 

indicated that Ca-P may also be extracted by NaOH, but Ca-P is unlikely to be a 

significant form of P in these acid soils apart from the possibility of some residual 

phosphate minerals from fertilizers being present in pasture soils (Bolland et al., 

1988; Hughes and Gilkes, 1994). Long-term measurements of changes in NaOH-PI 

are rarely made, but it is often assumed that this form remains moderately available 

(Hedley et al., 1982; Ivarsson, 1990; Schmidt et al., 1996). Concentrations of the 

NaOH-PI fraction are marginally lower in the plantations soils (61 mg kg-1) 

compared to the pasture soils (67 mg kg-1) but the difference is not significantly 

different (P<0.05%; Fig.4.4). The pasture and plantation soils had markedly higher 

(P<0.01%) values of PI form compared to soils from the non-fertilized natural forest. 

As a percentage of all P forms determined by the Hedley et al. (1982) procedure, 

pasture has 18%, plantation 19%, and natural forest 10% of all P in the inorganic 

hydroxide extractable form. Based on the FeD+AlD classification of P retention 

capacities of Western Australian soils (McArthur, 1991), the proportion of total P as 

NaOH-PI was lower for sites with low phosphate retention soils [Andrews, Gibbs, 

Hall, Hartridge (except for the plantation soil), Jefferies, and Walker] having 12% 

(pasture), 14% (plantation) and 11% (natural vegetation) of total P as NaOH-PI. Sites 

with soils in the moderate phosphate retention class (Anning, Ayers, Moltoni, and 
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Robinson) had 23% (pasture), 24% (plantation) and 10% (natural vegetation) of total 

P in this form. Thus a major observation is that for strongly P sorbing soils there is 

an accumulation in NaOH-PI for  pasture/plantation soils. This does not apply to 

natural vegetation soils or for any of the three low P sorbing soils. 

 
 The amount of the second NaOH extractable P form (NaOH Son-PI) averaged 

3.5 mg kg-1, which is only 1.2% of total P and there was no significant difference 

between values for any of the three land uses. 

 
 The moderately available P forms, especially NaOH-PI, are thought to 

provide a buffer for readily available P forms in highly weathered soils (Guo and 

Youst, 1998). The sum of all the moderately available forms had not declined (Fig. 

4.6) due to discontinuation of P fertilizer application following the land use change 

from pasture to plantation. 

 

4.3.1.3.2 Dilute hydrochloric acid extractable phosphorus  

HCl-PI is thought to represent primary mineral P particularly calcium 

phosphates such as apatite (Walker and Syers, 1976) since the Fe- or Al-P that 

remains after the NaOH extraction is poorly soluble in dilute acid (Tiessen and Moir, 

1993). The HCl-PI is generally assumed to be of low availability to plants, although 

it was found to decrease with time in greenhouse studies (Ivarsson, 1990) and in 

long-term field trials (McKenzie et al., 1992). For the highly weathered, acidic soils 

in the present study, HCl extractable PI was not detected for the natural vegetation 

sub-sites. In the fertilized sub-sites, an of average of 8 mg kg-1 in pasture soils and 5 

mg kg-1 in plantation soils, represents 2% and 1% respectively, of the total P 

determined by Hedley et al.’s (1982) procedure. The HCl-PI probably represents 

inter alia residual P fertilizer compounds including apatite which is a common 

constituent of superphosphate that was in pasture and plantation soils rather than 

apatite from the original soil parent material, as this form of P is not present in soils 

under natural vegetation. Kumar et al. (1993) and Kumar et al. (1994) determined 

that large amounts of residual apatite (Ca-P) present in Western Australian soils that 
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had been fertilized with rock phosphate and superphosphate contains uncreated rock 

phosphate (Gilkes and Lim-Nunez, 1980). 

 

4.3.1.3.3 Organic phosphorus forms – NaHCO3-PO and NaOH-PO 

 The NaHCO3 and NaOH-PO forms estimated by the Hedley et al. (1982) 

procedure are useful in characterizing the availability of soil Po (Tiessen and Moir, 

1993). However, the contribution of Po to plant P uptake relative to uptake from PI 

fractions for P-amended soils remains to be determined. Overall mean values for 

NaHCO3-PO for pasture, plantations, and natural vegetation land uses were 32, 26, 

and 7 mg kg-1 respectively with concentrations in soils under pasture and plantation 

being significantly higher (P<0.05%) than in soils under non-fertilized natural 

vegetation. The NaHCO3-PO extractable form was a remarkably constant proportion 

of total P (9.2%, 9.3%, and 9.2% for pasture, plantation, and natural vegetation land 

uses respectively) of total P across the three land use types. NaHCO3 extracted 

organic P may be in the form of easily decomposable organic compounds, such as 

phospholipids and nucleic acids, so that large amounts do not accumulate in soils 

(Harrison, 1987). For NaOH-extractable PO there were marked differences (P<0.05) 

between the fertilized and the non-fertilized land uses but not between the pasture 

and plantation sites (overall means: 67, 62, and 23 mg kg-1 for pasture, plantation, 

and natural forest, respectively). When the NaOH-extractable PO form was expressed 

as a percentage of the sum of all P forms, all land uses provided remarkably similar 

proportions of, 21%, 22% and 24% for pasture, plantation and natural vegetation 

land uses, respectively. The NaOH-organic P forms, such as inositol phosphates and 

metal phytins (Cosgrove, 1977), tend to accumulate in higher concentrations in soils 

than do the NaHCO3 soluble organic P forms (Condron, et al. 1990). NaOH-

extractable PO using sonification contributed only 3% to total P and this proportion 

did not differ between land uses. NaOH-extractable PO using sonification was higher 

for the pasture (13 mg kg-1), and plantation soils (11 mg kg-1) in comparison to 

natural forest soils (3 mg kg-1) (P<0.05).  
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The amounts of moderately available P (sum of NaHCO3-PO, NaOH-PI and 

PO, NaOH Son-PI and Son-PO, and HCl-PI, based on Guo and Youst (1998) criteria) 

for pasture and plantation soils fall on the equal-value, 1:1 line indicating a 

negligible impact on these P-forms following the change in land use (Fig. 4.6). The 

unfertilized natural vegetation soils have much lower amounts of moderately 

available P forms compared to the fertilized land-use, with data falling well below 

the 1:1 line.  

 

4.3.1.4 Sparingly available P – residual-P 

The chemical nature of residual P is not well understood. Adams (1973) 

identified minerals of the plumbogummite group as contributing to this fraction 

(Norrish and Rosser, 1983) and residual-P may occur in the stable humus fraction 

(Hedley et al., 1982).  Though the average value for residual-P was highest for 

pasture (100 mg kg-1) followed by plantation (83 mg kg-1) and natural vegetation (47 

mg kg-1; values being significantly different at P<0.05; Fig. 4.5), the residual-P 

values expressed as a percentage of total P forms were quite uniform for the 

managed land uses (pasture and plantation – 30 % and 32%, respectively) and 

comprised a much larger proportion for the natural vegetation sub-sites (43%).  The 

high amounts of residual-P in pasture soils may be due to the large amounts of 

fertilizer applied to these soils and to the chemical reactions that convert soluble P 

into sparingly available forms (Barrow and Shaw, 1980). 

 

4.3.2 P forms and soil properties 
 

The percentages of total P as readily available P forms (Table 4.2, columns 1-

3) were significantly and negatively related to all Al forms and some Fe forms. These 

soils properties are important indicators of P sorption capacity, along with OC, clay 

and silt contents. The inverse relationship between readily available P forms and P 

sorbing properties of soils may be due slower replenishment of soil solution P in high 

P sorbing soil (Morel et al., 1996; Holford, 1997). 
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Table. 4.1 Correlation coefficients (r) for linear relationships between non-
transformed P forms expressed as percentage of P forms: total P ratio against 
soil properties (Chapter 3 Fig. 3.4). r=0.35-0.44, P<0.05; 0.44-0.57, P<0.01 
and r >0.57 P<0.001 

                                                                                            
 1* 2 3 4 5 6 7 8 9 10 11 12 

OC -0.36 -0.41 -0.52 0.04 0.29 -0.10 -0.16 0.15 0.31 0.07 -0.53 0.11 
pH (CaCl2) -0.11 -0.26 -0.34 0.33 0.47 0.04 -0.18 0.10 0.41 -0.23 -0.34 0.35 
pH (NaF) -0.04 -0.44 -0.28 0.60 0.47 0.43 -0.07 -0.10 0.48 -0.41 -0.41 0.53 
Silt  -0.35 -0.48 -0.52 0.30 0.52 0.10 -0.09 0.13 0.49 -0.19 -0.57 0.40 
Clay   -0.29 -0.50 -0.43 0.33 0.61 0.17 -0.02 0.16 0.56 -0.31 -0.53 0.49 
Silt+Clay -0.31 -0.51 -0.46 0.32 0.60 0.16 -0.04 0.16 0.55 -0.28 -0.55 0.48 
AlD -0.31 -0.53 -0.50 0.45 0.65 0.16 -0.16 0.04 0.58 -0.26 -0.59 0.46 
FeD -0.32 -0.42 -0.46 0.47 0.49 -0.04 -0.18 0.04 0.46 -0.22 -0.50 0.42 
AlO -0.30 -0.53 -0.48 0.45 0.66 0.19 -0.13 0.10 0.60 -0.32 -0.57 0.52 
FeO -0.21 -0.30 -0.32 0.46 0.38 0.02 -0.20 0.10 0.44 -0.29 -0.35 0.43 
AlP -0.24 -0.53 -0.43 0.43 0.65 0.27 -0.10 0.07 0.61 -0.34 -0.54 0.51 
FeP -0.05 -0.37 -0.19 0.34 0.26 0.30 -0.03 -0.02 0.31 -0.25 -0.32 0.34 
 
*1-Colwell (1963) NaHCO3 extractable P and Hedley et al. (1982) P forms: 2-Resin-PI, 3-NaHCO3-
PI, 4-NaOH-PI, 5-NaOH Son-PI, 6-HCl-PI, 7-NaHCO3-PO, 8-NaOH-PO, 9- NaOH Son-PO, 10-
residual/sparingly soluble P, 11-readily available P, and 12-moderately available P respectively. 
 

 Of the different forms of P comprising the moderately available P group, 

NaOH-PI, NaOH Son-PI and -PO show strong positive relationships with soil P 

retention properties (Table 4.1). These forms are considered to be associated with 

chemi-sorbed-P on Al and Fe hydroxides, and aluminosilicates (Tiessen et al., 1984;  

Hedley et al., 1982) rendering P less plant available. The strong positive 

relationships between pH(NaF) and NaOH-PI,  NaOH Son -PI and -PO, and HCl-PI 

indicate that these forms are associated with the surface hydroxyl ions on clay 

minerals, poorly ordered aluminosilicates, sesquioxides and Al-humus (Perrott et al., 

1976). The strong relationship between different P forms and AlP, and to a lesser 

extent with FeP may be due to the phosphate ions ability to form complexes with 

humic acids in the presence of metal ions serving as bridges at acidic soil pH (Weir 

and Soper, 1963). The organic NaHCO3-PO and NaOH-PO forms appear to show 

opposite trends but were not closely related to soil properties.  This was also the case 

for the sparingly available P form. 

 

For many of the P forms, extractable Al showed a stronger relationship than 

extractable Fe, which may be partly due to substitution of Al in microcrystalline Fe 

oxides as reported for soils of south-western Australia by Singh and Gilk 
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es (1991) thereby decreasing crystal size, increasing the reactive surface area 

of iron oxides and therefore the P sorption capacity of the soils. The stepwise 

regression procedure (Table 4.2) confirms that various forms of extractable Al are 

involved in the prediction of variation in the different P groups.  Extractable forms of 

Fe and other soil physico-chemical properties explained less of the variability in the 

three P groups, which is consistent with results of several workers as reviewed by 

Sanyal and De Datta (1991) and Cross and Schlesinger (1995).  

 

 

 

Table. 4.2 Stepwise multiple regression equations between soil properties and 
proportion of P in each of the three soil P groups based on Guo and Yost 
(1998) criteria and expressed as proportion of P in each of the three groups: 
total P (= y variable).  

  

 
 

Step Equation R2 ∆R2

 Readily available P 
1 Y = 14.9 - 10.0 AlD 0.35***  
2 Y = 15.5 - 7.39 AlD – 0.41 OC 0.39*** 0.04 
Moderately available P 
1 Y = 45.7 + 15.9 AlO 0.27**  
2 Y = 53.0 + 27.4 AlO – 2.47 OC 0.40*** 0.27 
3 Y = 50.6 + 23.8 AlO – 2.50 OC + 11.9 FeO 0.44*** 0.04 
4 Y = 49.9 + 67.1 AlO – 2.17 OC + 17.8 FeO – 63.9 AlD 0.51*** 0.07 
Sparingly available P 
1 Y = 36.7 – 17.5  AlP 0.11NS  
2 Y = 28.8 – 38.5  AlP + 2.61 OC   0.29** 0.18 
3 Y = 30.9 – 34.3  AlP + 2.80 OC  - 11.6 FeO  0.33** 0.04 

[Readily available P – Resin, and NaHCO3-PI,; Moderately available P – NaOH and NaOH Son-PI and 
PO , NaHCO3-PO, and HCl-PI ; Sparingly available P – Residual-P].  

AlO and FeO - acid-oxalate extractable Al and Fe, AlD - citrate-bicarbonate-dithionite extractable Al 
and  AlP - pyrophosphate extractable Al, OC -organic carbon % 
NS, ** and *** - Not significant, significant at 0.001, 0.001 probability level respectively 
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4.3.3 Microprobe analysis 
 

SEM micrographs coupled with electron dispersive x-ray analysis (EDXA) 

confirmed the X-ray (XRD) diffraction result that the soils consisted mostly of Al, 

Si, and Fe compounds. Microscopy and P-Kα maps showed no evidence of local 

concentrations of P or of spatial associations of other elements with P in the soil 

matrix (Fig. 4.7 a-c) . This lack of observed association may be due inter alia to (i) P 

being a relatively minor, dispersed component in the soil matrix that can not be 

detected by the microprobe technique and  (ii) the low spatial resolution (~2 µm) of 

the electron microscope technique (Norrish and Rosser, 1983).  

 

 
Fig 4.7(a) SEM data for the polished surface of Anning natural vegetation sub-site 

surface soil (0-10 cm). Secondary electron and backscattered electron 
images, element distribution maps for P,Al, Ti, Fe, Pb, and Si, and x-ray 
spectrum for the whole field of view. Note that the apparent presence of P 
rich particles is spurious and reflectshigh background due to high Si (quartz) 
particles. 
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Fig 4.7 (b) SEM data for the polished surface of Anning  plantation sub-site surface 
soil (0-10 cm). Secondary electron and backscattered electron images, element 
distribution maps for Al, Ca, Fe, Si, P, and Ti, and x-ray spectrum for the whole 
field of view.* The Ca-P grain is probably residual fertilizer apatite, ‡ Fe, Ti-rich 
- ilmenite/alteration product. 
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Fig 4.7 (c) SEM data for the polished surface of Anning pasture sub-site surface soil 

(0-10 cm). Secondary electron and backscattered electron images, element 
distribution maps for P,Al, Ti, Fe, Si, and Mg, and x-ray spectrum for the whole 
field of view. ‡ Fe, Ti-rich - ilmenite/alteration product.  
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The x-ray images and EDS spectra from the Annings pasture and plantation 

soils, which has a higher total P compared to other sites, showed the presence of rare 

P and Ca compound(s) as indicated in Fig. 4.7 c which probably correspond to 

residual apatite which is a slowly aoluble component of superphosphate (Gilkes and 

Lim-Nunez, 1980).  Using EDAX Kumar et al. (1994) analysed separated grains 

from soils by density fractionation for soils 0 and 5 years after fertilization and 

showed that they consisted of apatite that was identical to that in the fertilizer. The 

presence of ilmenite and/or its alteration product (e.g. pseudorutile) was evident in 

both Annings pasture and plantation soils. Alteration of ilmenite under oxidizing 

conditions leading to formation of pseudorutile in lateritic soils and mineral sand 

deposits in southwestern Australia  has been reported by Anand and Gilkes (1984). 

 

4.4 Conclusions 

 

For an average period of 9 years following establishment of blue gum 

plantations with the associated discontinuation of P fertilizer application, readily 

available P forms have decreased and moderately available P forms are marginally 

lower compared to values for continuously fertilized pasture soils. Natural vegetation 

soils have markedly lower P contents than pasture and plantation soils.  A slightly 

higher percentage of the sparingly available P form was present in natural vegetation 

soils compared to pasture and plantation soils due to the lower proportions of readily 

and moderately available P fractions under natural vegetation. The Colwell (1963) P 

availability measurement is closely related to Hedley et al.'s (1982) readily available 

P form. In these acidic soils, the moderately available P pool forms the major 

component (especially the NaOH-PI and -PO and NaHCO3-PO fractions) followed by 

the sparingly available residual and readily available P forms. NaOH Son-PI and -PO, 

and HCl-PI constitute the minor P forms. The larger concentration of NaOH-PO 

compared to NaHCO3-PO in these soils indicates the recalcitrant nature of the NaOH 

extracted organic P forms.  
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The readily available P as a percentage of total P was significantly and 

negatively related to the P adsorbing properties of soils which may indicate the 

slower replenishment of soil solution P in strongly P adsorbing soils. The moderately 

available P group showed a strong positive relationship to soil P relationship 

properties. The strong positive relationships between pH(NaF) and NaOH-PI,  NaOH 

Son -PI and -PO, and NaHCO3-PO indicate that these forms are associated with the 

surface hydroxyl ions on clay minerals, poorly ordered aluminosilicates, 

sesquioxides and Al-humus compounds. The strong relationships between these 

different P forms and AlP, and to a lesser extent with FeP may be due to the 

phosphate ions ability to form complexes with humic acids in presence of adsorbed 

metal ions serving as bridges under acidic soil conditions. For many of the P forms, 

extractable Al showed a stronger relationship than did extractable Fe which may be 

partly due to increasing substitution of Al in Fe oxides and the importance of Al-

organic matter complexes in acid soils. Stepwise regression showed that various 

forms of extractable Al predicted much of the variation in the abundance of the 

different P groups.   

 



Chapter 5 
Assessing Impact of Land-Use Change on NaOH soluble Phosphorus 

Species in Surface Soils by Solution 31P NMR Spectroscopy 
 
 
5.1 Introduction 
 

In unfertilized ecosystems with infertile soils where the labile inorganic 

phosphorus fraction is small and closed P cycling is maintained, most P uptake by 

plants is from recycled organic phosphorus (Magid and Nielsen, 1992).  In 

agricultural systems, the P cycle is more open because of the removal of products 

and addition through fertiliser. Thus changes in land-use from unmanaged native 

forest to agriculture influence the above- and below-ground P stocks and P cycling. 

Although the presence of organic P forms in soils was recorded over a century ago 

the forms of soil organic P remain largely uncharacterised. Organic P accounts for 

10-70% of the total phosphorus (Harrison, 1987) in soils but only a small portion of 

PO is readily available for mineralization (Stewart and Tiessen, 1987).  

 

Various chemical extraction methods have been developed to assess the P-

supplying capacity of soil, in particular the pool of plant-available inorganic P. The 

sequential extraction procedure of Hedley et al. (1982) and modifications thereof 

have been regularly used to determine operational pools according to difference in 

lability (Cross and Schlesinger, 1995). However, such extraction methods provide 

little insight into the chemical nature of different P species, especially organic P. 

 

In southwestern Australia where more than 200,000 ha of farmland has been 

converted to plantation forest and widespread planting of Eucalyptus and Pinus trees 

is continuing (National Forest Inventory, 2000). Little is known of the quantities of 

organic P in soils under natural vegetation in this region or of the changes in organic 

P when this land is cleared and managed for agriculture. It is hypothesised that the 

radical change in land-use, initially from natural vegetation to managed pastures and 

then to plantation forests will affect P speciation and dynamics, thereby affecting the 

availability of P. This was the primary focus of the study. A second aspect was of 
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this study was to quantify the influence of soil physico-chemical and environmental 

conditions on amounts and forms of inorganic and organic P.  

 

This chapter examines the forms of P in soils at six sites where continuous 

pasture has been replaced by plantation and includes comparison with P in soils 

under adjacent natural vegetation.  

 

5.2 Material and Methods 
 

Out of the eleven trio sites with pasture, plantation and natural vegetation sub-

sites six sites (Annings and Moltoni represented the high P retention sites and 

Jefferies, Hall, Andrews, and Patmore representing the low to medium P retention 

sites) were used for solution NMR analysis of the forms of P (Table 3.1 and Fig.3.1). 
31P NMR spectroscopic analysis was performed only for representative sites due to 

the cost and time factor involved. 

 
5.2.1 Chemical analysis and extraction procedure 
 

Soil pH (0.01 M CaCl2 1:5 soil:water solution; pH (CaCl2)), particle size 

analysis (Gee and Bauder 1986), total P (PT; determined by X-ray fluorescence 

spectrometry), total organic P (PO; determined indirectly by difference between 

inorganic P before ignition (PI) and inorganic P after ignition (Saunders and 

Williams 1955) and PI was colourimetrically determined by Murphy and Riley 

(1962) method, dithionate-citrate-bicarbonate extractable Fe and Al (FeD, AlD; 

determined by the Mehra and Jackson (1960) method, ammonium oxalate extractable 

Fe and Al (FeO, AlO) and pyrophosphate extractable Fe and Al (FeP, AlP) by the 

Rayment and Higginson (1992) method. 

