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Introduction

Understanding solubilisation of phosphorus (P) from solid soil to waterways is complex, but holds the key to controlling leaching and therefore eutrophication.  Reviewing the processes of P solubilisation is further complicated by the variety of techniques for sampling combined with the range of analytically defined forms that are available for defining ‘soluble P’.  Since studies have focussed on a variety of P forms in a range of sampling scales and circumstances, it is often difficult to isolate the key parameters, particularly when attempting cross comparisons of databases (Haygarth and Sharpley, 1999).  Before proceeding with a review it is, therefore, necessary to be aware of these variances, which can be classified into (1) P forms and (2) sampling and scale.  

Phosphorus forms in solution: operational and chemical definitions (see also paper by M. Hens,  presented at this meeting).

Operational definitions: Filtration is used to define the difference between ‘soluble’ or ‘dissolved’ and ‘particulate’ forms of P.  However, these classifications are problematic because different laboratories can use different filter sizes, and studies have shown that P can be associated with a continuum of <0.45 (De Haan et al., 1984; Haygarth et al., 1997)m sized particles or colloids .  This attaches considerable ambiguity to the definition of ‘soluble’, ‘solubilisation’ and ‘solution’ and due caution must be applied when interpreting published information.  There are similar problems with chemical definitions such as inorganic P, organic P and orthophosphate P in water.  The most common method for P determination is by the Mo blue reaction (Murphy and Riley, 1962) and the main misinterpretation is that the procedure exclusively represents inorganic orthophosphate.  Although the original Murphy-Riley Mo-blue reaction per se is a reaction specific to orthophosphate-P, the sample preparation procedure which precedes the colour reading can readily transform P, resulting in over estimations (Edwards and Withers, 1998).  The Murphy-Riley procedure can also determine loosely bound inorganic and organic forms of P, reflecting either Mo enhanced hydrolysis, hydrous ferric oxide-orthophosphate reactions, or interferences with silica (Ciavatta et al., 1990).  Thus, it is technically incorrect to refer to Murphy-Riley determined fractions which are Mo-reactive as ‘orthophosphate’ or ‘phosphate’.  Classification of operationally defined P in water is defined at greater length in Haygarth and Sharpley (1999).  

Chemical definitions: Analytical difficulties and challenges have meant that chemical definitions of P have been used less than operational definitions, but there are some published papers. In general, information is limited to studies employing enzymatic techniques to soil water extracts and soil solutions obtained by centrifugation (Pant et al., 1994; Shand and Smith, 1997). Shand and Smith (1997) used soil solution from an acid peaty podzol in north-east Scotland under improved grassland to determine acid phosphatase and phytase hydrolysable P forms. Both enzymes released 54 - 67% of the dissolved organic P present in the solution, indicating the presence of monoester P forms, although ca 40% of the dissolved condensed P was also hydrolysed. Pant et al. (1994) obtained soil water extracts of four acid soils and showed that whilst phosphatase hydrolysed between 20 - 28% of the organic P, indicating the presence of monoester P in the samples, phytase hydrolysed an additional 27-35%, indicating the presence of inositol hexaphosphate in solution.  Recently, Espinosa et al. (1999) used strong anion exchange HPLC to show the