 
Samples for 31P NMR analysis of extractable P were prepared by extracting 

five grams of soil with 100 mL of 0.5 M NaOH - 0.1 M EDTA solution at room 

temperature for 16 hrs with occasional stirring. The resultant solution was filtered 

through a Whatman #41 filter paper. A sub-sample was analyzed for NaOH-EDTA 

extractable inorganic P (PIS) using the method of Bowman and Moir (1993). Total 
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soluble P (PTS) and soluble organic P (POS) were also determined by the same 

method. PI was colourimetrically determined by Murphy and Riley (1962) method. 

The remainder of the extract was freeze-dried. One gram of the freeze-dried extract 

was weighed into a 50 mL plastic centrifuge tube, to which 2.5 mL D2O and 0.5 g of 

solid NaOH were added. The suspensions were vortexed for 2 minutes, left to stand 

for 2 hrs and centrifuged. The supernatant was transferred into a 10-mm NMR tube 

and immediately used for NMR spectroscometry  (Cade-Menum and Preston 1996). 

 

5.2.2 31P NMR measurements 
 

31P NMR spectra were obtained at 202.46 MHz on a Bruker ARX-500 high 

resolution NMR spectrometery using a pulse angle of 90o with a 0.5 s delay and an 

acquisition time of 0.655 s.  Accumulation time was 16 hrs. The rate of accumulation 

was optimised for the extremely low P concentration in some of the samples. 

Phosphorus compounds were identified by their chemical shift relative to an external 

orthophosphoric acid (85 %) standard. Assignment of peak shifts utilised the criteria 

of Newman and Tate (1980) and Zhang et al. (1999). As shown in Fig. 5.1, these are: 

phosphonates (15 to 20 ppm shift), inorganic orthophosphates (5.5 to 7 ppm shift), 

orthophosphate monoesters (inositol phosphates, sugar phosphates, mononucleotides; 

3 to 5.5 ppm shift); orthophosphate diesters (phospholipids, DNA, RNA; 1 to (-2) 

ppm shift); pyrophosphate ((-3.5) to (-5) ppm shift) and polyphosphates (ATP and 

ADP;  (-6) to (-23) ppm shift). Peak areas were obtained by instrumental integration. 

The inorganic orthophosphate and orthophosphate monoester signals were separated 

using a boundary determined from the valley between the two signals to the baseline 

(Cade -Menum and Preston 1996). For comparison of spectral data for all samples, 

the strongest peak obtained from the set of 18 spectra was taken as the reference peak 

(which was the inorganic orthophosphate peak for the Annings pasture site). All 

other peaks were scaled relative to the reference peak. The abbreviations, PIS NMR and 

POS NMR repectively, denotes the sum of the integrated spectral areas for inorganic P 

functional groups (orthophosphates and pyrophosphates) and organic P species 

(phosphonates, orthophosphate monoester and orthophosphate diester) calculated 

using the above-mentioned relative scaling procedure (relative peak area). 
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5.2.3 Statistical Analysis 
 

The effects of changes in land use on organic phosphorus and its different 

functional groups were assessed using MINITAB V 13.1 (Minitab, 2000) analysis of 

variance, with each site treated as a separate replicate block. Regression analysis was 

performed using STATISTICA Release 5.1 (Statsoft, 1997) between POS NMR and P 

functional groups and soil properties and the stepwise multiple regression procedure 

to identify multivariate relationships soil properties and POS NMR.  

 

5.3 Results and Discussion 
 

 

Of the six sites studied, Annings and Moltoni are in the high rainfall region for 

blue gum plantations in south-western Australia and have a sandy loam top soil. 

Patmore and Andrews sites experience medium rainfall and top soils have a fine 

sandy loam and sandy loam textures, respectively while Hall and Jefferies sites have 

the lowest rainfall sites with loamy sand and sandy top soils, respectively (Table 3.1 

and 5.1).  

 

Values of pH (CaCl2) for the sites ranged from 3.2 – 5.5 with a mean value of 4.5 

(Table 5.1). The sites fall in the low pH class for A1 and A2 horizons of south-

western Australian soils (McArthur 1991). Andrews and Hall soils (site mean: 3.7 

and 4.2, respectively) had lower pH values compared to Moltoni and Patmore soils 

(site mean: 4.7 and 4.8, respectively). However, there was no significant difference  

in soil pH between the three land uses across all sites. Average organic carbon (%) 

values (Table 5.1) were higher for Andrews, Moltoni and Patmore sites but 

differences among the three land uses were not significant.  

 

Total P in surface (0-10 cm) soil varied markedly across sites, with 

concentrations under pasture at Annings (840 mg kg-1) being 8 times greater than at 

the Andrews pasture site (120 mg kg-1) (Table 5.2). There was also a 6-fold variation 

across sites in natural vegetation soils, from 45 mg kg-1 at the Hall site to 280 mg   

kg-1 at Moltoni site. Concentrations were on average 2-3 times higher (P<0.05) in 
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fertilized sites than in natural vegetation, but significant differences between pasture 

and plantation soils were not detected for this small number of sites. However, in a 

comparison across 31 paired sites including the sites used in the present study, 

concentrations of total P were on average 14% lower (P<0.05) in plantation soils 

than in pasture soils due to the reduced P fertilizer input to plantation soils (Grove et 

al. 2001). 

Table 5.1 Basic characteristics of the surface soil (0-10 cm) studied for the 31P NMR 
analysis  

 

Soil  texture (%) Soil 
Sample 

No 
Sites Land use pH(CaCl2)

Total C 
(%) Silt Clay  

 1. Andrews Pasture 3.8 3.7 2.2 5.4 
2  Plantation 3.2 3.7 3.3 4.3 
3  Natural vegetation 4.0 5.3 2.3 3.3 
4 Annings Pasture 4.5 5.0 4.4 10.8 
5  Plantation 4.2 4.2 3.3 8.6 
6  Natural vegetation 5.5 4.0 3.3 6.5 
7 Hall  Pasture 4.2 2.3 1.2 5.3 
8  Plantation 3.7 2.8 1.2 5.3 
9  Natural vegetation 4.6 2.8 2.9 6.4 

10 Jefferies  Pasture 4.7 1.5 1.2 4.2 
11  Plantation 4.4 1.3 1.2 3.2 
12  Natural vegetation 4.5 1.4 1.6 2.2 
13 Moltoni Pasture 4.8 4.2 4.4 11.8 
14  Plantation 4.4 4.1 6.3 14.9 
15  Natural vegetation 4.9 5.4 4.4 10.9 
16 Patmore  Pasture 4.8 4.8 3.4 7.6 
17  Plantation   4.9   5.7   4.4   8.7 
18  Natural vegetation   5.2   5.1   4.6   8.7 

 Mean Pasture 4.5 3.6 2.8 7.5 
  Plantation 4.1 3.6 3.3 7.5 
  Natural vegetation 4.8 4.0 3.2 6.3 
  Overall 4.5 3.7 3.1 7.1 

          The long history of P fertilisation of pasture has also increased (P<0.01) the 

proportion of PT in the form of PI to an average of 64 % in pasture and plantation 

soils, compared to 54% under native vegetation (Table 5.2). Soil PI concentrations in 

previously fertilized soils were six-fold higher at the high-P Annings site than at the 

low-P Andrews site. Differences between pasture and plantation soils in 

concentrations of PI or in proportions of PT as PI were not significant for this small 

number of sites. However, measurements of labile P forms for a larger number of 

sites (31 paired sites including the 6 sites used in this study) have shown that 

concentrations are significantly (Grove et al. 2001). 
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Table 5.2 Total, inorganic and organic forms for P of surface soils (0-10 cm; <2mm fraction).   
 

 P  (mg kg-1)+ NaOH-EDTA extracted P (mg kg-1) #
 

Soil 
Sample 
No 

Site name Land-use 

Inorganic 
(PI)†

Organic 
 (PO) †

Total 
 (PT) 

Inorganic 
(PIS) † Organic(POS) † Total (PTS) †

1   Andrews Pasture 80 (67) 40 (33) 120 21 (26) 10 (25) 31 (26) 
2  Plantation 71 (51) 68 (49) 139 16 (23) 11(16) 27 (19) 
3  Natural vegetation 35 (44) 45 (56) 80 8 (23) 7 (16) 16 (20) 
4 Annings Pasture 487 (58) 353 (42) 840 65 (13) 65 (18) 130 (15) 
5  Plantation 282 (59) 198 (41) 480 47 (17) 53 (27) 100 (21) 
6  Natural vegetation 45 (46) 53 (54) 98 7 (16) 6 (11) 12 (12) 
7 Hall  Pasture 121 (71) 49 (29) 170 22 (18) 8 (16) 29 (17) 
8  Plantation 75 (58) 55 (42) 130 15 (20) 8 (15) 23 (18) 
9  Natural vegetation 21 (47) 24 (53) 45 6 (29) 7 (29) 14 (31) 
10 Jefferies  Pasture 121 (67) 59 (33) 180 24 (20) 8 (14) 32 (18) 
11  Plantation 70 (64) 40 (36) 110 15 (21) 11 (28) 25 (23) 
12  Natural vegetation 28 (54) 24 (46) 52 6 (21) 6 (25) 12 (23) 
13 Moltoni Pasture 402 (69) 178 (31) 580 59 (15) 18 (10) 77 (13) 
14  Plantation 465 (79) 125 (21) 590 63 (14) 17 (14) 80 (14) 
15  Natural vegetation 175 (63) 105 (38) 280 9 (5) 5 (5) 14 (5) 
16 Patmore  Pasture 214 (65) 116 (35) 330 35 (16) 19 (16) 54 (16) 
17  Plantation 171 (66) 88 (34) 259 29 (17) 17 (19) 47 (18) 
18  Natural vegetation 120 (70) 52 (30) 172 13 (11) 7 (13) 20 (12) 
 Mean Pasture  238 (66) 133 (34)  370 38 (18) 21 (17) 59 (18) 
  Plantation 189 (63) 96 (37) 285 31 (19) 20 (20) 50 (19) 
  Natural vegetation   71 (54) 51 (46) 121 8 (18) 6 (17) 15 (17) 
  Overall  166 (61) 93 (39) 259 26 (18) 16 (18) 41 (18) 

† Percentage of total P (PT) given in parenthesis  

84 

+ Total P (PT) determined by X-ray fluorescence spectrometry (Rayment and Higginson, 1992), Organic P (PO) was determined by the ignition method of (Saunders 
and Williams, 1955) 
# NaOH-EDTA extracted organic P (POS) was calculated by subtracting inorganic P (PIS) in the extract from total P (PTS) determined by digesting the extract with 
acidified ammonium persulphate ((NH4)2S2O8) Bowman and Moir's (1993). 
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Fig. 5.1  Solution NMR spectra of NaOH/EDTA extracts of surface soils (0-10cm) for 
each land use at each site. The three spectra for each site are arranged with the 
pasture on top, plantation in the middle, and native vegetation at the bottom. 
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NaOH-EDTA extracted around 17 % of PO as POS and 15 % of PI as PIS (Table 

5.2).  These proportions are much lower than the P extracted by the same extractant from 

the organic (O) horizon of many other soils (as reviewed in Dai et al. (1996) and Cade-

Menum (1996)).  This difference may be due to sampling being restricted to the A1 

horizon in the present study. Amounts of extractable P generally decrease from the O 

horizon to the A1 mineral horizon (Dai et al. 1996) probably due to the presence of 

higher amounts of low-molecular-weight P-containing organic acid anions in organic 

horizons, which compete with P ions for adsorption sites (Lobartini et al. 1994). As 

NaOH / EDTA extracted only 17% of the total PO, it may be inferred that most of the PO 

occurs as insoluble complexes which are probably associated with particulate clay 

minerals and organic matter (Tate 1984). Brannon and Sommers (1985b) considered that 

some organic P in soil humic substances might result from the incorporation of organic 

compounds containing both amino and phosphate ester functional groups during the 

oxidative polymerization of polyphenols. The organic P thus formed was found to be 

resistant to both chemical and enzymatic hydrolysis.  Based on the FeD+AlD 

classification of these soils (McArthur 1991) the Andrews, Hall, and Jefferies soils 

belong to the low phosphate retention class (FeD+AlD: 0.09 to 0.42 g kg-1; Table 3.3). 

For these soils NaOH/EDTA extracted higher proportions of soil P than in Annings, 

Moltoni, and Patmore soils (Table 5.2) exhibit moderate P retention (FeD+AlD : 0.64 to 

1.46 g kg-1). Thus there may be competition between organic and inorganic sinks for 

phosphate. 

  

Proportions of organic P (POS) forms in NaOH-EDTA extracts determined by 

difference using the colourimetric method were very similar to proportions determined 

by 31PNMR (Table 5.3). Concentrations of POS in soils under natural vegetation were 

lower (P<0.05) than in fertilized pasture and plantation soils (Table 5.2). There was no 

significant difference in soils for organic P determined by 31P NMR between plantation 

and pasture soils in concentrations of organic P determined by 31P NMR and they were 

treated as a single data set for regression analyses. These analyses identified the Annings 

sub-sites as outliers with high leverage due to the presence of much higher P values 
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compared to other sites. Consequently, these were omitted from comparisons of 

relationships of  P forms with various soil physico-chemical parameters (i.e. only 5 or 10 

data points are shown in Figures 5.2, 5.4, 5.5, 5.6, and 5.7). 

 

 
 
 
Table 5.3 Percentages of organic P in NaOH-EDTA extracts determined by the 

chemical method and 31P NMR spectroscopy. 
 

 
Organic P  (%) 

 
Soil 
Sample 
No. Site name Land-use    NMR* Chemical**

 
 1. Andrews Pasture 39 32 
2  Plantation 48 41 
3  Natural vegetation 44 44 
4 Annings Pasture 49 50 
5  Plantation 52 53 
6  Natural vegetation 41 50 
7 Hall  Pasture 25 28 
8  Plantation 39 35 
9  Natural vegetation 57 50 

10 Jefferies  Pasture 25 25 
11  Plantation 40 44 
12  Natural vegetation 58 50 
13 Moltoni Pasture 21 23 
14  Plantation 18 21 
15  Natural vegetation 44 36 
16 Patmore  Pasture 30 35 
17  Plantation 32 36 
18  Natural vegetation 32 35 

 
 Mean Pasture 31 35 
  Plantation 38 40 
  Natural vegetation 46 45 
  Overall 39 40 

 
* Organic P (%) NMR of each fraction is the sum of monoester-PO, diester-PO, and polyphosphates.  
** NaOH-EDTA extracted organic P (POS) was calculated by subtracting inorganic P (PIS) in the extract 
from total P (PTS) determined by digesting the extract with acidified ammonium persulphate ((NH4)2S2O8) 
Bowman and Moir's (1993) . 
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Fig. 5.2 Comparison of NaOH/EDTA extracted organic P in surface soil (0-10 cm) as 
determined by NMR spectroscopy for pasture, plantation and natural vegetation 
soils. 

 

The effect of addition of inorganic fertilizers to the pasture and plantation soils is 

evident from the lower concentrations of orthophosphate in soils from natural vegetation 

sites (Fig. 5.2). The difference in the mean value of orthophosphate for plantation soils 

compared to the pasture sites is not statistically significant for this small number of sites. 

However, Grove et al. (2001) detected an average 40% reduction for Colwell (1963) 

extractable P values in plantation soils compared to pasture for a larger data set (31 sites 

including the 6 sites used in this study). 

 

There is a broad similarity in the relative abundances of P functional groups for each 

of the land uses and sites. Soil organic P values determined by 31P NMR  (PO NMR) for 

pasture and plantation land-uses were similar (Fig. 5.2a) for pasture and plantation land 

uses. For each site there was a (P<0.05) proportion of organic P in pasture and plantation 

soils compared to soils under natural vegetation (Fig. 5.2b).  
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Table 5.4 Proportions (%) of P species in the P extracted from soils by NaOH/EDTA for 
different land-uses as determined by 31P NMR spectroscopy (expressed as relative 
peak area). 

 
 

Soil 
Sample 

No. 

Site name Land-use Phosp-
honates

Monoesters Diesters Ortho 
phosphates 

Pyropho- 
sphates 

 

1 Andrew Pasture 0 49.8 0 47.3 2.9 
2 Andrew Plantation 0 52.2 0 44.6 3.2 
3 Andrew Natural vegetation 0 41.7 0 35.3 23 
4 Annings Pasture 0.6 35.7 2.7 58.8 2.2 
5 Annings Plantation 0.6 45.5 2.5 48.5 2.9 
6 Annings Natural vegetation 0 44.5 0 42.1 13.4 
7 Hall Pasture 0 25.7 0 72.0 2.3 
8 Hall Plantation 0 39.7 0 52.7 7.6 
9 Hall Natural vegetation 0 57.6 0 36.4 6.0 

10 Jefferies Pasture 0 25.8 0 71.6 2.6 
11 Jefferies Plantation 0 40.3 0 53.8 5.9 
12 Jefferies Natural vegetation 0 58.5 0 31.6 9.9 
13 Moltoni Pasture 0 19.3 2.1 76.2 2.4 
14 Moltoni Plantation 0 16.9 1.8 79.7 1.6 
15 Moltoni Natural vegetation 0 44.3 0.0 43.8 11.9 
16 Patmore Pasture 0 30.0 0.0 66.2 3.8 
17 Patmore Plantation 0 32.5 0.0 62.7 4.8 
18 Patmore Natural vegetation 0 32.5 0.0 60.6 6.9 

 
 Mean  Pasture - 31.1 (±10.7) - 65.3 (±10.7) 2.7 (±0.6) 
 (SD±) Plantation - 37.9 (±12.2) - 57.0 (±12.6) 4.3 (±2.2) 
  Natural vegetation - 46.5 (±10.0) - 41.6 (±10.3) 11.9 (±6.2) 
  Overall  - 38.5 (±12.2) - 54.7 (±14.6) 6.3 (±5.4) 
 

 

Data points generally fall on the 1:1 line for PO NMR  in plantation soils versus 

pasture soils (Fig. 5.2a), a trend that is similar for comparisons for P functional groups 

between pasture and plantation sites. The absence of 1:1 relationships between PO NMR   

in pasture/plantation soils versus soils under natural vegetation (Fig. 5.2b) is a 

consequence of much higher soil PO NMR values for the pasture/plantation sites relative to 

natural vegetation sites.   
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Fig. 5.3 Influence of the change in land-use on P functional groups as determined by 
solution NMR spectroscopy of NaOH/EDTA extracts of surface soils (0-10cm). 
Bars with same letter within each group are not significantly different (at 0.05 
probability level) 

 

The significant positive linear relationship between orthophosphate and PO NMR   

(Fig. 5.4a) may indicate that a relatively constant proportion of inorganic P is converted 

to organic P forms as was described by Friesen, et al. (1997). The concentration of soil 

monoester P did not differ between the two fertilized land-uses (Fig. 5.3) as is also 

shown by data points occurring along the 1:1 line describing the relationship between 

concentrations of monoester P in pasture and plantation (Fig. 5.5c). Monoester 

phosphates tend to accumulate in soils due to the slow rate of decomposition compared 

to many other esters and partly because of their strong sorption onto mineral components 

(Anderson 1980; Adams and Byrne 1989). Monoesters are comparatively recalcitrant to 

decomposition (Bowman and Cole 1978a) due to their association with iron and humic 

acids in high molecular weight complexes. Pasture/plantation soils have markedly higher 

(P<0.05) amounts of soluble monoester P contents compared to soils under natural 

vegetation soils, as was the case for soluble orthophosphate (Fig. 5.3 and Fig. 5.5d). 

Soluble monoester P is the dominant form of soluble organic P as has been observed in 

other studies (Dai et al. 1996).  The orthophosphate monoester functional group, which 

includes inositol phosphates, sugar phosphates and mononucleotides (Newman and Tate 

1980), generally constitutes up to 60% of total organic P in soils (Anderson 1980; Dalal 

1977). 
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  Diester phosphate was not detected for most of the sites except for Annings and 

Moltoni pasture and plantation and both sites have very high soil PT - (Fig 5.1 and Table 

5.4). Preferential mineralization has been observed by (Hawkes et al., 1984) for diester P 

as compared to orthophosphate monoesters during 20 years of continuous fallow. 

Incubation studies by Hinedi et al. (1988) of sludge-amended acidic soils also showed 

rapid mineralization of diester P in comparison to monoester P, and this is considered to 

be responsible for most of the rapid increase of the labile inorganic P fraction in the soil 

solution P (Tate, 1979). Both high-P sites (Moltoni and Annings), where diester P was 

detected, are high rainfall sites (Table 3.1), which may have resulted in higher diester P 

degradation/leaching. Some organic P, especially, the diester form may be hydrolysed 

during extraction which will be more evident for high PO sites. Ivanoff et al., (1998) 

reported 6% hydrolysis of glycerophosphate in 0.5 M NaHCO3 and 41% hydrolysis of 

D-glucose-6-phosphate in 0.5 M NaOH. The extent of hydrolysis increases with 

increasing strength of NaOH used for extractions (Leinweber et al., 1997).  

 

 Pyrophosphate may occur in the soil in inorganic forms, and as an ester that is 

hydrolysed during extraction but is not a reaction product of alkali extraction of 

orthophosphate in aqueous solution (Dai et al. 1996). Pyrophosphate in soil extracts may 

be of plant and microbial origin or can be a hydrolysis product of polyphosphates. The 

concentration of pyrophosphate in soluble organic P for natural vegetation sites was not 

significantly lower than the concentration in fertilized soils (Fig. 5.3). Values of 

pyrophosphate generally fall along the 1:1 lines in the comparisons between the three 

land uses (Fig. 5.5e and 5.5f). Several studies have shown that pyrophosphate remained 

in soils for several months despite reported rapid enzymatic hydrolysis to 

orthophosphate (as reviewed in Dai et al. 1996). Enzymatic hydrolysis of 

pyrophosphates to orthophosphates is influenced by the level of microbial activity 

(Hossner and Melton, 1970). 

 

 Polyphosphate was detected only in the fertilized soils at the Annings site (Fig. 

5.1 and Table 5.4). Polyphosphate has been identified to be of bacterial origin and 
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polyphosphate signals have been reported to reduce in intensity on storage (Tate and 

Newman 1982; Bedrock et al. 1994).  

 

5.3.1 Relationships between P forms and soil properties 
 

Total soluble organic P determined by 31P NMR (PO NMR) was positively related 

to clay, silt and clay plus silt contents, and to concentrations of organic carbon, AlD, AlO, 

AlP and FeP in soils from fertilized sites (Table 5.5). PO NMR was also significantly and 

positively related to silt, AlD, FeD, AlO, AlP, and FeP for soils under natural vegetation. 

Soil pH is not significantly related to PO NMR (Table 5.5, Fig. 5.6 b). 

 

The relationships between soil organic P in soil extracts determined by NMR (PO 

NMR) and AlD, AlO, AlP, and FeP were positive but the bimodal nature of the data limits 

the statistical significance of these relationships (Fig. 5.7a, to 5.7d). Using a step-wise 

regression procedure, a combination of clay plus silt, AlD, AlO, AlP, FeP and organic 

carbon accounted for 97 % of the variation in PO NMR of which clay plus silt alone 

explained 80 % of the variation for the fertilized sites (Table 5.6).  FeP and AlD 

explained almost 99% of the variation in PO NMR for the natural vegetation sites. Sorption 

of organic P compounds by clays and sesquioxides occurs under acid soil conditions 

(Anderson 1980;  Jackman and Black 1951) and a considerable proportion of organic P 

may be associated with the silt and clay fractions of soils (Williams 1959; Williams and 

Saunders 1956).  Furthermore, humic compounds complexes with Fe, Al, and to a lesser 

extent Ca and these complexes strongly adsorb P (Dalal 1977; Brannon and Sommers 

1985b).  
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Table 5.5 Positive correlation coefficients (r) for relationships between NaOH/EDTA 
soluble organic P (POS NMR ) determined by 31P NMR (expressed as relative peak 
area) and soil parameters. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
NS,*, **, *** Not significant, significant at 0.05, 0.01 and 0.001 probability levels, respectively 
pH - 0.01M CaCl2 ,  OC - Organic Carbon,  AlO & FeO - acid-oxalate extractable Al & Fe, AlD & FeD – 
dithionate-citrate-bicarbonate- extractable    Al & Fe and  Al P & FeP - pyrophosphate extractable Fe &Al 

Soil properties Natural vegetation Pasture & Plantation 

Clay (%)  0.85NS               0.87** 
Silt (%) 0.92*               0.88** 
Clay + Silt (%) 0.88NS 0.89*** 
pH 0.85NS               0.31NS

Organic Carbon (%) 0.61NS               0.68* 
AlO (mg kg-1)   0.99**               0.83** 
FeO (mg kg-1) 0.71NS               0.41NS

AlD (mg kg-1)   0.99**               0.82** 
FeD (mg kg-1)  0.91*               0.48NS

AlP (mg kg-1)    0.98**               0.86** 
FeP (mg kg-1)    0.98**               0.80** 
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Table 5.6 Stepwise multiple regression equations relating soil properties (x) to 

NaOH/EDTA extractant soluble organic P (POS NMR) determined by 31P NMR 
(expressed as relative peak area) (y).  

 
Pasture and plantation r2

POS NMR  = 1.28 + 0.73 (Clay+Silt) 0.798*** 
POS NMR  = 1.02 + 0.53 (Clay+Silt) + 54.0 FeP  0.880*** 
          
Native vegetation r2

POS NMR = 1.4 + 0.99 FeP 0.997*** 
POS NMR= 1.4 + 0.81 FeP  + 0.19 AlD 0.998*** 
 
*** Significant at 0.001 probability level. 
AlD – dithionate-citrate-bicarbonate- extractable Al, FeP - pyrophosphate extractable Fe, clay+silt – sum of 
clay and silt % 
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5.4 Conclusions 
 

Solution 31P-NMR spectroscopy of alkaline extracts of surface soils (0-10 cm) 

have indicated the presence of soluble inorganic and organic P compounds. Over all 

sites and land uses, NaOH/EDTA extracted average proportions of 15 and 17 per cent of 

inorganic and organic P, respectively. The amounts of extracted organic P determined by 

NMR and chemical analysis were similar. The change in land use from unfertilized 

natural vegetation to fertilized pasture has had a larger affect on concentrations and 

forms of P in soil. There was slightly more soluble organic P in pasture soils compared 

to plantation soils, 7-10 years after the land use change from fertilized pasture to 

plantation with cessation of fertilization but this difference was not significant. The 

relative abundance of several P functional groups across the land-uses and sites is 

similar with the major groups being present for all sites and land-uses. Orthophosphate 

levels were markedly higher for fertilized sites compared to natural vegetation sites. 

Monoester P is the largest organic P group in extracts and there is a significantly higher 

amount in the fertilized soils.  Diester P was only present in extracts at sites with high 

soil P. Clay plus silt alone explained 80 % of the variation in organic P in fertilized soils.  

Pyrophosphate Fe and dithionate-citrate-bicarbonate Al explained almost 99% of the 

variation in organic P in soils for the natural vegetation sites. 
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Chapter 6 

 
Influence of Soil Characteristics on Phosphorus sorption by Soils 

under Three Land-Uses 
 
 
6.1 Introduction 

The ancient soils of south-west Australia are generally highly deficient in 

phosphorus, as they are highly weathered and leached (McArthur, 1991). P sorption 

processes govern the behaviour of labile P in these soils. An understanding of P 

sorption and release characteristics of the soils is therefore important in interpreting 

the influence of land-use change on the availability to plants of soil P. Several studies 

of the P sorption characteristics of south-west Australian soils has shown that clay 

content, Fe and Al extracted by dithionate, oxalate and pyrophosphate are positively 

related to the commonly measured P sorption coefficients - Langmuir maxima (Xm) 

and Freundlich (k) constant coefficients (Singh and Gilkes, 1991). Values of 

dithionate and oxalate extractable Al predicted more than 75 % of the variation in 

these P sorption coefficients (Singh and Gilkes, 1991). Reserves of plant-available P 

in soils are composed of indigenous P and P originating from past P fertilizer 

addition. P application and other management practices can affect soil chemical 

properties, including P sorption and release (Mullins, 1991).  For example the 

presence of pre-existing bound P must be taken into consideration when considering 

sorption of added P (Bache and Williams, 1971; Tolner and Fulkey, 1995).  

Under agricultural practices in south-western Australia, the P status of soils 

has been increased by regular inputs of P fertilizer, often over many decades. 

Eucalyptus globulus plantations are being established on ex-pasture land in this 

region and a decline in available P can be expected for these first rotation plantations 

because: (1) the change in P fertilizer application practice following conversion of 

pastures to plantation as little or no P fertilizer is applied (Grove et al., 2001), (2) the 

decline in availability of soil P over time i.e. the exponential declining form of the 
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residual value function (Bolland et al., 1988), and (3) P uptake by these fast growing 

tree crops and end-of-rotation P export following tree harvesting.  

This chapter examines relationships between P sorption and soil properties for 

11 sites in south-western Australia and evaluates the effects of past management on 

these relationships following land use change. In this study it is proposed that for 

nearly identical soils (the three sub-sites) differences in the amounts of P present in 

the soils due to differences in management history will affect P sorption behaviour. It 

is further proposed that at each site P buffering capacity values will be highest for the 

unfertilized natural vegetation soils, followed by plantation soils where P fertilization 

ceased several years previously and will be least for fertilized pasture soils where 

much of the P retention capacity may be occupied. 

 
6.2 Materials and Methods 

6.2.1  Soils and physico-chemical analysis 

Surface soils (0-10 cm) sampled from the three land use types (pasture, 

plantations, and natural vegetation) as described in Chapter 3, were analysed to 

evaluate the influence of land-use change and soil properties on sorption 

characteristics. The soils were air-dried and sieved and the fine earth fraction (< 2 

mm)  retained for analysis. Soil pH(CaCl2) was measured in 0.01 M CaCl2 with a 1:5 

soil:solution ratio, pH(NaF) determined in 1M NaF with a 1:50 soil:solution ratio after 

shaking for 1 h (Fieldes and Perott, 1966),   and total carbon determined  using a 

LECO high frequency induction furnace (Rayment and Higginson, 1992). 

Dithionate-citrate-bicarbonate extractable Fe and Al (FeD and AlD) were determined 

by the Mehra and Jackson (1960) method, ammonium oxalate extractable Fe and Al 

(FeO, AlO) and pyrophosphate extractable Fe and Al  (FeP, AlP) by the Rayment and 

Higginson (1992) methods.  

 

Resin-, and NaHCO3-PI fractions were determined by the modified Hedley et 

al. (1982) method described in Chapter 4. Resin and bicarbonate extractable P are 

assumed to represent the labile forms of P, and consist of P that is weakly sorbed on 
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surfaces of diverse compounds including: free Fe and Al oxides; amorphous and 

crystalline silicates and organic matter; and these extractants also remove P present 

in soil solution (Cross and Schlesinger, 1995).  

 

6.2.2 Phosphorus Sorption Isotherms 

 

Phosphorus sorption was determined by equilibrating 3 g soil samples with 30 

mL of 0.01 M CaCl2 containing one of several concentrations of P as KH2PO4 in 50-

mL plastic centrifuge tubes. As soils varied considerably in P retention capacity 

(Chapter 3) the initial solution P concentrations varied between 0 to 60 µg mL-1 in 

order to achieve final equilibrium concentrations up to 1.5 µg mL-1. The samples 

were equilibrated for a 24-h period. A few drops of toluene were added to suppress 

microbiological activity and the samples were gently shaken on an end-over-end 

shaker at 10 rpm. At the end of the equilibration period, the solution was separated by 

a combination of centrifugation and filtration (Whatman No.#40). The concentration 

of  P in solution was determined by the molybdate-ascorbic acid method (Murphy and 

Riley, 1962). The amount of P sorbed was calculated as the difference between the 

amount of P added and that remaining in solution (Fox and Kamprath, 1970). 

 

6.2.3 Sorption Models 

The Langmuir equation has been commonly used to describe sorption of ions 

by solids (Olsen and Watanabe, 1957).  The general term sorption is used throughout 

the thesis to denote both surface P accumulation on soil components, which may in 

some cases, be accompanied by penetration of the sorbed P by diffusion into the 

sorbent body (Sanyal and De Datta, 1991). For this study the P sorption data were 

fitted to the linear form of the Langmuir equation (Barrow, 1978):                                                            

                                    c/x =(1/bXm)+(c/Xm)                                (Equation  5.1) 

where c is the concentration of P in the equilibrium solution (µg P mL-1), x is the 

amount of P sorbed (µg P g soil-1 ), Xm is the Langmuir sorption maximum (µg P g-1 

soil) and b is a constant related to bonding energy (mL µg P-1).                                           
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Based on the dual considerations of goodness-of-fit and statistical behaviour 

of the model Ratkowsky (1986) recommended the Freundlich equation and its 

modifications as being superior to other equations for describing phosphate sorption. 

The data were fitted to the linear form of the Freundlich equation (Barrow, 1978): 

                                   log x =log k + n log c                           (Equation  5.2) 

where x is the amount of P sorbed (µg P g soil-1); c is the equilibrium P concentration 

in soil solution (µg P mL-1); log k is the intercept (µg P gsoil-1) and k is taken as 

measure of the abundance of sorption sites (the dimensionless constant) and; n is the 

slope which is considered to be an indicator of the energy of sorption.  

The phosphorus buffering capacity (PBC) was measured using the Ozanne 

and Shaw (1967) index, which is the increase in P sorption for the solution P 

concentration increment of 0.25 to 0.35 µg P mL-1 for the equilibrium solution and 

may be derived from the Freundlich equation: 

                                           x =kcn                                              (Equation 5.3) 

                                  PBC = k (0.35n - 0.25n)                                 (Equation 5.4) 

6.2.4 Statistical Analyses 

A cluster analysis was performed using Statistica V 5.1 (Statsoft, 1997) to 

evaluate the degree of matching between soils under different land uses at each site. 

The analysis is based on the soil properties that are unlikely to be affected by 

changes in land use (as described in Chapter 3). The euclidean distance matrix was 

used to form the clusters and a dendrogram was made by the complete linkage 

method. This method was used as it gives better results where there are naturally 

distinct clumps (as for the different sites) (Statsoft, 1997).  

Relationships between P sorption measurements (Ozanne and Shaw's (1967) 

buffering capacity values, Langmuir, and Freundlich equation constants) and soil 

physical and chemical properties were evaluated using simple linear regression and 

tested for significance at P<0.05. Regression analysis was also conducted using a 
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stepwise multiple regression procedure (Statsoft, 1997) to identify relationships 

between P buffering capacity values and soil physico-chemical properties. 

6.3 Results and Discussion 

 

Using soil properties which would be least influenced by changes in 

management practices associated with land use conversion (as detailed in Chapter 3), 

a cluster analysis was performed to evaluate the degree of within site variation 

among the trio (sub-sites)  of  pasture,  plantation  and  natural  vegetation  soils  at   
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Fig. 6.1 Dendrogram for cluster analysis of sub-sites based on soil parameters that 
were least influenced by changes in land uses. Clusters are grouped mainly to 
highlight the degree of variation between soils under different land uses at a site 
(PAS, PLA, and BUS are for Pasture, Plantation and natural vegetation land 
uses, respectively; site are: AND-Andrews, ANN-Anning, AYE-Ayers, GIB-Gibbs, 
HAL-Hall, HAR-Hartridge, JEF-Jefferies, MOL-Moltoni, PAT-Patmore, ROB-
Robinson, and WAL-Walker). 
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each of the sites. For many of the sites, soils from the plantation and pasture sub-sites 

are very well matched. However, notable exceptions based on 3-way comparisons 

are: a large difference between Hartridge plantation compared with pasture and 

natural vegetation soils, a difference between pasture soil and the plantation and 

natural vegetation soils at Andrews and Jefferies sites (Fig. 6.1). Ayres and Robinson 

sites have the higher within site variation between the fertilized and natural 

vegetation land uses. Least variations (based on the (Dlink/Dmax*100) index) 

between soils from the three sub-sites are for the Walker, Patmore, Hall and Gibbs 

sites (Fig. 6.1). The arrangement of the sub-sites in the dendrogram matches with the 

factor loading of the selected soil variable scores of the principal component analysis 

(Chapter 3). Soil parameters having strong loading on PC1 are: Silt, AlO, Clay, 

Al2O3, SiO2, Quartz, FeO, Kaolinite, Fe2O3, AlD, FeD, and Gibbsite. The sites having 

higher contents of Silt, AlO, Clay, Al2O3, FeO, Kaolinite, Fe2O3, AlD, FeD, and, 

Gibbsite and lower amounts of SiO2 and, Quartz occur towards the bottom of the 

dendrogram (Fig 6.1).  

 

6.3.1 Phosphorus sorption functions 

 

The sorption data did not conform adequately to the linearised Freundlich 

equation as desorption occurred (negative sorption values) for soils for low solution 

P concentrations. Therefore, data were fitted using only the sorption part of the 

isotherm to generate coefficients (Table 6.1).  P sorption isotherms for all three land 

use soils at the Walker site and Hartridge natural vegetation soils did not conform at 

all to the linearised Langmuir and Freundlich equations due to the lack of P sorption 

for some or all of the solution P concentration. For soils from other sites, Langmuir P 

maximum (Xm) ranged from 0.5-909 µg P g soil-1.  Xm and Freundlich k coefficient 

values for sites with closely matched soils (Gibbs, Hall, Patmore and Walker; Table 

6.1 and Fig. 6.2) followed the sequence of natural vegetation> plantation and pasture. 

For sites where soils in sub-sites were not well matched, values of did not follow this 

trend. Based on R2 values the Freundlich function accounted for more variation and 

better described P sorption than did the Langmuir function. Phosphorus sorption   

data   for   many   West  Australian   soils    have   been  successfully described using 
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Table 6.1 Ozanne and Shaw's (1967) P buffering capacity values and Langmuir and 
Freundlich coefficients for soils for the three land uses at each site.  

 
 

Xm          b    k n 
Site 
name Land-use 

Buffering 
capacity 
(µg  g-1) 

(µg  g-1) (mL  µg-1) (µg  g-1) (mL  µg-1) 

Andrews Pasture 4.4  61.3 2.4 36.4 0.39 
 Plantation 0.9 11.3 1.5 6.4 0.80 
 Natural vegetation 0.6 0.5 4.5 2.7 0.21 
Anning Pasture 32.8 500 1.5 301 0.54 
 Plantation 22.1 556 0.7 219 0.61 
 Natural vegetation 12.2 333 0.5 116 0.82 
Ayers Pasture 31.8 588 0.9 270 0.67 
 Plantation 34.1 476 3.5 388 0.52 
 Natural vegetation 9.2 313 0.3 71.2 0.69 
Gibbs Pasture 2.2 39.4 1.2 18.6 0.60 
 Plantation 0.9 12.7 1.3 6.9 0.47 
 Natural vegetation 1.8 32.3 1.7 18.2 0.50 
Hall Pasture 1.9 29.2 0.4 4.9 0.95 
 Plantation 0.6 24.8 0.1 3.3 0.75 
 Natural vegetation 2.1 39.1 1.0 18.3 0.59 
Hartridge Pasture 9.5 588 0.2 91.2 0.93 
 Plantation 49.3 909 1.6 620 0.71 
             * Natural vegetation - -  - - - 
Jefferies Pasture 2.8 55.9 1.0 23.6 0.51 
 Plantation 1.5 25.6 2.5 15.4 0.48 
 Natural vegetation 1.7 28.8 3.2 18.6 0.45 
Moltoni Pasture 26.5 455 1.5 247 0.54 
 Plantation 41.2 588 1.9 443 0.68 
 Natural vegetation 29.7 435 2.6 302 0.50 
Patmore Pasture 13.8 294 1.5 155 0.51 
 Plantation 18.0 303 2.8 201 0.50 
 Natural vegetation 24.9 370 2.3 270 0.63 
Robinson Pasture 48.9 769 1.3 469 0.71 
 Plantation 53.4 909 1.2 575 0.78 
 Natural vegetation 47.1 667 5.0 568 0.41 
* Walker Pasture -  - - - - 
 Plantation - -  - - - 
 Natural vegetation - -  - - - 

 
*P sorption isotherms for all three land use soils at the Walker site, Gibbs pasture soils and Hartridge 
natural vegetation soils did not conform to the linearised Langmuir and Freundlich equations due to 
the lack of sorption of P by these soils. 
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Fig. 6.2  P sorption isotherms fitted using the Freundlich equation for pasture, 
plantation and natural vegetation soils at the various sites (except for the 
largely desorbing soils of Walkers pasture and plantation sub-sites, and 
Hartridge natural vegetation sub-sites). 
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 the Freundlich equation (Barrow and Shaw, 1975; Singh and Gilkes, 1991). Mean 

values of Langmuir P maximum (Xm) were 527 µg P g-1 for western Australian (WA) 

virgin lateritic soils (Siradz, 1985). Xm values ranged between 11 to 2132 µg P g-1 

with a median value of 200 µg P g-1 for diverse WA virgin soils (Singh and Gilkes, 

1991) compared to values ranging from 0.5 to 909 µg P g-1 for the present study with 

soils comprising of low to moderate P sorption soils of south-western Australia. 

These Xm values are similar to highly weathered soils from Africa (183-206 µg P     

g-1) but are much lower than values for soils derived from volcanic and loess parent 

materials (3934-10122 µg P  g-1), a trend consistent with the different mineralogies of 

these soils (Longanathan et al. 1987; Ping and Michaelson, 1986 and Sjarif 1990). 

The PBC values are not closely related to FeD+AlD (Fig. 6.3).   

y = 19x + 1.2
R2 = 0.51**
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Fig. 6.3 Relationship between sum of dithionate extractable Fe and Al (FeD+AlD) 
(McArthur, 1991) and P buffering capacity (PBC) (Ozane and Shaw, 1967) (** 
Significant at P<0.001). Single regression model was used since separate 
models fitted for the three land use soils were not significantly different (■ 
pasture, ○ plantation and ▲ natural vegetation). 
 

 

P sorption isotherms for soils from the different land uses (Fig. 6.2) reflect 

the variation in soil properties that is indicated by cluster analysis of soil data for the 

sub-sites (Fig. 6.1). There are large differences in P sorption between Hartridge 

plantation, pasture and natural vegetation soils, there are also differences in P 

sorption between pasture soils compared with plantation and natural vegetation soils 



Chapter 6                                   Influence of Soil Characteristics and Land Use Changes on P Sorption 

at Andrews and Jefferies sites (Table 6.1 and Fig. 6.2). Ayres and Robinson sites 

have quite high within site variation in P sorption between the fertilized and natural 

vegetation land uses. Least variations between the three land use at a site are for the 

Walker, Patmore, Hall and Gibbs sites.  Based on the FeD+AlD classification by P 

retention potential of McArthur (1991), Andrews, Gibbs, Hall, Hartridge (except for 

the plantation soils), Jefferies, and Walker belong to the low phosphate retention 

class (FeD+AlD : 0.09 to 0.42 g kg-1; Table 3.3) of Western Australian soils while 

Anning, Ayers, Moltoni, Patmore and Robinson are classed as having a moderate P 

retention (FeD+AlD : 0.64 to 1.46 g    kg-1; Table 3.3).  

 

For the moderately high PBC sites - Anning, Ayers, Moltoni, Robinson and 

Hartridge (plantation soil only) - PBC values ranged from 9.2 to 53.4 µg P g-1 soil  

(Table 6.1, Fig.6.2). PBC followed a similar trend to that for the Freundlich and 

Langmuir constants with higher values for high P retention sites and lower values for 

low P retention sites (Table 6.1). Bolland et al. (1996) compared several methods of 

quantifying the P sorption capacity of Western Australian soils and recommended 

that the P buffering capacity measures of Ozanne and Shaw (1967) and Fox and 

Kamprath (1970) gave reliable indices of P sorption when based on well-defined P 

sorption isotherms. In this work, differences in PBC between land uses and across 

sites were related to the differences in soil properties identified by cluster analysis 

based on the soil properties (Fig. 6.1; Table 6.1). For example: Hartridge plantation 

soil (PBC 49.3 µg P g-1) was poorly matched to pasture soil (PBC 9.5 µg P g-1) and 

natural vegetation soil (PBC 0.7 µg P g-1). The large separation in soils shown by the 

dendrogram (Fig. 6.1) between Andrews pasture, plantation and natural vegetation 

soils is reflected in the PBC values for pasture soils (PBC 4.4 µg P g-1) compared to 

plantation soil (PBC 0.9 µg P g-1) and natural vegetation soil (PBC 0.6 µg P g-1).  

Only for well-matched sites (Gibbs, Hall, Patmore and Walker) did PBC values 

follow the trend of higher PBC values for unfertilized natural vegetation soils 

presumably due to more unoccupied surface sites being available for P sorption in 

unfertilized relative to fertilized soils. 
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The P buffering capacity of a soil has large effects on both the amount of 

phosphate fertilizer needed to produce maximum plant yield (Ozanne and Shaw, 

1967) and on the critical values used to interpret soil tests (Helyar and Spencer, 

1977). Continuing additions of phosphate to soil decreases the P buffering capacity 

of the soil (Barrow et al., 1998). This effect is most likely to be detected for closely 

matched soils. In the present study the higher P sorbing soils show an effect of land 

use on P sorption which is surprising as their higher P sorption capacity should result 

in them being little affected by P fertilizer application compared to the more sandy 

soils.  

 

6.3.2 Effect of past fertilizer application on P sorption curves 

 

There has been no systematic study of P sorption characteristics of forest soils 

in Australia, although McLaughlin (1996) considered that unfertilized forest surface 

soils may sorb more P than fertilized agricultural soils. Phosphate ions present on 

soil surfaces influence the P sorption behaviour of soils (Barrow et al., 1998) and 

must be considered when fitting P sorption functions (Bache and Williams, 1971; 

Tolner and Fulkey, 1995). The amount of adsorbed P present in soil has been 

determined using ion exchange resins (Fitter and Sutton, 1975), and by isotopic 

exchange techniques (Bache and Williams, 1971). In the present study, resin- and 

NaHCO3-PI fractions obtained from the Hedley et al. (1982) scheme of P 

fractionation (Chapter 4) were used as estimates of initially sorbed P, as proposed by 

Duffera and Robarge (1999). The effect of including resin-PI as P sorbed on P 

sorption curves for some soils from closely matching land use sites is shown in (Fig. 

6.4). For sites where soils from different land uses were closely matched, P sorption 

was higher under natural vegetation soils than for fertilized soils. If resin-PI values 

are added to the P sorbed values, these differences are considerably reduced and P 

sorption curves nearly coincide.  Hall plantation soil has a lower than expected P 

sorption capacity compared to the natural vegetation soil sorption curve, even after 

adding resin-PI to sorbed P values. The desorbing nature of the largely sandy (Fig 

3.3) fertilized soils from the Walker site can be largely attributed to the P sorption 

curve being lower than for the natural vegetation soil even after adding the value of  
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Fig. 6.4  P sorption isotherms of soils from closely matching sites (pasture, 

plantation and natural vegetation land use trio) fitted using the Freundlich 
equation (except for the largely desorbing soils of Walkers pasture and 
plantation land uses). The P sorbed consists of [I]-measured value, [II]-
measured value plus readily adsorbed P (Resin-PI), [III] - measured P plus 
extractable P (Resin-PI+NaHCO3-PI+NaOH-PI). 
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resin-PI to the curves for fertilized Walker soils (Fig. 6.4). Inclusion of the 

bicarbonate and sodium hydroxide extractable P as estimates of initially sorbed P 

generally reversed the order of the P sorption isotherms with fertilized soils 

adsorbing more P than the unfertilized soils (Fig. 6.4). NaOH extracts P from mostly 

amorphous Al and Fe oxides while NaHCO3 extracts P from mostly crystalline 

sorption sites (Cross and Schlesinger, 1995) and thus NaOH extracted P include P 

forms that have chemicals reacted with these soil constituent (Barrow, 1980) rather 

than having P that is simply and reversibly adsorbed and in dynamic equilibrium 

with soil solution. 

 

Although the cluster analysis indicated that soils from under the three land 

uses at Hall, Gibbs, Patmore and Walker sites (Fig. 6.1) were well-matched and 

followed the trend of unfertilized natural vegetation > fertilized soils for P sorption,  

P retention values for fertilized pasture and plantation soils did not follow any 

consistent trend. Soil P retention properties for matched soils were not identical (Fig. 

6.4), which indicates a greater influence of soil properties (Table 6.2) relative to the 

amounts of sorbed P from past fertilizer applications as also shown by the non-

significant relationship between PBC and resin-PI and NaHCO3-PI (indicating past 

fertilizer application) compared to the significant relationships between several other 

soil properties and PBC for the closely matching soils (Table 6.2).

 

6.3.3 Relationships with soil properties 

 

Presumably due to the narrow range of pH values of soils across the sites 

there are no significant relationships between soil pH(CaCl2) and PBC, Xm or k, (Table 

6.2) as was also observed by Singh and Gilkes (1991) for West Australian soils. 

However, there are highly significant positive relationships between soil pH(NaF) and 

each of PBC, Xm and k (Table 6.2; Fig. 6.5). This association arises because much P 

sorption occurs on surface hydroxyl sites on aluminosilicates, oxides and Al-humus 

complexes, and the value of pH(NaF) is considered to be a measure of the release of 

OH from these surfaces (Perrott et al., 1976). Singh and Gilkes (1991) proposed the 

use of pH(NaF) as a rapid procedure for predicting P sorption by Western Australian 
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soils. PBC is also significantly and positively related to total C in soils for the 11 

sites (Table 6.2, Fig. 6.4). Similar relationships have been observed in other studies 

(Sanyal and De Datta, 1991), although no association between these properties was 

found in an earlier study of Western Australian soils (Singh and Gilkes, 1991). 

Significant relationships between P sorption coefficients (Xm, k, and PBC) and clay 

content, as seen in Table 6.2 and Fig. 6.5, have been reported for acidic soils by 

several workers as reviewed by Sanyal and De Datta (1991). In addition to their 

permanent positive charge, clays have variable charge surface sites where 

Al(OH)H2O groups are exposed; such groups become positively charged at acidic 

soil pH and adsorb phosphorus  (Parfitt, 1978). For Western Australian soils Singh 

and Gilkes (1991) reported the prevalence of microcrystalline disordered 

microcrystalline kaolinite, which has a large surface area and a large capacity to 

adsorb P. Kaolinite, especially microcrystalline kaolinite, may contribute 

substantially to P sorption by soils, especially at low pH (Black, 1943). The highly 

disordered and very small kaolinite crystals (~20 nm) prevalent in West Australian 

soils have considerably higher P sorption capacity than well-ordered 

macrocrystalline kaolinites (Singh and Gilkes, 1991). All of the high P sorbing soils 

in the present study had appreciable contents of microcrystalline kaolinite, gibbsite 

(Fig. 3.4) and other free Fe or Al oxides (Table 3.3) when compared to the lower P 

retention soils. Differences in kaolinite and gibbsite contents (Chapter 3, Fig. 3.4) 

may contribute to the higher within-site variation shown by the cluster analysis for 

Andrews, Ayers, Hartridge, Jefferies, Moltoni, Robinson and Anning sites (Fig. 6.1). 

PBC was significantly positively related to all three forms of extractable Fe (FeD, FeO 

and FeP) and positively related to PBC, with FeP showing a stronger relationship (Fig 

6.6). All forms of extractable Al were significantly and positively related to PBC, Xm 

and k. An increasing degree of Al substitution in Fe oxides reduces crystal size, 

thereby increasing surface area and P sorption capacity leading to an association 

between AlD and P sorption capacity (Singh and Gilkes, 1991). PBC showed a highly 

significant positive relationship with AlP, which may indicate the formation of 

phospho-Al-humate complexes through Al ion bridges between humic molecules and 

phosphate ions as has been reported previously by Weir and Soper (1963).  
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There is a strong positive relationship (r=0.92) between the Langmuir 

sorption maxima (Xm) and Freundlich (k) coefficient as they are expressions of the 

same property (Table 6.2).  Xm and k are both measures of the extent of sorption 

(Bache and Williams, 1971; Barrow, 1978) and are thus directly related to properties 

that express fineness of texture (i.e. surface area) as indicated by their significant 

positive relationship with silt and clay and a negative relationship with sand content. 

Other properties that increase surface area and reactivity of soils lead to a higher P 

retention capacity, particularly the different forms of extractable Fe and Al. 

Langmuir b and Freundlich n can be assigned as ‘bonding energy’ (Bache and 

Williams, 1971; Barrow, 1978) and consequently are not directly related to surface 

area as is indicated by non-significant relationships of these coefficients with silt and 

clay contents (Table 6.2).  The absence of significant (p<0.05) relationships between 

both Langmuir b and Freundlich n and most measured soil properties may indicate 

that energy of sorption does not depend on these properties. However, b is closely 

and negatively related to NaHCO3-PI and Colwell-P, which may indicate that the 

energy of sorption decrease as the amount of adsorbed P increases.  

The lack of relationship between PBC and available forms of P for the 9 

closely matching sites (Table 6.2), compared to highly significant relationship with 

other soil properties indicates that P fertilizer history has little influence on P 

sorption behavior relative to the effect of intrinsic soil properties.  

Stepwise regression analysis was used to obtain the most predictive equations 

for PBC as a function of soil physical and chemical properties. Extractable Al forms 

explained a high proportion of variation in the PBC of the soil samples. AlP alone 

explained 83% of the variation in PBC addition of FeP and % silt increased the 

accuracy of prediction to 95% (Table 6.3). Addition of other properties to the 

equation did not significantly improve the accuracy of predication of PBC. The 

absence of the readily available P pools as variables in this predictive equation 

indicates the greater influence of intrinsic soil properties on P sorption behaviour 

compared to the amount of fertilizer P that has been sorbed. Extractable forms of Fe 

and Al have been reported by many workers as dominant factors controlling P 

sorption, and commonly relationships involving Al forms are more predictive than 
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those involving Fe form (Singh and Gilkes, 1991; Sanyal et al., 1993).  Soil pH(NaF) 

was shown by simple linear regression to be strongly related to P sorption but was 

not selected as a predictive property in the stepwise regression equation due to the 

close relationship between pH(NaF) and the various forms of extractable Al and   Fe 

and clay content. In practice pH(NaF) is a very simple inexpensive measurement and 

can be highly recommended for use in predicting P retention by soils.  

 

The above discussion relate to the explanation (prediction) of PBC based on 

soil properties. Due to the very close relationships between PBC and both Xm and k 

(r=0.94, 0.98), the same soil properties are predictive of these coefficients. 
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Fig. 6.5 Linear relationships between P buffering capacity and soil properties (*** 
significant at 0.001 probability level). A single regression model was used for 
soils for all three land uses since separate models fitted for each land use were 
not significantly different (■ pasture, ○ plantation and ∆ natural vegetation). 
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Fig. 6.6  Linear relationships between P buffering capacity and acid-oxalate, 

dithionate-citrate-bicarbonate and pyrophosphate extractable Al and Fe (**, 
*** significant at 0.01 and 0.001 probability level). A single regression model 
was used for all three land uses since separate models fitted for each land use 
soils were not significantly different (■ pasture, ○ plantation and ∆ natural 
vegetation). 
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Table 6.2 Correlation coefficients (r) for relationships between soil parameters and 

various soil P sorption coefficients. 
 
          PBC  
 Xm    b   k  n    (µg  g-1)  
 (µg  g-1) (mL  µg-1) (µg  g-1) (mL  µg-1) 1(n=29)    2 (n=20)    3 (n=9) 

OC %  0.63***  0.18NS 0.66*** -0.20NS 0.65*** 0.82**   0.55* 
pH (CaCl2)  0.19NS  0.25NS 0.19NS -0.18NS 0.27NS 0.88***   0.16NS

pH (NaF)  0.64*** -0.14NS 0.66*** -0.16NS 0.71*** 0.96***   0.66** 
EC (mS s-1)  0.61*** -0.23NS 0.56*** -0.01NS 0.64*** 0.55NS   0.54* 
Silt %  0.68*** -0.01NS 0.73*** -0.16NS 0.80*** 0.94***   0.73*** 
Clay %  0.76*** -0.14NS 0.81*** -0.10NS 0.86*** 0.87***   0.84*** 
Sand % -0.75***  0.11NS -0.80***  0.12NS -0.86*** -0.91***  -0.65** 
AlO (mg g-1)  0.72*** -0.09NS 0.80*** -0.23NS 0.85*** 0.99***   0.80*** 
FeO (mg g-1)  0.45** -0.13NS 0.40** -0.12NS 0.47** 0.85***   0.33* 
AlD (mg g-1)  0.74*** -0.06NS 0.81*** -0.24NS 0.86*** 0.97***   0.82*** 
FeD (mg g-1)  0.54*** -0.08NS 0.54*** -0.19NS 0.61*** 0.90***   0.50NS

AlP (mg g-1)  0.81*** -0.11NS 0.88*** -0.19NS 0.91*** 0.98***   0.89*** 
FeP (mg g-1)  0.91*** -0.29NS 0.85*** -0.06NS 0.88*** 0.96***   0.83*** 
PBC (µg g-1)  0.94*** -0.11NS 0.98*** -0.14NS -      -      - 
Resin-PI(µg g-1)  0.47NS -0.69*** 0.34NS  0.10NS 0.45** 0.31NS  0.35NS

NaHCO3-PI (µg g-1)  0.53*** -0.61*** 0.42*  0.10NS 0.45** 0.37NS  0.25NS

Colwell P (µg g-1)  0.51*** -0.25NS 0.38* -0.23NS 0.42NS 0.20NS  0.32NS

k  0.92*** - - - - - - 
 
NS, *, **, *** Not significant, significant at 0.05, 0.01 and 0.001 probability levels, respectively 
1- all soils (n=29), 2-poorly matching soils (n=20), and 3-closely matching soils (n=9); pH - 0.01M 
CaCl2 ,  OC - Organic Carbon,  AlO & FeO - acid-oxalate extractable Al & Fe, AlD & FeD - dithionate-
citrate-bicarbonate extractable    Al & Fe and  Al P & FeP - pyrophosphate extractable Fe &Al.  
 
Table 6.3 Stepwise multiple regression equations relating soil parameters to 

phosphorus buffering capacity (PBC) 
        
Soil from all sites                  R2

PBC† = 0.36 + 85.2 AlP
‡           0.83 

PBC  = -2.8 + 54.8 AlP + 149.6 FeP
#        0.94 

PBC  = -2.5 + 61.2 AlP + 153.4 FeP  - 2.01 Clay¶          0.95 
 
 
†PBC – Phosphate buffering capacity measured by Ozanne and Shaw (1967) method (µg mL-1),  ‡AlP 
& #FeP - pyrophosphate extractable Al & Fe (%), and ¶Clay (%). 
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6.4 Conclusion 

P sorption isotherms for soils from the different land uses reflect the variation 

in soil properties indicated by cluster analysis of soil properties for less well matched 

sites. Only well-matched sites (Gibbs, Hall, Patmore and Walker) followed the trend 

of higher PBC values for unfertilized natural vegetation soils in comparison to 

fertilized soils as was hypothesized. The resin-PI fraction of Hedley et al.'s (1982) 

procedure was used to quantify the adsorbed P from past fertilizer application for 

closely matching soils. The lack of relationship between PBC and the readily 

available forms of P for the closely matching sites compared to highly significant 

relationship with other soil properties indicates that P fertilizer history has little 

influence on P sorption behavior relative to the effect of intrinsic soil properties   

Phosphorus buffering capacity has significant positive linear relationships with clay, 

silt, pH(NaF), organic carbon, and the various forms of extractable Fe and Al. Based 

on linear and stepwise regression analysis procedures, extractable Al forms explain 

most of the variability in P sorption capacity. AlP explained 83% of the variability in 

P sorption capacity with addition of FeP and silt increasing the percentage of 

explanation to a highly satisfactory 95%.  
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Chapter 7 

Assessing the Availability to Plants of Hedley et al.’s (1982) Soil P 
Fractions  

 
 

7.1 Introduction 

Selective dissolution techniques for soil P involve chemical extractions applied in 

parallel or in sequence to a sample. The techniques do not seek to determine the chemical 

nature of the phosphorus compounds, although it is common to refer extracts to possible 

mineral and organic forms, but give broad classes relating to the ease of their dissolution 

and by reference to their availability to plants. Thus the P forms determined are 

‘operational’ rather than ‘actual’. The underlying assumption for dividing the soil P 

continuum into fractions using the Hedley et al. (1982) scheme is that readily plant 

available P is removed first with mild extractants and progressing to stronger extractants 

such as strong acids and oxidizers the least plant-unavailable P forms are extracted (Guo 

and Youst, 1998). Although separating total P into nine fractions helps in elucidating the 

difference in size of various P fractions, the actual plant availability of these fractions is 

debatable. Most authors seem to agree that the P extracted by anion exchange resin or Fe-

impregnated strips and the inorganic P extracted by NaHCO3 are approximations of the 

actual amount of plant available P. The plant available P includes soil solution P, soluble 

phosphates particularly calcium phosphates, and weakly sorbed inorganic P on the 

surfaces of sesquioxides or carbonates (Mattingly, 1975). However, the availability to 

plants of P in the other fractions is less certain. The NaOH extractable inorganic and 

organic P forms are considered moderately labile and may buffer the resin and NaHCO3 

extractable P forms although the kinetics of the buffering reaction could be slow. 

Hydroxide extractable inorganic P has lower plant availability and is thought to be 

associated with amorphous and some crystalline Al and Fe phosphates (Williams et al., 

1980). Acid extractable inorganic P is largely Ca bound P (Williams et al., 1980). The 

NaHCO3 extracted organic P is the most labile organic P form (Bowman and Cole, 

1978b). Various and sometimes contradictory interpretations, that reflect the tremendous 

uncertainty over the availability of these fractions have been suggested by several authors 
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and have been summarized by Cross and Schlesinger (1995). As described in Chapter 4 

Hedley et al.'s (1982) P fractions were grouped by Guo and Youst (1998) into readily 

(representing P that is readily removed by plant roots), moderately (denotes the soil P 

reserve that is plant available when converted to readily available P) and sparingly 

available P (P that is not available on a short time-scale such as one or more crop cycle, 

but a small fraction of this pool may become available due to long-term soil P 

transformations).  Hypotheses tested in the present plant growth experiment were: (1) for 

the fertilized land uses the inorganic P forms will play a dominant role in P supply to 

plants and that organic P forms will be relatively more important for non-fertilized soils 

under natural vegetation. (2) grouping Hedley et al.’s (1982) soil P continuum into 

discrete fractions of differing availability as proposed by Guo and Youst (1998) can 

predict short- and long-term  P availability. The objectives of this study were therefore to 

examine the changes in P fractions in the soils after exhaustive cropping and to compare 

the plant availability of various P fractions for soils from fertilized and unfertilized land 

uses.     

 

7.2 Materials and Methods 

7.2.1 Soil Preparation 
 

A repetitive cropping experiment (“exhaustion trial”) was conducted on the soils 

described in Chapter 3. Non-draining pots were prepared with 1 kg of soil per pot (15 cm 

diameter pots), weighed into plastic bags and replicated thrice. A suite of dissolved basal 

nutrients (N, K, Ca, Cu, Mg, Zn, Mn, Fe, Co, Mo and B) was supplied to all pots prior to 

the experiment, to ensure that these elements were non-limiting for the growth of 

ryegrass. N was applied as a split dose, every two weeks and the other basal nutrients 

were reapplied after each harvest (i.e. at 42 day intervals). The amount of each 

application (Jarvis and Robson, 1983) was: NH4NO3 (165 mg kg-1), CuSO4.5H2O (4 mg 

kg-1), ZnSO4.7H2O (9 mg   kg-1), CoSO4.7H2O (0.4 mg kg-1), MnSO4.H2O (2.6 mg kg-1), 

FeSO4.7H2O (2.6 mg Fe kg-1), NaMoO4.2H2O (0.7 mg kg-1), H3BO3 (0.8 mg kg-1). 

CaCl2.2H2O (71.3 mg kg-1), MgSO4.7H2O (23 mg kg-1), K2SO4 (84 mg kg-1). The first 
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basal dose was given before initiation of the experiment and soils were allowed to 

equilibrate for a week at field capacity before seeding.  

 

7.2.2 Cropping technique, harvesting and analysis 
 

The experiment was conducted under constant temperature (20±2 oC) glasshouse 

conditions. Thirty pre-germinated ryegrass (Lolium perenne cv. Roper) seeds were sown 

in each pot, and subsequently thinned to 20 uniform plants after emergence. Soil water 

was maintained at 90% field capacity (using distilled water) and pots were regularly 

randomized. Plants were initially harvested after 56 days and then after intervals of 42 

days. Shoots were cut approximately 2 cm from the soil surface, oven-dried at 60oC, and 

weighed to give dry biomass. The ground shoots were pressed into a pellet with boric 

acid as a backing material and K, Mg, Ca, Si, Zn, Cu, Mn, Cl, S, and P determined by X-

ray fluorescence spectrometry (XRF). Plant roots were not included in this analysis as 

plants died at different times, resulting in decay of some roots by the time of the final 

harvest. The experiment was stopped after the 18th harvest. Severe soil P exhaustion by 

repetitive cropping was indicated by mortality and P-deficiency symptoms (purpling and 

stunted growth) for plants in some of the pots. At the end of the experiment 50 g sample 

of soil was collected from each pot using a tube auger, this soil was used for the chemical 

determination of various P forms. The same P forms had been determined prior to 

commencement of the experiment so that changes may indicate what forms supplied P to 

plants. 

 

Following plant growth, soil samples were sequentially extracted for P using the 

Tiessen et al. (1984) modification of the Hedley et al. (1982) procedure as described in 

Chapter 4. Based on the extractant used, forms of P (inorganic P – PI and organic - PO ) 

extracted were in sequential order: resin-PI, NaHCO3 -PI and PO, NaOH-PI and -PO, 

NaOH Son-PI and -PO, HCl-PI and residual-P. These P fractions were arbitrarily grouped 

into readily available P (resin-PI, and NaHCO3-PI), moderately available P (NaHCO3-PO, 

NaOH-PI and PO, NaOH Son-PI and Son-PO, and HCl-PI) (instead of the term reversibly 

available P used by Guo and Youst (1998) the more appropriate term moderately 
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available P is used), and sparingly available P (residual-P) based on the Guo and Youst 

(1998) criteria. 

 

7.2.3 Statistical analysis 
 

Correlation and regression statistical analyses were, conducted using the stepwise 

multiple regression procedure (MULTIPLE REGRESSION module of STATISTICA 5.1 

(Statsoft, 1997)), to test relationships between selected soil physico-chemical properties 

and cumulative dry matter yield, tissue P concentration, and total P-uptake for the first 

harvest. 

 

The rescaled Mitscherlich response equation was fitted to the relationship 

between tissue P concentration for the 1st harvest and readily available soil P 

concentration: 

                                 y = a-b exp ((-cx)n)                                            Equation 7.1 

 

where y is the tissue P concentration for the 1st harvest (%), x is the readily available P 

concentration (mg kg-1 soil) – which is the sum of Resin PI and NaHCO3 PI, a is 

maximum yield, b is yield response, c and n are constants (Campbell and Keay, 1970). 

 

 To examine the underlying relationships between different P pools, the fractions 

were grouped according to their covariance employing factor analysis. Factor analysis 

allows the coherence in relationships in a multivariate dataset to be identified. Such 

relationships reflect the correlation of each variable with mutually orthogonal underlying 

factors. Factor analysis assumes that the observed variable is influenced by a number of 

factors or determinants, some of which are shared by other variables. The importance of 

each factor is deduced from its respective eigenvalue, which is calculated from the factor 

loadings of each variable. Factor loadings are similar to regression coefficients of the 

factors in a multiple regression equation to describe a given variable (Johnston, 1978). 

Virmax rotation was used to reduce the number of P pools loading highly on any factor in 

order to simplify the interpretation (Davis, 1973).  Principal components analysis (PCA; 
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FACTOR ANALYSIS module of STATISTICA 5.1 (Statsoft, 1997)) was used to classify 

and group the P forms and evaluate the degree of matching of P forms across all the sites 

and land uses.  

 

 To determine the direct and indirect contribution of various P pools to plant 

available P (resin-PI in this instance) path analysis (SEPATH module of STATISTICA 5.1 

(Statsoft, 1997)) was used for evaluating causal relationships. Path analysis utilizes 

multiple regression techniques to measure the direct influence of one variable upon 

another, and further allows the separation of the correlation coefficients into components 

of direct and indirect effects (Dewey and Lu, 1959). The basic requirement of path 

analysis is that cause and effect relationships among the variables can be established. If a 

cause and effect relationship can be established, say Y is caused by variables X1, X2, 

and, X3, the magnitude of the effect of each variable on Y can be evaluated by the sign 

and magnitude of the normalized regression or beta coefficients (β) which, when used in 

path analysis, are called path coefficients. Path coefficients measure the change in a 

dependent variable that is associated with a unit standard deviation change in an 

independent variable. Path coefficients were derived using the various P fractions in a 

conceptual model to show the direct and indirect contributions of the various P fractions 

to the resin-P pool.  

 

7.3 Results and Discussion 

As described previously and based on Ozanne and Shaw's (1967) P buffering 

capacity and the FeD+AlD classification of McArthur, (1991) the Andrews, Gibbs, Hall, 

Hartridge (except for the plantation soils), Jefferies, Patmore and Walker soils belong to 

the low phosphate retention class (FeD+AlD : 0.09 to 0.42 g kg-1; Ozanne and Shaw's 

(1967) values of Table 3.3) of Western Australian soils with low contents of contents of 

total P. The Annings, Ayers, Moltoni,  Robinson and Hartridge soils were classed as 

having moderate P retention (FeD+AlD : 0.64 to 1.46 g  kg-1; Table 3.3).  
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7.3.1 Plant dry matter yield, tissue P concentration and P uptake  
 

The plant dry matter yields for successive harvests are shown in Fig. 7.1 a, b and 

follow the expected pattern of yield for soils from pasture>plantation>natural vegetation. 

For the low P soils, especially for natural vegetation soils, and the light-textured and low 

P retention soils, symptoms of P deficiency quickly manifested as purpling and stunted 

growth and were associated with low yield and eventual mortality. Phosphorus deficiency 

was severe for natural vegetation soils, where in several instances the plants started to die 

after the fourth harvest. For the rest of the soils there was normal non-P limiting plant 

growth during the initial growth period but with subsequent growth, P depletion of soils 

induced symptoms of P deficiency and reduced yield. For most of the low P natural forest 

soils, plants died after 4 - 6 harvests. In the case of the high P natural forest soils, except 

for soils from the Annings site, plants had died by 15-18 harvests. Among the fertilized 

land uses, plants died only for light-textured and low P retention capacity soils (Andrews, 

Hall, Jefferies, and Walker sites). 

  

The tissue P concentration in the first cut herbage ranged from 0.05 to 0.22% with 

several values below the critical value of 0.13% (Fig. 7.2), identified by Reuter and 

Robinson (1997). For all soils the tissue P concentration was only higher than this critical 

value for the first few harvest. For soils from natural vegetation soils the P tissue 

concentration was below the deficient level for all harvests.   The published generic 

critical level may be somewhat higher than is appropriate that for the cultivar of ryegrass 

used in this experiment that was developed for use on highly infertile soils. 

 

Cumulative P uptake by ryegrass varied between soils for different land uses and 

there were large variations in the dry matter yield and P uptake by ryegrass between soils 

from different sites. Since adequate levels of all nutrients except P were added, these 

variations in plant growth and P uptake are due to differences in P supply by these soils 

(Fig. 7.2). The cumulative dry matter yield from the 18 harvests of ryegrass ranged from 

0.39 to 17.4 g kg-1, with a mean of 6.9 g kg-1 for natural vegetation soils (where plant 

growth ceased after an average of 5-6 harvest), with average values  of  29.1  and   23.8  g  
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Fig. 7.1  The above ground dry matter yield (g kg soil-1) of rye grass for each harvest for soils from the three land uses at11 sites. 
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Fig. 7.1 contd. The above ground dry matter yield (g kg soil-1) of rye grass for each harvest for soils from the three land uses at11 sites. 
.
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Fig. 7.2 The concentration of P in ryegrass tops (%) at each harvest for soils for the 

three land uses at 11 sites (shaded area shows zone of P deficient values for 
ryegrass for a deficient concentration of 0.13% P of (Reuter and Robinson, 
1997)(note that the published generic critical rye grass P concentration may be 
too high for this rye grass cultivar). 
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Fig. 7.3 Cumulative phosphorus uptake by rye grass tops (mg kg soil-1) for 18 
harvests for soils from the three land uses at 11 sites. 
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kg-1 for pasture and plantation soils, respectively (after 18 harvests for the majority of 

the fertilized soils).  Compared with the dry matter yields for initial harvests, there 

was a large reduction in yield for subsequent harvests and there were also much lower 

tissue P concentrations; however mortality of ryegrass plants occurred only after a 

substantial period of plant growth in this deficient state. 

 

The highest cumulative plant P uptake at the end of the 18th harvest was for 

Annings and Moltoni pasture soils (54 mg P kg soil-1). Walkers natural vegetation soil 

had the lowest cumulative P uptake (0.2 mg P kg soil-1) and plants had started to die 

by the 4th harvest (Fig. 7.3). The mean cumulative P uptake values for pasture, 

plantation and natural vegetation for all soils were 32.9, 23.8, and 5.1 mg kg soil-1, 

respectively.  

 
7.3.2 Changes in Hedley et al.’s (1982) P fractions following plant growth 
 
7.3.2.1 Readily available P (based on Guo and Youst (1998))- sum of Resin-PI  and 

NaHCO3-PI   
 

Comparison of amounts of readily available P forms (resin-PI and  NaHCO3-

PI)  before and after plant growth (Fig 7.4a), where rye grass plants died, showed a 

decrease from an average of 6.1 mg P kg-1 to 0.6 mg P kg-1 and 5.4 to 0.1 mg P kg-1, 

respectively (total decrement of 10.9 mg kg-1) compared to average cumulative P 

uptake by the corresponding rye grass tops of 8.6 mg kg-1. This result indicates that 

the contribution of the readily available P pool is considerable and comparable to the 

total P uptake by the rye grass tops. For soils where plants continued to grow, the 

average reduction in resin-PI and NaHCO3-PI concentrations were from 19.7 mg kg-1 

to 5.6 mg kg-1 and 24.0 mg kg-1 to 8.1 mg kg-1, respectively, after the 18th harvest (i.e. 

total decrement of 30 mg kg-1); the total average P uptake by the rye grass tops was 

31.9 mg kg-1 which is almost identical. Hingston et al. (1968) suggested that P bound 

to reactive surfaces that are in direct contact with the aqueous phase can replenish the 

resin-PI but these results are not consistent with this proposition as plants were only 

able to access the resin-PI available at the commencement of the experiment. 

Cumulative P uptake by ryegrass had a significant positive relationship (r = 0.66**, P 

< 0.05) with resin-P forms before plant growth and also had a significant positive 

relationship with resin-PI in the soil after the 18th harvest. Plants continued to grow in 

most of the fertilized soils despite the considerable loss of much of the available P 
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forms. For the soils studied the readily available P seems to be a robust, quantitative 

indicator of P-supply to plants and it also has a highly significant positive linear 

relationships with cumulative dry matter yield (r = 0.82) and with tissue P 

concentration for the first harvest (Fig. 7.5).  

  

Plots of cumulative P uptake by ryegrass versus initial readily available P (Fig. 

7.6) show the progressive utilization of this form of P by the ryegrass during the 

course of the experiment. Since plant growth continued for most of the fertilized soils 

until the final 18th harvest, the cumulative P uptake by ryegrass for most of the soils 

did not become equal to the readily available soil P present at the commencement of 

the experiment, implying that in general the plants have not utilised all the readily 

available soil P. The change in the readily available soil P fraction following plant 

growth represents plant P uptake and may also reflect ingestion by microorganism, 

and fixation by soil constituents (Fig. 7.7). The proportions of P following these three 

pathways cannot be resolved although much of the readily available P is evidently 

used by plants (Fig. 7.6). Furthermore, some of the P utilised by plants would have 

remained in plant roots, which were not analyzed.  

 

7.3.2.2 Moderately available P (based on Guo and Youst (1998)) –sum of  NaOH PI 
and PO, NaHCO3 PO,  NaOH Son PI and PO, and HCl PI)  

 

The average decline for NaOH-PI following plant growth was from 78.2 to 

67.8 mg kg-1  - for fertilized soils, where plant growth continued (Fig. 7.4a), and for 

soils where the plants died, the average decline was from 9.7 to 4.9 mg kg-1. NaOH-PI 

was the dominant fraction and is presumably in equilibrium with the labile P 

fractions. As available P is removed from the soil by plant uptake of P then NaOH-PI 

decreases as it provides additional available P but apparently only replaced a meager 

amount of the readily available P. Many workers consider that NaOH-PI is important 

in buffering the available P supply (McKenzie et al., 1992; Beck and Sanchez, 1994; 

Agbenin and Goladi, 1998; Guo et al., 2000; Buehler et al., 2002).     

 

Changes in NaHCO3-PO where plant growth continued beyond 18 harvests 

(Fig. 7.4a) showed a mean decrease from 36.1 to 33.9 mg kg-1 and in soils where plant 

died: from 8.8 to 6.6 mg kg-1. The NaOH-PO fraction was larger than the NaHCO3–PO 
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fraction for all soils (Fig. 7.4a) and where plants continued to grow there was little 

difference in mean values for soils before and after plant growth (75.5, 76.8 mg kg-1) 

and 25.9 and 26.4 mg kg-1 where plants died. For these soils neither NaHCO3- nor 

NaOH-Po showed any change due to P removal by plants (Fig. 7.4a). It has been 

reported that amounts of P present in these forms may fluctuate due to microbial 

activity and amounts may be affected by soil preparation before analysis (Potter et al., 

1991). However, it can be concluded that these two forms of Po were not a major 

contributors to available P when amounts of available PI were high. However, for 

soils having lower initial total P values (i.e. < 200 mg kg-1) a minor systematic 

reduction of NaHCO3- and NaOH-PO was observed following plant growth (Fig. 

7.4a). 

 

The minor P fractions namely NaOH son-PI, -PO and HCl-PI of the moderately 

available P group, were minor or absent for most of the natural vegetation soils. The 

NaOH son-PI and  -PO fractions showed no systematic decline following plant growth 

and possibly a slight accumulation for some of the soils with higher total P values 

(Fig. 7.4 a and b). The HCl-PI form is generally assumed to be of low availability to 

plants and for the fertilized sites showed little or no decline (Fig. 7.4b), with an 

average decline of 8 mg kg-1 at the end of plant growth experiment. Some of the HCl-

PI probably represents residual fertilizer P present as apatite in pasture and plantation 

soils (Kumar et al., 1993) rather than apatite derived from the original parent material 

since negligible amounts of this form of P were present in soils under natural 

vegetation. 

 

The comparison of moderately available P fractions (Fig. 7.7) before and after 

plant growth show that they made a relatively minor contribution to plant P uptake. 

 

7.3.2.3 Residual-P - Sparingly Available P (based on Guo and Youst (1998)) 

 

There was little or no change in soil residual-P concentrations following plant 

growth (Fig. 7.4b). It may be postulated that since the large reservoir of partially 

available P was only partly utilized by plants, most of the residual-P, remained 

unutilized. This interpretation is consistent with the behaviour of this P pool under 

intensive plant growth as documented by several authors [McKenzie et al. (1992); 
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Beck and Sanchez (1994); Agbenin and Goladi (1998); Guo et al. (2000)]. Unlike the 

case of slightly weathered soils where some residual P is thought to be in the form of 

Ca-P (Guo et al., 2000), which may act as a buffer for readily available P, in the 

highly weathered soils studied here, the residual P fraction was not reduced by plant 

uptake of P. Some soils appear to show a slight increase in residual-P following plant 

growth and there are high P-affinity soils with higher contents of Fe and Al oxides 

and amorphous materials as shown by Table 3.3 and Fig. 6.2. There may have been 

increased fixation of P by these soils during the extended period of the glasshouse 

experiment. This slight increase was not observed for low P-retention soils where the 

residual-P fraction remained at an almost constant level which is consistent with the 

above hypothesis.  

 

 
7.3.3 Relationship between plant and soil parameters 
 

 

The coefficients of linear relationships for cumulative P uptake, tissue %P 

concentration for the first cut, and cumulative dry matter yield versus soil properties 

including the various P fractions are given in Table 7.1. Cumulative dry matter yield 

and P uptake are significantly related to all measures of soil P for soil sampled before 

and after cropping except for residual-P. These measures of plant performance did not 

show strong relationships with the majority of soil physico-chemical properties. The 

lack of or weak relationships with most of soil physico-chemical properties is mainly 

due to the dominating influence of P fertilization on plant yield and P uptake although 

not on 1st harvest P concentrations as plants were not yet fully established. Stepwise 

multiple regression equations and coefficients of determination for the most predictive 

combinations of independent variables are shown in Table 7.2. Combination of three 

P forms are highly predictive of cumulative yield and P uptake and explained nearly 

70% of the variation. Entry of soil physico-chemical properties into these equations 

did not improve the predictions, once again due to the dominating influence of P 

fertilization (i.e. total P) of the pasture and plantation soils in determining P 

availability.  

 

 130



 
Chapter 7   Plant Availability of Hedley’s Soil P Fractions 

0

20

40

60

80

100

120

140

160

25 120 320

0

10

20

30

40

50

0

10

20

30

40

50

60

70

0

20

40

60

80

100

120

140

160

0

20

40

60

80

100

0

2

4

6

8

10

12

14

16

25 120 320
Initial total P (mg kg-1 soil) 

NaOH-PO NaOH Son-PI

NaOH-PINaHCO3-PO

NaHCO3 PI
Resin PI

V
al

ue
s o

f H
ed

le
y 

et
 a

l. 
's 

(1
98

2)
 fr

ac
tio

ns
 (m

g 
kg

 so
il-1

) 

 
Fig. 7.4 a Amounts of soil P fractions extracted by Hedley et al.’s (1982) procedure 

for soil sampled before (■), and after (□) plant growth in relation to the  initial 
total P content of soils. 
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Fig. 7.4 b Amounts of soil P fractions extracted by Hedley et al.’s (1982) procedure 
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Fig. 7.5 Relationship between readily available P and tissue P concentration (%) for 

the first harvest of ryegrass.  
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Fig. 7.6 Relationship between initial readily available P (Resin PI+NaHCO3 PI) and 

cumulative P uptake by ryegrass for 18 harvests. Broken lines have slope = 1. 
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Fig. 7.7 Contribution to cumulative plant P uptake after 18 harvests of Hedley et al.’s 
(1982) P fractions grouped according to the plant availability classes of Guo 
and Youst (1998) (■-pasture, ○-plantation, and ∆-natural vegetation; variable x 
in a – reduction in the readily available soil P, in b – reduction in the sum of 
readily and moderately available soil P and in c – reduction in the sum of 
readily, moderately and sparingly available soil P).   
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Table 7.1 Correlation coefficients (r) for linear relationships between ryegrass cumulative dry 
matter yield, cumulative P uptake, and %P concentration in plants for the first harvest 
versus forms of soil P and other soil properties 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

NS, *, **, *** Not significant, significant at 0.05, 0.01 and 0.001 probability levels, respectively 
ΘpH - 0.01M CaCl2 ,  OC - Organic Carbon,  PBC – Phosphorus buffering capacity, AlO & FeO - acid-oxalate extractable Al & 
Fe, AlD & FeD - citrate-bicarbonate-dithionite extractable    Al & Fe and  Al P & FeP - pyrophosphate extractable Fe &Al 
 

Soil 
variables 

Cumulative 
Dry matter yield  

(g kg soil-1) 

Cumulative 
P uptake 

(mg kg soil-1) 

1st harvest tissue P 
concentration 

(%) 
    
ΘOC % 0.082NS 0.018NS -0.101NS

pH(CaCl2) 0.069NS 0.035NS -0.415NS

Silt (%) 0.327NS 0.250NS 0.002NS

Clay (%) 0.352* 0.294NS 0.040NS

Sand (%) -0.351* -0.287NS -0.030NS

AlD (g kg-1) 0.359NS 0.303* -0.092NS

FeD (g kg-1) 0.414NS 0.316* -0.074NS

AlO (g kg-1) 0.377NS 0.319* -0.096NS

FeO (g kg-1) 0.371NS 0.269* -0.095NS

AlP (g kg-1) 0.407* 0.364* -0.046NS

FeP (g kg-1) 0.553** 0.502* 0.205NS

Total P (g kg-1) 0.751*** 0.712*** 0.234NS

PBC (mg L-1) 0.455* 0.425** 0.042NS

Soil P fractions Analysis of soil before ryegrass growth  

Resin PI (mg kg-1) 0.791*** 0.784*** 0.329NS

NaHCO3 PI (mg kg-1) 0.776*** 0.796*** 0.275NS

NaHCO3 PO (mg kg-1) 0.702*** 0.666*** 0.202NS

NaOH PI (mg kg-1) 0.781*** 0.754*** 0.190NS

NaOH PO (mg kg-1) 0.752*** 0.727*** 0.279NS

NaOH Son PI (mg kg-1) 0.662*** 0.637*** 0.094NS

NaOH Son PO (mg kg-1) 0.715*** 0.701*** 0.161NS

HCl PI (mg kg-1) 0.675*** 0.710*** 0.227NS

Residual P (mg kg-1) 0.522** 0.452** 0.166NS

 Analysis of soil after ryegrass growth  

Resin PI (mg kg-1) 0.777*** 0.806*** 0.195NS

NaHCO3 PI (mg kg-1) 0.583*** 0.651*** 0.081NS

NaHCO3 PO (mg kg-1) 0.694*** 0.666*** 0.166NS

NaOH PI (mg kg-1) 0.733*** 0.705*** 0.169NS

NaOH PO (mg kg-1) 0.744*** 0.715*** 0.265NS

NaOH Son PI (mg kg-1) 0.395* 0.348* 0.072NS

NaOH Son PO (mg kg-1) 0.708*** 0.678*** 0.168NS

HCl PI (mg kg-1) 0.760*** 0.771*** 0.291NS

Residual P (mg kg-1) 0.521** 0.453** 0.158NS
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Table 7.2  Stepwise multiple regression equations relating soil P forms and soil 
properties to cumulative dry matter yield and cumulative P uptake 

 
 
Cumulative dry matter yield (CDMY)         R2*
CDMY  =  7.5 + 0.99 Resin PI       0.63 
CDMY  =  8.1 + 0.58 Resin PI + 0.10 NaOH PI     0.68 
CDMY  =  9.0 + 0.63 Resin PI + 0.13 NaOH PI –0.04 Residual P   0.70 
CDMY  =  8.2 + 0.67 Resin PI + 0.11 NaOH PI –0.05 Residual P + 40.1 FeP

#  0.72 
 
Cumulative P uptake (CPU)
CPU  =   7.7 + 0.86 NaHCO3 PI       0.63 
CPU  =   7.6 + 0.59 NaHCO3 PI  + 0.09  NaOH  PI     0.66 
CPU  =   9.3 + 0.60 NaHCO3 PI  + 0.13  NaOH  PI - 0.06 Residual P    0.69 
 
#FeP - pyrophosphate extractable Fe (mg kg-1) 
* Significant at 0.001 probability level 
 
 
7.3.4 Relationships between P pools 
 

To demonstrate an underlying coherence in relationships between different P 

pools the P fractions were grouped according to their covariance employing factor 

analysis. The P pools, which have high loadings on the same factor, are said to be 

covariant, and are influenced by the same factor. From the variance-covariance 

matrix, two factors were extracted (Table 7.3). Resin-PI, NaHCO3-PI, and NaHCO3-

PO loaded highly on factor 1 suggesting that it has a direct role in plant P uptake.  The 

high loading of NaOH-PI on factor 2 suggests a lesser role in supporting plant P 

uptake as long as there are adequate amounts of readily available PI forms. Most of 

the fertilized soils do not contribute NaOH-PI to plant uptake of P but this pool may 

supply a significant proportion of P when the soils become depleted of more available 

P. NaOH-PO also plays a minimum role in plant P uptake as long as there are adequate 

levels of these PI forms (Buehler et al., 2002). Of the two organic forms the influence 

of NaHCO3-PO may be higher due to the labile nature of PO being dissolved by the 

extractant.  The absence of an influence of residual-P on plant P uptake is evident 

from the low loading on both the factors. 
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Table 7.3 Eigenvalues, percentage variation, and variable loadings for principal 
component scores PC1, and PC2 (highlighted scores have eigenvalue>0.7) 
based on contributions to P uptake by ryegrass of the various soil P pools. 

 
 

PC1 PC2 

Eigenvalues 3.0 1.5 
Proportion of 
variation 

0.33 0.17 

Cumulative 
variation 

0.33 0.50 

Resin PI -0.774  0.417 
NaHCO3 PI -0.899 -0.054 
NaHCO3 PO -0.823 -0.183 
NaOH PI  0.176  0.753 
NaOH PO  0.686  0.158 
NaOH Son PI -0.013 -0.318 
NaOH Son PO  0.086  0.136 
HCl PI -0.582  0.664 
Residual P  0.078 -0.494 

 
 
 

Resin-PI

NaOH-PO

NaHCO3-PO NaOH-PI

HCl-PI

Residual-P

-0.78*

0.16NS0.07NS

-0.23NS

-0.07NS

-0.08NS
0.06NS0.47*

-0.30NS
0.56NS

0.66NS

 
 
Fig. 7.8 Relationships established by factor analysis between labile and stable P 

components of the soil P cycle in surface mineral soils (0-10cm) including soils 
from fertilized and unfertilized land uses. 
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Path analysis was used to test the relationships between different P fractions by 

analysis of the changes between various P forms at the start and end of the experiment 

(∆P forms) with a view to identifying the pools that interact with, and maintain, the 

resin-P and the plant-available P pool (Fig 7.8). This soil P dynamics model does not 

clearly show the dominance of any of the moderately available P forms in providing 

replenishment of resin-P in these soils after 18 harvests. Since the readily available P 

pool was not exhausted for most of the fertilized soils, both NaOH-PI and HCl-PI 

show a trend of replenishing resin-P but these relationships are not significant. It may 

be predicted that once the readily available P pool is strongly depleted, NaOH-PI and 

HCl-PI will have a more significant influence in augmenting the readily available P 

supply but this may corresponding to the status of a grossly deficient levels of 

available P. NaHCO3-PO is indicated as a significant contributor to resin-PI possibly 

because of the presence of organic compounds, such as phospholipids and nucleic 

acids (Harrison, 1987), which are readily mineralized. Readily available P is a minor 

constituent under natural vegetation. As opposed to the conclusion of Abgenin's 

(1995) study where soils were amended with inorganic P fertilizers with/without 

organic P addition, in this work residual-P did not make an indirect contribution to 

resin-P through PO mineralization. The HCl-PI showed a significant negative trend to 

replenishment of resin-P implying more of this form became unavailable. Much of the 

HCl-PI form is thought to be residual apatite and poorly soluble P compounds from P 

fertilizers (Gilkes and Lim-Nunez, 1980). The negative trend is also consistent with 

Bolland et al.'s (1989) findings for West Australian soils, which showed that 

effectiveness of superphosphate relative to freshly applied superphosphate decreased 

in the years following application.  One of the reasons for PO mineralisation not being 

an important transformation pathway in the soils that are under pasture may be due to 

perturbation of the natural cycle by the major input of inorganic P fertilizer (Buehler 

et al., 2002).  
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7.4 Conclusions 

 

The plant availability values of Hedley et al.’s (1982) P forms grouped 

according to Guo and Youst (1998) for soils following ryegrass cropping (for 18 

harvests) indicates that the readily available soil P pool represents and probably is 

most of the P utilized by plants.  Based on the 11 sites studied, each with a trio of land 

uses - fertilized (pasture and plantation) and unfertilized (natural vegetation) - the 

moderately available organic and inorganic P forms showed only minor decrements 

following plant growth. In contrast to fertilized soils, the non-fertilized soils exhibited 

relatively larger decrements in the moderately available P fraction following plant 

growth. There was little or no change in sparingly available soil P following plant 

growth since this large reservoir of partially available P was only slightly utilized by 

plants if at all. The residual-P remained unutilized. Since readily available soil P 

represents most of the soil P utilized by plants, initial readily available soil P seems to 

be a robust, fully quantitative indicator of the potential P-supply to plants. Cumulative 

dry matter yield and P uptake were significantly related to all measures of soil P for 

soil sampled before and after cropping except for residual-P due to close relationships 

between the various P forms. Measures of plant performance did not show strong 

relationships with the majority of soil physico-chemical properties which can be 

attributed to the dominating influence of prior P fertilization on available P. The soil P 

dynamics model indicates that except for NaHCO3-PO other moderately available P 

forms did not significantly contribute to replenishing the readily available P in these 

soils after 18 harvests. This may, to some extent, be attributed to the readily available 

P pool being not yet fully exhausted for most of the fertilized soils but clearly 

replenishment of the readily available P pool is likely to be a slow process. 
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Chapter 8 

General Discussion 
 

Eucalyptus globulus L. has been planted in south-western Australia because 

of its high growth rate, short rotation for pulpwood (~10 yrs) and favourable pulp 

properties (Grove et al., 2001).   Grove et al. (2001) point out that adequate rainfall, 

deep soil profiles to store the water required to maintain growth during the hot and 

dry summer period, high amounts of incident radiation and soil fertility enhancement 

due to long history of fertilization have resulted in high tree growth rates on former 

pasture areas. Following establishment of bluegum plantations, phosphate fertilizer 

application is discontinued. The amount of readily available plant P in the soil is of 

critical importance for high productivity of timber. High production levels are 

maintained in agricultural systems by regular P fertilization and can be contrasted 

with the low P requirement of natural vegetation systems which is met by 

conservative cycling of P. Most sources of soil organic P, which play a more 

prominent role for natural vegetation systems, are considered poor nutrient sources 

on a time-scale appropriate for agricultural production and possibly for plantations. 

 

The study sites used in this research are representative of major soil types in 

south-western Australian that are used for tree plantations and provide an ideal 

system for studying changes in P forms since land clearing for agriculture and the 

subsequent conversion to plantations (on an average 9 years ago). They also allow a 

comparison with adjacent unfertilized natural vegetation areas. The underlying 

premise of this study depended on the close similarity of soils within each triplet set 

and in some instances this close matching was not achieved. Based on the soil 

characteristics least affected by land use change studied, within each site there was 

generally a better match between pasture/plantation pairs than between natural 

vegetation and either pasture or plantation. This is simply a consequence of the 

natural vegetation sites being at some distance from the adjacent pasture/plantation 

sites. This different extent of matching within the trio of land uses needs to be 

considered when interpreting the effects of land use on the forms and behaviour of 
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soil P. Results were interpreted using statistical techniques including regression 

analysis, which could accommodate much of this sub-site difference.  

 

The 11 sites were broadly grouped based on the Ozanne and Shaw’s (1967) and 

McArthur’s (1991) FeD+AlD index into the low phosphate retention class (FeD+AlD : 

0.09 to 0.42 g kg-1 - Andrews, Gibbs, Hall, Hartridge (except for the plantation soils), 

Jefferies and Walker) and the moderate P retention class (FeD+AlD : 0.64 to 1.46 g  

kg-1 - Annings, Ayers, Moltoni, Patmore and Robinson).  P sorption isotherms for 

soils from the different land uses reflect the variation in soil properties that was 

indicated by cluster analysis of soil properties. Only well-matched sites (Gibbs, Hall, 

Patmore and Walker) followed the hypothesized trend of higher phosphorus 

buffering capacity (PBC) values for unfertilized natural vegetation soils in 

comparison to fertilized soils. Although it is difficult to make comparisons between 

the utility of the linearised Langmuir and Freundlich equations, the Freundlich 

function described P sorption better. Since sorption data did not conform adequately 

to the linearised Freundlich equation as desorption occurred (negative sorption 

values) for soils for low solution P concentrations.   Phosphorus buffering capacity of 

these soils has significant positive linear relationships with clay, silt, pH(NaF), organic 

carbon, and extractable Fe and Al. Based on a linear and stepwise regression analysis 

procedure, extractable Al forms explained most of the variability in P sorption 

capacity. AlP predicted 83% of the variability in P sorption capacity with the addition 

of FeP and silt to the equation increasing the percentage prediction to 95%.  

 

 

Colwell (1963) extractable P values, an index widely used in Western 

Australian agricultural systems and proven to be well correlated with yields for 

annual crops gave significantly lower values (P<0.001) for plantation soils compared 

to pasture soils while total P was not significantly different at the P<0.05 level. Both 

total and Colwell (1963) P values were considerably lower for natural vegetation 

soils. It is unlikely that available P extractants exclusively measures single pool of 

soil P, since extractable P does not give a quantitative measure of the less labile P 

forms that may eventually become available. Therefore partitioning of the continuum 
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of soil P forms into discrete P pools can help in assessing the long-term plant 

availability of soil P Phosphorus pools are concepts that are arbitrarily defined since 

the selective dissolution techniques used only determine broad classes of phosphorus 

compounds based on the ease of their dissolution in so called ‘specific extractants’. 

The Colwell (1963) P availability measurement was closely related to Hedley et al’s 

(1982) readily available P (resin-and NaHCO3-PI). In these acidic soils, moderately 

available P forms the major component of soil P (especially the NaOH-PI and –PO, 

and NaHCO3-PO fractions) being on average 52.8% of the sum of Hedley et al.’s 

(1982) P forms, reflecting in a large pool with the potential to replenish the readily 

available P forms. Organic P forms may also replenish plant available P, P 

fertilization has caused NaHCO3- PO and NaOH-PO to be significantly higher in 

pasture and plantation soils compared to unfertilized soils but there is not a marked 

difference between the fertilized soils. For these two organic P forms, the more 

readily mineralisable form is NaHCO3-PO as has been shown by many authors (as 

reviewed by Dai et al., 1996) and this form was present at lower concentrations 

compared to the more recalcitrant NaOH-PO, which did not show systematic 

differences between pasture and plantation soils. 31P NMR spectra of P extracted 

using 0.5M NAOH-0.1M EDTA solution provided a direct measurement of P species 

with diester phosphates (considered by many authors to be easily mineralisable) 

having a lower concentration compared to monoester phosphates (considered to be 

the more recalcitrant species). Values of organic P in the NaOH-EDTA extract 

determined using Bowman and Moir’s (1993) method were very similar to organic P 

values determined by 31P NMR.  

 

The plant available Hedley et al.’s (1982) P forms grouped according to Guo 

and Youst (1998) criteria decreased after prolonged ryegrass cropping (18 harvests) 

showing that the readily available soil P pool represents most of the P utilized by 

plants.  Average total decrement of readily available soil P (resin-PI and NaHCO3-PI) 

for soils where rye grass plants died (mostly for natural vegetation unfertilized soils) 

compared to soils where plants continued to grow (pasture and plantations fertilized 

soils) was 10.9 and 30.0 mg kg-1, respectively. These values are very similar to the 

corresponding average plant P uptake of 8.6 and 31.9 mg kg-1, respectively.   The 
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moderately available organic and inorganic P forms showed higher decrements for 

non-fertilized soils compared to fertilized soils. Since readily available soil P 

represents most of the soil P utilized by plants, readily available soil P seems to be a 

robust, quantitative indicator of P-supply to plants. The size of this pool and changes 

in labile inorganic P pools reflected the effect of P fertilization.  The soil P dynamics 

model that was developed did not clearly indicate that any of the moderately 

available P forms were dominant in replenishing the readily available P in these soils 

after 18 harvests. It may be postulated that as the readily available P pool becomes 

depleted the NaOH-PI and HCl-PI forms of P may contribute to the readily available 

P supply but at rates that are so small that plant growth is limited or nil.  At a 

rhizosphere level, polycarboxylic organic acids have been attributed to enhance the 

release of P through the dissolution of Ca-phosphates and positively charged surfaces 

of hydrous oxides of Fe and Al or Fe/Al-humic compounds (Trolove et al., 2003). 

Competition for P adsorption sites, dissolution of adsorbents and changes in the 

surface charges in the absorbents were listed by Traina et al. (1986) as the three 

possible mechanisms by which organic acidic increase in the level of P in soil 

solution. Highlighting the influence of plants on organic P mineralization, in a recent 

study, Chen et al. (2004) demonstrated increased orthophosphate monoester organic 

P mineralization in soils with radiata pine (Pinus radiata) seedlings compared to 

ryegrass showing only limited capability to utilize these.  

 

A significant role for the moderately available P may be during the later part of 

plantation development following canopy closure (Goncalves et al., 1997). Based on 

a two-stage stand development model for plantations developed by the Goncalves et 

al. (1997): the first stage comprises of rapid growth following plantation 

establishment, followed by the second stage after canopy closure when leaf area 

stabilizes and a larger proportion of the nutrient requirements of the tree is supplied 

by the biochemical and biogeochemical cycles. The fast growing short-rotation 

plantation behaves like an agricultural system in the early part of the rotation until 

canopy closure. During the initial phase, the readily available P may play a crucial 

role in P supply. For the first rotation this need can be met by the large accumulation 

from past fertilizer applications to pastures.  Agricultural research in south-western 
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Australia has shown that where fertilizer applications cease, or become less frequent, 

the readily available P commonly declines exponentially with time after several years 

to quite low values (Barrow, 1980). For example, the residual effectiveness of 

superphosphate fertilizer, calculated from yields of pasture and wheat, decreased by 

30-60% in the year after application and decreased at a similar rate over subsequent 

years (Bolland et al., 1988). This decline and the data in this thesis indicate that there 

may be a yield reduction for subsequent eucalypt rotations due to the greatly reduced 

levels of readily available P in the soil.  Moderately available and sparingly available 

P forms may not be able to meet the P demand during the establishment phase of the 

second rotation due to the relatively low capacity of these forms to replenish readily  

available P though these forms may continue to be an adequate P source during the 

post-canopy closure stage of plantation development.  In this case, the second 

rotation should receive an initial application of phosphate fertilizer to compensate for 

the reduction in readily available P. Furthermore, post-harvest residue (prunings, 

bark and ash from burning) should be returned on site to ensure the maintenance of 

phosphate fertility.   

 

The study was aimed at comparing changes in soil P forms after an average 9 

years of plantation established on fertilized pastures. A next step would be to monitor 

seasonal fluxes in soil P forms along with the changes in soil P forms at periodic 

intervals till end-of-rotation and into the second rotation. An important requirement 

for understanding organic P dynamics is to examine fluctuations in soil P microbial 

biomass over time compared to a one-off measurement of organic P forms and P 

microbial biomass over time and in relation to seasonal conditions and the supply of 

other nutrients. Finally, parametizing easily measurable soil properties to predict soil 

P forms and modeling soil P dynamics over time can be valuable tools for enhancing 

efficient and economic P fertilization practices for plantations.  

 

 144



References 
 

Agbenin, J.O. (1995) Phosphorus sorption by three cultivated savanna Alfisols as 
influenced by pH. Fertilizer Research. 44: 107-112. 

Adams, J.A. (1973) Plumbogummite minerals in a strongly weathered New Zealand soil. 
Journal of Soil Science. 24: 224-232. 

Adams, M.A. and Byrne, L. T. (1989) Phosphorus 31NMR analysis of phosphorus 
compounds in extracts of surface soils from selected karri (Eucalyptus diversicolor 
f. muell.) forests. Soil Biology & Biochemistry. 21: 523-528. 

Agbenin, J. O. and Goladi, J. T. (1998) Dynamics of phosphorus fractions in a savanna 
Alfisol under continuous cultivation. Soil Use & Management. 14: 59-64. 

Amer, F., Bouldin, D. R., Black, C. A. and Duke, F. R. (1955). Characterization of soil 
phosphorus by anion exchange resin adsorption and 32P-equilibration. Plant & 
Soil 6: 391-408. 

Anand, R. R. and Gilkes, R. J. (1984) Weathering of ilmenite in a lateritic pallid zone. 
Clay and Clay Mineralogy. 32: 363-374. 

Anderson, G., Ed. (1975) Other organic phosphorus compounds. In: Soil Components. 
Volume 1. Organic Compounds. Springer Verlag. New York, USA 

Anderson, G. (1980) Assessing organic phosphorus in soils. In: (Eds.  Khasawneh, F. E., 
Sample, E. C., Kamprath, E. J.) The role of phosphorus in agriculture. 
(Proceedings of a symposium held 13th June 1976 at the National Fertilizer 
Development Center, Tennessee Valley Authority, Muscle Shoals, Alabama). 
American Society of Agronomy, Crop Science Society of America, Soil Science 
Society of America Publication, Madison, Wisconsin, USA. pp 411-431. 

APHA-AWWA-WEF (1995) Phosphorus (Section 4500-P). In: Standard Methods for the 
Examination of Water and Wastewater. American Public Health Association 
(APHA), American Water Works Association (AWWA), Water Environment 
Federation (WEF). APHA Publ. Office, Washington, DC, USA. 

Bache, B. W. and Williams, E. G. (1971) A phosphate sorption index for soils. Journal of 
Soil Science. 22: 289-301. 

Barrow, N. J. (1978) The description of phosphate adsorption curves. Journal of Soil 
Science. 29: 447-462. 

Barrow, N. J. (1980) Differences amongst a wide ranging collection of soils in the rate of 
reaction with phosphate. Australian Journal of Soil Research 18: 215-224. 

Barrow, N. J., Bolland, M.D.A. and Allen, D. G. (1998) Effect of previous additions of 
superphosphate on sorption of phosphate. Australian Journal of Soil Research. 36: 
359-372. 

Barrow, N. J. (1983) On the reversibility of phosphate sorption by soils. Journal of Soil 
Science 34: 751-758. 

Barrow, N.J. (1984) Modelling effects of pH on phosphate sorption by soils. Journal of 

 145



Soil Science. 35: 283-297. 

Barrow, N. J. and Shaw, T. C. (1975) The slow reactions between soil and anions. 2. 
Effect of time and temperature on the decrease in phosphate concentration in the 
soil solution. Soil Science. 119: 167-177. 

Barrow, N. J. and Shaw, T. C. (1980) Effect of drying soil on the measurement of 
phosphate adsorption. Communications in Soil Science & Plant Analysis. 11: 347-
353. 

Beck, M. A. and Sanchez, C. A. (1994) Soil phosphorus fraction dynamics during 18 
years of cultivation on a Typic Paleudult. Soil Science Society of America Journal. 
58: 1424-1431. 

Beck, M. A. and Sanchez, C. A. (1996) Soil phosphorus movement and budget after 13 
years of fertilized cultivation in the Amazon basin. Plant & Soil 184: 23-31. 

Bedrock, C.N., Cheshire, M.V., Chudek, J.A., Goodman, B.A., Shand, C.A. (1994) Use 
of 31P NMR to study the forms of phosphorus in peat. Science of Total 
Environment.152:1-8. 

Black, C. A. (1943) Phosphate fixation by kaolinite and other clays as affected by pH, 
phosphate concentration, and time of contact. Soil Science Society of America 
Proceeding. 7: 123-133. 

Bohn, H., McNeal B. and O'Connor G. A. (1979) Soil Chemistry. Wiley Interscience. 
New York. 

Bolan, N.S. (1991) A critical review of the role of mycorrhizal fungi in the uptake of 
phosphorus by plants.  Plant and Soil 134: 189-207. 

Bolland, M. D. A. (1998). Section 6.3 Phosphorus. In: (Ed. Moore, G.) Soil Guide. A 
Handbook for Understanding and Managing Agricultural Soils. Agriculture 
Western Australia, Bulletin No. 4343. 

Bolland, M. D. A., Gilkes, R. J. and Allen, D. G. (1988) The residual value of 
superphosphate and rock phosphates for lateritic soils and its evaluation using three 
soil phosphate tests. Fertilizer Research 15: 253-280. 

Bolland, M. D. A., Gilkes, R. J., Brennan, R. F. and Allen, D. G. (1996) Comparison of 
seven phosphorus sorption indices. Australian Journal of Soil Research. 34: 81-89. 

Bolland, M. D. A., Weatherley, A. J. and Gilkes, R. J. (1989) The long-term residual 
value of rock phosphate and superphosphate fertilizers for various pant species 
under field conditions. Fertilizer Research. 19: 89-100. 

Bowman, R. A. (1989) A sequential extraction procedure with concentrated sulfuric acid 
and dilute base for soil organic phosphorus. Soil Science Society of America 
Journal 53: 362-366. 

Bowman, R. A. and Cole, C. V. (1978a) Transformations of organic phosphorus 
substrates in soils as evaluated by NaHCO3 extraction. Soil Science. 125: 49-54. 

Bowman, R. A. and Cole, C. V. (1978b) An exploratory method for fractionation of 
organic phosphorus from grassland soils. Soil Science. 125: 95-101 

 146



Bowman, R.A., and  Moir, J. O. (1993) Basic EDTA as an extractant for soil organic 
phosphorus. Soil Science Society of America Journal. 57:1516-1518. 

Brannon, C. A. and Sommers, L. E. (1985a) Stability and mineralization of organic 
phosphorus incorporated into model humic polymers. Soil Biology & Biochemistry. 
17: 221-227. 

Brannon, C.A. and Sommers, L.A. (1985b) Preparation and characterisation of model 
humic polymers containing organic phosphorus. Soil Biology and Biochemistry. 
17: 213-219. 

Bray, R. H. and Kurtz, L. T. (1945) Determination of total organic and available forms of 
phosphorus in soil. Soil Science 59: 39-45. 

Brewster, J. L., Gancheva, A. N. and Nye, P. H. (1975) The determination of desorption 
isotherms for soil phosphate using low volumes of solution and an anion exchange 
resin. Journal of Soil Science 26: 364-377. 

Brown, G. and Brindley, G. W., Eds. (1980) X-ray diffraction procedures for clay 
mineral identification. In: Crystal Structures of Clay Minerals and Their X-ray 
Identification. Mineralogical Society. London. 

Buckman, H. O. and Brady, N. C. (1970). The Nature and Properties of Soils. Collier-
Macmillan Ltd., London, U.K. 

Buehler, S., Oberson, A., Rao, I. M., Friesen, D. K. and Frossard, E. (2002) Sequential 
phosphorus extraction of a 33P-labeled oxisol under contrasting agricultural 
systems. Soil Science Society of America Journal. 66: 868-877. 

Cade-Menum, B.J., and Preston, C. M. 1996. A comparison of soil extraction procedures 
for 31P NMR spectroscopy. Soil Science. 161:770-785. 

Campbell, N. A. and Keay, J. (1970) Flexible techniques in describing mathematically a 
range of response curves of pasture species. Proceedings of XI International 
Grassland Congress, Surfers Paradise, Australia. 

Carreira, J. A. and Lajtha, K. (1997) Factors affecting phosphate sorption along a 
Mediterranean dolomitic soil and vegetation chronosequence. European Journal of 
Soil Science. 48: 139-149. 

Chang, S. C. and Jackson, M. L. (1957) Fractionation of soil phosphorus. Soil Science. 
84: 133-144. 

Chater, M. and Mattingly, G. E. G. (1979) Changes in organic phosphorus contents of 
soil from long-continued experiments at Rothamsted and Saxmundham for 1979, 
Part 2. Rothamsted Experimental Station, U.K.Rothamsted. pp 41-61. 

Chen, C.R., Condron, L.M., Turner, B.L., Mahieu, N., Davis, M.R., Xu, Z.H. and 
Sherlock, R.R. (2004) Mineralisation of soil orthophosphate monoesters under pine 
seedlings and ryegrass. Australian Journal of Soil Research. 42:189-196. 

Colwell, J. D. (1963) The estimation of phosphorus fertilizer requirements on wheat in 
southern New South Wales, by soil analysis. Australian Journal of Experimental 
Agriculture and Animal Husbandry. 3: 190-198. 

 147



Condron, L. M., Fossard, H., Tiessen, H., .Newman, R.H. Stewart, J.W.B. (1990) 
Chemical nature of organic phosphorus in cultivated and uncultivated soils under 
different environmental conditions. Journal of Soil Science. 41: 41-50. 

Cosgrove, D. J., Ed. (1977) Microbial transformations in the phosphorus cycle. In: 
Advances in Microbial Ecology, Vol.1. Plenum Press. New York, USA. 

Cross, A. F. and Schlesinger, W. H. (1995) A literature review and evaluation of the 
Hedley fractionation: Applications to the biogeochemical cycle of soil phosphorus 
in natural ecosystems. Geoderma 64: 197-214. 

Dai, K. H., David, M. B., Vance, G. F. and Krzyszowska, A. J. (1996) Characterization of 
phosphorus in a spruce-fir Spodosol by phosphorus-31 nuclear magnetic resonance 
spectroscopy. Soil Science Society of America Journal. 60:1943-1950. 

Dalal, R. C. (1977) Soil organic phosphorus. Advances in Agronomy. 29: 83-117. 

Daroub, S. H., Ellis, B. G. and Robertson, G. P. (2001) Effect of cropping and low-
chemical input systems on soil phosphorus fractions. Soil Science 166: 281-291. 

Davis, J. C. (1973) Statistical Analysis in Geology. John Wiley and Sons, New York. 

Dewey, D. R. and Lu, K. H. (1959) A correlation and path-coefficient analysis of 
components of crested wheat grass seed production. Agronomy Journal. 51: 515-
518. 

Di, H. J., Harrison, R. and Campbell, A. S. (1994) Assessment of methods of studying 
dissolution of phosphate fertilizer of differing solubility in soil. II: An isotopic 
dilution method. Fertilizer Research 38: 1-9. 

Di, H.J., Condron, L.M. and Frossard, E. (1997) Isotope techniques to study phosphorus 
cycling in agricultural and forest soils. Biology & Fertility of Soils.. 24:. 1-12. 

Diffraction Technologies (1999) Traces Version 5.0.5: X-ray Diffraction Screen 
Processing Software and Accessories. Diffraction Technology Pvt. Ltd. 3/38 
Essington Street Mitchell, A.C.T., Australia. 

Duffera, M. and Robarge, W. P. (1999) Soil characteristics and management effects on 
phosphorus sorption by highland plateau soils of Ethiopia. Soil Science Society of 
America Journal. 63: 1455-1462. 

Egner, H., Riemhm, H. and Domingo, W. R. (1960) [Untersuchungen uber die chemische 
bodenanalyse als grundlage fur die beurteilung des nahrstoffzustandes der boden. 
II. Chemisches extraktions-methoden zur phosphor-und kalimbestimmung kungl.] 
German. Landbrukshoegeskedenis Annalen 26: 203-209. 

FAO-UNESCO. 1990. Soil Map of the World, Revised legend. FAO, Rome 

Fardeau, J. C. (1993). [Le phosphore assimilable des soil: sa representation par un modele 
functionnel a plusieurs compartments] French. Agronomie 13: 317-331. 

Fieldes, M. and Perott, K. W. (1966) The nature of allophanes in soils. Part 3 Rapid field 
and laboratory test for allophane. New Zealand Journal of Science. 9: 623-629. 

Fitter, A. H. and Sutton, C. D. (1975) The use of the Freundlich isotherm for soil 
phosphate sorption data. Journal of Soil Science. 26: 241-246. 

 148



Fox, R. L. and Kamprath, E. G. (1970) Phosphate sorption isotherms for evaluating 
phosphate requirements of soils. Soil Science Society of America Proceeding. 34: 
902-907. 

Fox, R. L., Nashimoto, R. K., Thompson, J. R. and de la Pena, R. S. (1974). Comparative 
external phosphorus requirements of plants growing in tropical soils. Transactions 
of 10th Congress of Soil Science, Moscow. 

Friesen, D. K., Rao, I. M., Thomas, R. J., Oberson, A. and Sanz, J. I. (1997) Phosphorus 
acquisition and cycling in crop and pasture systems in low fertility tropical soils. 
Plant & Soil. 196:289-294. 

Frossard, E., Brossard, M., Hedley, M. J. and Metherell, A. (1995) Reactions controlling 
the cycling of P in soils. SCOPE 54 - Phosphorus in Global Environment - 
Transfers, Cycles and Management. John Wiley. London. 

Gee, G.W., and Bauder, J.W. (1986) Particle size analysis. In:  (Ed. Klute, A.) Methods 
of Soil Analysis Part 1. Soil Science Society of America, Madison, Wisconsin, 
U.S.A. pp. 383-419. 

GenStat (2000) GenStat Users Manual. NAG LTD, Wilkinson House, Jordan Hill Road, 
OXFORD, OX2 8DR, UK. 

Gilkes, R. J. and Lim-Nunez, R. (1980) Poorly soluble phosphates in Australian 
superphosphate: their nature and availability to plants. Australian Journal of Soil 
Research. 18: 85-95. 

Goncalves, J. L. M., Barros, N. F., Nambiar, E. K. S. and Novais, R.F. (1997) Soil and 
stand management for short-rotation plantations. In: (Eds. Nambiar, E.K.S. and 
Brown, A.G.) Management of Soil, Nutrients and Water in Tropical Plantation 
Forests. A.C.I.A.R. Monograph No. 43, GPO Box 1571, Canberra ACT 2601, 
Australia.. 

Gressel, N. and McColl, J.G. (1997) Phosphorus mineralization and organic matter 
decomposition: a critical review. In: (Eds. Gardisch, G. and Gilles, K.E.) Driven 
by Nature: Plant Litter Quality and Decomposition,. CAB International, Oxon. pp 
297-309. 

Grinsted, M. J., Hedley, M. J., White, R. E. and Nye, P. H. (1982) Plant-induced changes 
in the rhisosphere of rape (Brassica napus var. Emerald) seedlings. I. pH change 
and the increase in phosphorus concentration in the soil solution. New Phytologist 
91: 19-29. 

Grove, T. S., O'Connell, A. M., Mendham, D., Barrow, N. J. and Rance, S. J. (2001) 
Sustaining the Productivity of Tree Crops on Agricultural Land in Southwestern 
Australia. Rural Industries Research and Development Corporation, Publication 
No. 01/09.Kingston, ACT 2604, Australia. 

Grove, T. S., Thomson, B. D. and Malajczuk, N. (1996) Nutritional physiology of the 
eucalypts: Uptake, distribution and utilization. In: (Eds. Attiwill, P.M. & Adams, 
M. A.) Nutrition of Eucalypts. C.S.I.R.O. Publishing. Collingwood, Australia. 

Guo, F. and Youst, R. S. (1998) Partitioning soil phosphorus into three discrete pools of 

 149



differing availability. Soil Science. 163: 822-833. 

Guo, F., Yost, R. S., Hue, N. V., Evensen, C. I. and Silva, J. A. (2000) Changes in 
phosphorus fractions in soils under intensive plant growth. Soil Science Society of 
America Journal. 64: 1681-1689. 

Hair, J. F., Anderson, R. E., Tatham, R. L. and Black, W. C. Eds. (1984) Multivariate 
Data Analysis. Prentice Hall. New Jersey, USA. 

Harrison, A. F. (1987) Soil organic phosphorus: A review of world literature. CAB 
International,Wallingford, Oxon, UK. 257p. 

Hawkes, G.E., Powlson, D.S. Randall, E.W. and Tate. K.R. (1984) A phosphorus-31 
nuclear magnetic resonance study of the phosphorus species in alkali extracts of 
soils from long-term field experiments. Journal of Soil Science. 35:35-45. 

Hedley, M. J., Stewart, J. W. B. and Chauhan, B. S. (1982) Changes in inorganic and 
organic soil phosphorus fractions induced by cultivation practices and by 
laboratory incubations. Soil Science Society of America Journal. 46:970-976. 

Helyar, K. R. and Spencer, K. (1977) Sodium bicarbonate soil test values and the 
phosphate buffering capcity of soils. Australian Journal of Soil Research 15:263-
273. 

Hinedi, Z.R., Chang, A. C., and Lee, .R.W. K. (1988) Mineralization of phosphorus in 
sludge-amended soils monitored by phosphorus-31 NMR  spectroscopy. Soil 
Science Society of America Journal. 52:1593-1596. 

Hingston, F. J., Atkinson, R. J., Posner, A. M. and Quirk, J. P. (1968) Specific adsorption 
of anions on goethite. Transactions, 9th International Congress of Soil Science. 1: 
669-677. 

Hingston, F. J., Atkinson, R. J., Posner, A. M. and Quirk, J. P. (1974) Specific adsorption 
of anions. Nature 215:1459-1461. 

Hinsinger, P. (1998). How do plant roots acquire mineral nutrients? Chemical processes 
involved in the rhizosphere. Advances in Agronomy 64: 225-265. 

Holford, I. C. R. (1997) Soil phosphorus: Its measurement, and its uptake by plants. 
Australian Journal of Soil Research. 35: 227-239. 

Holford, I. C. R., Morgan, J. M., Bradley, J. and Cullis, B. R. (1985) Yield 
responsiveness and response curvature as essential criteria for the evaluation and 
calibration of soil phosphate tests for wheat. Australian Journal of Soil Research 
23: 167-180. 

Hossner, L. R. and Melton, J. R. (1970) Pyrophosphate hydrolysis of ammonium, 
calcium, and calcium ammonium pyrophosphates in selected Texas soils. Soil 
Science Society of America Proceedings. 34: 323-329. 

Hughes, J. C. and Gilkes, R. J. (1994) The dissolution of North Carolina phosphate rock 
in some southwestern Australian soils. Fertilizer Research 38: 249-253. 

Hutchinson, M. F. Ed. (1990) Climatic analyses in data sparse regions. In: Climatic Risks 
in Crop Production: Models and Management for the Semiarid Tropics and 

 150



Subtropics. C.A.B. Wallingford, Oxon, U.K. 

Ivanoff, D.B., Reddy, K.R. and Robinson, S. (1998) Chemical fractionation of organic 
phosphorus in selected Histosols. Soil Science. 163:36-45. 

Ivarsson, K. (1990) The long-term soil fertility experiments in Southern Sweden. Acta 
Agriculturae Scandinavica. 40: 205-216. 

Jackman, R.H., and Black, C.A.(1951) Solubility of iron, aluminium, calcium and 
magnesium inositol-phosphates at different pH values. Soil Science 72:179-86. 

Jarvis, S. C. and Robson, A. D. (1983) The effects of nitrogen of plants on the 
development of acidity in Western Australian soils. 1. Effects with subterranean 
clover grown under leaching condition. Australian Journal Agricultural Research. 
34: 341-353. 

Jenkinson, D. S. and J. N. Ladd. (1981) Microbial biomass in soil: Measurement and 
turnover. In: (Eds. Paul, E. A. and Ladd, J. N.) Soil Biochemistry, Volume 5. Marcel 
Dekker, New York. pp. 415-471 

Johnson, A. H., Frizano, J. and Vann, D. R. (2003). Biogeochemical implication of labile 
phosphorus in forest soils determined by the Hedley fractionation procedure. 
Oecologia 135: 487-499. 

Johnston, R. J. (1978) Multivariate Statistical Analysis in Geography. Longman, New 
York. 

Kelly, J., Lambert, M. J. and Turner, J. (1983) Available phosphorus forms in forest soils 
and their possible ecological significance. Communications in Soil Science & Plant 
Analysis 14: 1217-1234. 

Kumar, V., Gilkes, R. J. and Bolland, M. D. A. (1993) Forms of phosphate in Western 
Australian soils fertilized with rock phosphate and super phosphate as assessed by 
chemical fractionation procedure. Australian Journal of Soil Research. 31: 465-
480. 

Kumar, V., Gilkes, R. J., Armitage, T. M. and Bolland, M. D. A. (1994) Identification of 
residual P compounds in fertilized soils using density fractionation, X-ray 
diffraction, scanning and transmission electron microscopy. Fertilizer Research. 
37: 133-149. 

Kuo, S. (1996) Phosphorus. In: (Ed. Sparks, D. L.) Methods of Soil Analysis. Part 3 
Chemical Methods. Soil Science Society of America Inc. Madison, USA. 

Kurmies, B. (1972) Fractionation of soil phosphates. [German]. Phosphorsaure 29: 118-
151. 

Larsen, S. (1967) Soil phosphorus. Advances in Agronomy 19: 151-210. 

Le Mare, P. H. and Leon, L. A. (1989) The effects of lime on adsorption and desorption 
of phosphate in five Colombian soils. Journal of Soil Science 40: 59-69. 

Leinweber, P., Haumaier, L. and Zech W. (1997) Sequential extractions and 31P-NMR 
spectroscopy of phosphorus forms in animal manures, whole soils and particle-size 
separates from a densely populated livestock area in northwest Germany. Biology 

 151



& Fertility of Soils. 25:89-94. 

Lin, C., Motto, L. A., Douglas, L. A. and Busscher, W. J. (1983). Multifactor kinetics of 
phosphate reactions in acid soils. II. Experimental curve fitting. Soil Science 
Journal of America 47: 1103-1109. 

Lindsay, W. L., Vlek, P. L. G. and Chien, S. H., (1989) Phosphate minerals. In: (Eds. 
Dixon, J.B. and Weed. S. B.). Minerals in the Soil Environment. Soil Society of 
America, USA. Madison. 

Linquist, B. A., Singleton, P. W. and Cassman, K. G. (1997) Inorganic and organic 
phosphorus dynamics during a build-up and decline of available phosphorus in an 
ultisol. Soil Science 162:254-264. 

Lobartini, J. C., Tan, K. H., Rema, J. A., Gingle, A. R. and Himmelsbach, D. S. (1994) 
The geochemical nature and agricultural importance of commercial humic matter. 
Journal Of Total Environment 113: 1-15. 

Longanathan, P., Isirimah, N.O. and Nwachuku, D.A. (1987). Phosphorus sorption by 
Ultisols and Inceptisols of the Niger Delta in southern Nigeria. Soil Science. 
144:330-338. 

Low, P. F. and Black, C. A. (1950) Reaction of phosphate with kaolinite. Soil Science. 
70:273-290. 

Magid, J. and Nielsen, N. E. (1992) Seasonal variation in organic and inorganic 
phosphorus fractions of temperate-climate sandy soils. Plant & Soil. 144: 155-165. 

Mattingly, G. E. G. (1975) Labile phosphate in soils. Soil Science. 119: 369-375. 

Mattingly, G. E. G., Chater, M. and Johnston, A. E. (1975) Experiments made on 
Stackyard Field, Woburn, 1876-1974. III. Effects of NPK fertilizers and farmyard 
manure on soil carbon, nitrogen and organic phosphorus. Report, Rothamsted 
Experimental Station for 1974. Part 2. pp 61-77. 

McArthur, W. M. (1991) Reference Soils of South-western Australia. Dept. of 
Agriculture, Western Australia, Perth, Australia. 

McGill, W. B. and Cole, C. V. (1981) Comparative aspects of cycling of organic C, N, S 
and P through organic matter. Geoderma 26: 267-286. 

McKenzie, R. H., Stewart, J. W. B., Dormaar, J. F. and Schaalje, G. B. (1992) Long-term 
crop rotation and fertilizer effects on phosphorus transformations in a Chernozemic 
soil I. Canadian Journal of Soil Science 72: 569-579 

McLaughlin, J. R., Ryden, J. C. and Syers, J. K. (1977) Development and evaluation of a 
kinetic model to describe phosphorus sorption by hydrous ferric oxide gels. 
Geoderma 18: 295–307. 

McLaughlin, M. J. and Alston, A. M. (1985) Measurement of phosphorus in the soil 
microbial biomass: Influence of plant material. Soil Biology & Biochemistry 17: 
271-274. 

McLaughlin, M. J. (1996) Phosphorus in Australian forest soils. In: (Eds. Attiwill, P.M. 
& Adams, M. A.) Nutrition of Eucalypts. C.S.I.R.O. Publishing. Collingwood, 

 152



Australia. 

Mehlich, A. (1953) Determination of P, Ca, Mg, K, Na and NH4. North Carolina Soil 
Testing Division, Mimeo, Raleigh, USA. 

Mehra, R. G. and Jackson, M. L. (1960) Iron oxide removal from soils and clays by 
dithionite-citrate system buffered with sodium bicarbonate. Clay and Clay 
Mineralogy. 7: 317-327. 

Mendham, D., O'Connell, A. M. and Grove, T. S. (2002) Organic matter characteristics 
under native forest, long-term pasture, and recent conversion to Eucalyptus 
plantations in Western Australia: microbial biomass, soil respiration, and 
permanganate oxidation. Australian Journal of Soil Research. 40: 859-872. 

Menon, R. G., Chien, S. H. and Gadalla, A. N. (1991) Comparison of Olsen and 
inorganic P soil tests for evaluating phosphorus bioavailability in a calcareous soil 
treated with single superphosphate and partially acidulated phosphate rock. 
Fertilizer Research 29: 153-158. 

Menon, R. G., Chien, S. H., Hammond, L. L. and Arora, B. R. (1990) Sorption of 
phosphorus by the iron oxide-impregnated filter paper inorganic phosphate soil test 
embedded in soils. Plant & Soil 126: 287-294. 

Minitab (2000) MINITAB: Statistical Software. MINITAB Inc.,3081 Enterprise Drive, 
State College PA,16801-3088, USA 

Moody, P. W. and Bolland, M. D. A. (1999) Phosphorus. In: (Eds. Peverill, K.I., Sparrow 
L.A. and Reuter, D.J.) Soil Analysis: an Interpretation Manual. CSIRO Publishing, 
Collingwood, Australia. 

Moody, P. W., Haydon, G. F. and Dickson, T. (1983) Mineral nutrition of soybeans 
grown in the South Burnett region of south-eastern Queensland. 2. Predition of 
grain yield response to phosphorus with soil tests [Glycine max]. Australian 
Journal of Experimental Agriculture & Animal Husbandry. 23: 38-42. 

Morel, C., Tiessen, H. and Stewart, J. W. B. (1996) Sensitivity to equilibration periods of 
phosphate sorption and isotopic exchange methods assessing Q/I relationships in 
soils. Soil Science 161: 459-467. 

Mulcahy, M. J. 1967. Landscapes, laterites and soils in southwestern Australia. In: (Eds.  
Jennings, J. N. and Mabbutt J. A.) Landform Studies from Australia and New 
Guinea. pp. 211-30. Australian National University Press: Canberra, Australia. 

Muljadi, D., Posner, A. M. and Quirk, J. P. (1966) The mechanism of phosphate 
adsorption by kaolinite, gibbsite and pseudoboemite. Part II. The location of the 
adsoption sites. Journal of Soil Science 17: 230-237. 

Mullins, G. L. (1991) Phosphorus sorption by four soils receiving long-term application 
of fertilizer. Communications in Soil Science & Plant Analysis 22: 667-681. 

Murrman, R. P. and Peech, M. (1969). Relative significance of labile and crystalline 
phoshates in soils. Soil Science 107: 249-255. 

Murphy, J. and Riley, J. P. (1962) A modified single solution method for the 

 153



determination of phosphate in natural waters. Analytica Chimica Acta. 27: 31-36. 

National Forest Inventory (2000) National Plantation Inventory. Tabular Report- March 
2000, Bureau Rural Sciences, Kingston, Canberra 

Newman, E. I. (1995) Phosphorus inputs to terrestrial ecosystems. Journal of Ecology 83: 
713-726. 

Newman, E. J. (1978) Root microorganism: Their significance in the ecosystem. 
Biological Review 53: 511-554. 

Newman, R.H., and Tate, K.R. 1980. Soil characterised by 31P NMR resonanace. 
Communications in Soil Science and Plant  Analysis. 11:835-842. 

Norrish, K. and Hutton, J. T. (1969) An accurate X-ray spectrographic method for the 
analysis of a wide range of geological samples. Geochimica et Cosmochimica Acta. 
33: 431-453. 

Norrish, K. and Rosser, H. (1983) Mineral phosphate. In: Soils: An Australian Viewpoint. 
C.S.I.R.O. Melbourne, Australia. pp. 335-361. 

Northcote, K. H. (1979) A factual key for the recognition of Australian soils. Rellim 
Technical Publication, Adelaide, Australia. 

Nye, P. H. (1981) Changes in soil pH across rhizosphere induced by roots. Plant & Soil 
61: 7-26. 

Oberson, A., Fardeau, J. C., Bersson, J. M. and Sticher, H. (1993) Soil phosphorus 
dynamics in cropping systems managed according to conventional and biological 
agricultural methods. Biology & Fertility of Soils.16: 111-117. 

Olsen, S. R. and Khasawneh, F. E., Eds. (1980) Use and limitation of physico-chemical 
criteria for assessing the status of phosphorus in soils. In: (Eds.  Khasawneh, F. E., 
Sample, E. C., Kamprath, E. J.) The role of phosphorus in agriculture. 
(Proceedings of a symposium held 13th June 1976 at the National Fertilizer 
Development Center, Tennessee Valley Authority, Muscle Shoals, Alabama). 
American Society of Agronomy, Crop Science Society of America, Soil Science 
Society of America Publication, Madison, Wisconsin, USA.  

Olsen, S. R., Cole, C. V., Watanabe, F. S. and Dean, L. A. (1954) Estimation of available 
phosphorus in soils by extraction with sodium bicarbonate. USDA - Circular No. 
939, US Government Printing Office, Washington, USA. 

Olsen, S. R. and Watanabe, F. S. (1957) A method to determine a phosphorus adsorption 
of soils as measured by the Langmuir adsorption isotherm. Soil Science Society of 
America Proceedings.21:144-149. 

Ozanne, P. G. and Shaw, T. C. (1967) Phosphate sorption by soils as measured of the 
phosphate requirement for pasture growth. Australian Journal Agricultural 
Research. 18: 601-612. 

Parfitt, R. L. (1978) Anion adsorption by soil and soil materials. Advances in Agronomy. 
30: 1-50. 

Parfitt, R. L. (1989). Phosphate reactions with natural allophane, ferrihydrite and 

 154



goethite. Journal of Soil Science 40: 359-369. 

Perrott, K. W., Smith, B. F. L. and Mitchell, B. D. (1976) Effect of pH on the reaction of 
sodium fluoride with hydrous oxides of silicon, aluminium, and iron, and with 
poorly ordered aluminosilicates. Journal of Soil Science 27: 348-356. 

Phiri, S., Barrios, E., Rao, I. M. and Singh, B. R. (2001) Changes in soil organic matter 
and phosphorus fractions under planted fallows and a crop rotation system on a 
Colombian volcanic-ash soil. Plant & Soil 231: 211-223. 

Pierzynski, G. M., Logan, J. J., Traina, S. J. and Bigham, J. M. (1990a) Phosphorus 
chemistry in excessively fertilized soils: Description of phosphorus-rich particles. 
Soil Science Society of America Journal. 54: 1583-1589. 

Pierzynski, G. M., Logan, J. J., Traina, S. J. and Bigham, J. M. (1990b) Phosphorus 
chemistry in excessively fertilized soils: Quantitative analysis of phosphorus rich 
particles. Soil Science Society of America Journal. 54: 1576-1583 

Ping, C.L. and Michaelson, G.J. (1986) Phosphorus sorption by major agricultural soils 
of Alaska. Communications in Soil Science and Plant  Analysis. 17:299-320. 

Polglase, P. J., Attiwill, P. M. and Adams, M. A. (1992) Nitrogen and phosphorus cycling 
in relation to stand age of Eucalyptus regnans F. Muell. III. Labile inorganic and 
organic P, phosphatase activity and P availability. Plant & Soil. 142:177-185. 

Potter, R. L., Jordan, C. F., Guedes, R. M., Batmania, G. J. and Han, X. G. (1991) 
Assessment of phosphorus fraction method for soil: Problems for further 
investigation. Agriculture Ecosystems & Environment. 34: 453-463. 

Ratkowsky, D. A. (1986) A statistical study of seven curves for describing the sorption of 
phosphate by soil. Journal of Soil Science 37:183-189. 

Rayment, G. E. and Higginson, F. R. (1992) Australian Laboratory Handbook of Soil and 
Water Chemical Methods. Inkata Press, Melbourne, Australia. 

Reuter, D. J. and Robinson, J. B., Eds. (1997) Plant Analysis: An Interpretation Manual. 
CSIRO Publishing, Collingwood, VIC. 

Richardson, A. E. (1994) Soil Microorganisms and phosphorus availability. In: (Eds. 
Pankhurst, C.E. Doube, B.M. Gupta, V.V.S.R. and Grace, P.R.).  Soil Biota: 
Management in Sustainable Farming Systems. CSIRO. Melbourne, Australia. 

Rovira, A. D. (1992) Dry land Mediterranean farming systems in Australia. Australian 
Journal of Experimental Agriculture. 32: 801-809. 

Russell, E. W. (1994) The sources of plant nutrients in the soil: Phosphates. In: Soil 
conditions and plant growth. Longman Group UK Ltd., Essex. 

Sample, E. C., Soper, R. J. and Racz, G. J., Eds. (1980) Reaction of phosphate fertilizers 
in soils. In: (Eds.  Khasawneh, F. E., Sample, E. C., Kamprath, E. J.) The role of 
phosphorus in agriculture. (Proceedings of a symposium held 13th June 1976 at the 
National Fertilizer Development Center, Tennessee Valley Authority, Muscle 
Shoals, Alabama). American Society of Agronomy, Crop Science Society of 
America, Soil Science Society of America Publication, Madison, Wisconsin, USA.  

 155



Sanyal, S. K. and De Datta, S. K. (1991) Chemistry of phosphorus transformations in 
soil. Advances in Soil Science. 16: 1-120. 

Sanyal, S. K., De Datta, S. K. and Chan, P. Y. (1993) Phosphate sorption-desorption 
behavior of some acidic soils of South and Southeast Asia. Soil Science Society of 
America Journal. 57: 937-945. 

Saunders, W.M., and Williams, E.G. (1955). Observations on the determination of total 
organic phosphorus in soils. Journal of Soil Science. 6:254-267. 

Sawhney, B. L. (1973) Electron microprobe analysis of phosphates in soils and 
sediments. Soil Science Society of America Proceedings. 37: 658-660. 

Schmidt, J. P., Buol, S. W. and Kamprath, E. J. (1996) Soil phosphorus dynamics during 
seventeen years of continuous cultivation: Fractionation analyses. Soil Science 
Society of America Journal 60: 1168-1172 

Schwertmann, U. and Taylor, R. M. (1989) Iron oxides. In: (Eds. Dixon, J.B. and Weed, 
S.B.) Minerals in Soils Environments. Soil Science Society of America, Madison, 
Wisconsin, USA. 

Sharpley, A. N. (1987) Effect of phosphorus fertilizer on values for soils cropped with 
winter wheat. Plant & Soil. 102: 201-206. 

Sharpley, A. N. (1996) Availability of residual phosphorus in manured soils. Soil Science 
Society of America Journal 60: 1459-1466. 

Sharpley, A. N. and Smith, S. J. (1985) Fractionation of inorganic and organic 
phosphorus in virgin and cultivated soils. Soil Science Society of America Journal. 
49: 127-130. 

Sharpley, A. N. (2000) Phosphorus availability. In: (Ed. Sumner, M. E.) Handbook of 
Soil Science. CRC Press, Washington. 

Sharpley, A. N., Menzel, R. G., Smith, S. J., Rhoades, E. D. and Olness, A. E. (1981) The 
sorption of soluble phosphorus by soil material during transport in runoff from 
cropped and grassed watersheds. Journal of Environmental Quality 10: 211-215. 

Sharpley, A. N., Tiessen, H. and Cole, C. V. (1987) Soil phosphorus forms extracted by 
soil tests as a function of pedogenesis. Soil Science Society of America Journal. 51: 
362-365. 

Singh, B. and Gilkes, R. J. (1991) Phosphorus sorption in relation to soil properties for 
the major soil types of southwestern Australia. Australian Journal of Soil Research 
29: 603-618. 

Singh, B. and Gilkes, R. J. (1992a) XPAS: An interactive program to analyse X-ray 
powder diffraction patterns. Powder Diffraction. 7: 6-10. 

Singh, B. and Gilkes, R. J. (1992b) Properties and distribution of iron oxides and their 
association with minor elements in the soils of southwestern Australia. Australian 
Journal of Soil Research. 30: 77-98. 

Siradz, S. A. (1985) Distribution, properties and phosphorus requirements of soils of the 
Cobiac valley, Darling range. PhD thesis. Western Australia. Department of Soil 

 156



Science and Plant Nutrition. University of Western Australia, Crawley. 

Sjarif, S. (1990) Some characteristics of Andosols from Western Indonesia. PhD thesis. 
Western Australia. Department of Soil Science and Plant Nutrition. University of 
Western Australia, Crawley. 

Smeck, N. E. (1973) Phosphorus: an indicator of pedogenetic weathering processes. Soil 
Science 115: 199-206. 

Smeck, N. E. (1985) Phosphorus dynamics in soils and landscapes. Geoderma 36: 185-
199. 

Smith, F., Fairbanks, D., Atlas, R., Delwiche, C. C., Gordon, D., Hazen, W., Hitchcock, 
D., Pramer, D., Skujins, J. and Stuiver, M. Eds (1971)  Cycle of elements. In: Man 
in the Living Environment. University of Wisconsin, Wisconsin, USA. 

Sparling, G. P., Hart, P. B. S., August, J. A. and Leslie, D. M. (1993) A comparison of 
soil and microbial carbon, nitrogen, and phosphorus contents, and macro-
aggregate stability of a soil under native forest and after clearance for pastures and 
plantation forest. Biology & Fertility of Soils 17: 91-100. 

Sposito, G. (1984). The Surface Chemistry of Soils. Clarendon Press, Oxford, UK. 

Statsoft (1997) STATISTICA version 5.1. - Computer program manual. StatSoft, Inc., 
2300 East 14th Street, Tulsa, OK 74104 USA, http://www.statsoft.com. Tulsa, OK, 
USA. 

Stevenson, F.J. (1982) Humus Chemistry: Genesis, Composition, and Reactions. John 
Wiley & Sons, Inc. New York, USA 

Stewart, J.W.B., and Tiessen, H. (1987) Dynamics of soil organic phosphorus. 
Biogeochemistry. 4:41-60. 

Syers, J. K., Murdoch, J. T. and Williams, J. D. H. (1970) Adsorption and desorption of 
phosphate by soil. Communications in Soil Science & Plant Analysis 1: 57-62. 

Tate, K. R. (1984) The biological transformation of P in soil. Plant & Soil 76: 245-256. 

Tate, K.R. (1979) Fractionation of soil organic phosphorus in two New Zealand soils by 
use of sodium borate. New Zealand Journal of Science. 22:137-142. 

Tate, K.R. and Newman, R.H. (1982) Phosphorus fractions of a climosequence of soils in 
New Zeland tussock grassland. Soil Biology and Biochemistry. 14:191-196. 

Tiessen, H. and Moir, J. O. (1993) Characterization of available P by sequential 
extraction. In: (Ed. Carter, M. R.) Soil Sampling and Methods of Analysis. Lewis 
Publishers. Boca Raton, Florida, USA. 

Tiessen, H. (1998) Resilience of phosphorus transformations in tropical forest and 
derived ecosystems. In: (Eds. Schulte, A. and Ruhiyat, D.) Soils of Tropical Forest 
Ecosystems. Springer-Verlag. Berlin. 

Tiessen, H., Stewart, J. W. B. and Cole, C. V. (1984) Pathways of phosphorus 
transformations in soils of differing pedogensis. Soil Science Society of America 
Journal 48: 853-858. 

 157



Tiessen, H., Stewart, J. W. B. and Moir, J. O. (1983) Changes in organic and inorganic 
phosphorus composition of two grassland soils and their particle size fractions 
during 69-90 years of cultivation. Journal of Soil Science. 34: 815-823. 

Tolner, L. and Fulkey, G. (1995) Determination of the originally adsorbed soil 
phosphorus by modified Freundlich isotherm. Communications in Soil Science & 
Plant Analysis. 26: 1213-1231. 

Traina, S.J., Sposito, G., Hesterburg, D. and Kafkafi, U. (1986) Effects of pH and organic 
acids on organophosphate solubility in an acidic montmorillonitic soil. Soil Science 
Society of America Journal. 50:45-52. 

Trolove, S. N., Hedley, M. J., Kirk, G. J. D., Bolan, N. S. and Loganathan, P. (2003). 
Progress in selected areas of rhizosphere research on P acquisition. Australian 
Journal of Soil Research 41: 471-499. 

Troug, E. (1930) Determination of the readily available phosphorus of soils. Journal of 
the American Society of Agronomy 22: 874-882. 

Wagar, B. I., Stewart, J. W. B. and Moir, J. O. (1986) Changes with time in the form and 
availability of residual fertilizer phosphorus on chernozemic soils. Canadian 
Journal of Soil Science 66: 105-120. 

Walker, T. W. and Syers, J. K. (1976) The fate of phosphorus during pedogenesis. 
Geoderma. 15:1-19. 

Weir, R. G. and Soper, R. J. (1963) Interaction of phosphates with ferric organic 
complexes. Canadian Journal of Soil Science. 43: 393-399. 

Westheimer, F. H. (1987) Why nature chose phosphates? Science 235: 1173-1178. 

White, R. E. and Thomas, G. W. (1981) Hydrolysis of aluminium on weakly acidic 
organic exchangers: implications for phosphate adsorption. Fertilizer Research 2: 
159-167. 

White, R. E., Ed. (1980) Retention and release of phosphate by soil and soil constituents. 
In: (Tinker, P.B. Ed.) Soils and Agriculture. Halsted Press, New York. 

Williams, E.G. (1959) Influences of parent material and drainage conditions on soil 
phosphorus relationships. Agrochima. 3:279-309. 

Williams, E.G. and Saunders, W.M.H. (1956) Distribution of phosphorus in profiles and 
particle-size fraction of some Scottish soils. Journal of Soil Science. 7:90-108. 

Williams, J. D. H., Mayer, T. and Nriagu, J. O. (1980) Extractability of phosphorus from 
phosphate minerals common in soils and sediments. Soil Science Society of 
America Journal. 44: 462-465. 

Williams, J. D. H., Syers, J. K. and Walker, T. W. (1967) Fractionation of soil inorganic 
phosphate by a modification of Chang and Jackson's procedure. Soil Science 
Society of America Proceedings. 31: 736-739. 

Williams, J. D. H., Syers, J. K., Harris, R. F. and Armstrong, D. E. (1971) Fractionation 
of inorganic phosphate in calcareous lake sediments. Soil Science Society of 
America Journal. 35: 250-255. 

 158



Williams, J. D. H. and Walker, T. W. (1969). Fractionation of phosphate in a maturity 
sequence of New Zealand basaltic soil profiles. Soil Science 107: 22-30. 

Zhang, T.Q., Mackenzie, A.F. and Sauriol, F. 1999. Nature of soil organic phosphorus as 
affected by long-term fertilization under continuous corn (Zea mays L.): A 31P 
NMR study. Soil Science.164:662-670. 

Zheng, Z., Simard, R. R., Lafond, J. and Parent, L. E. (2002). Pathways of soil 
phosphorus transformations after 8 years of cultivation under contrasting cropping 
practices. Soil Science Society of America Journal 66: 999-1007 

 159


	chapter2.pdf
	Description of the study
	P Forms
	Reference
	Description of the study
	P Forms
	Reference
	Resin, NaHCO3, and residual inorganic P
	(Phiri et al., 2001)

	chapter4.pdf
	Readily available P
	Moderately available P

	Sparingly available P

	chapter5.pdf
	Out of the eleven trio sites with pasture, plantation and na

	chapter6.pdf
	Chapter 6

	chapter7.pdf
	Soil P fractions
	Analysis of soil before ryegrass growth
	Analysis of soil after ryegrass growth



	chapter8.pdf
	Chapter 8

	ref.pdf
	References


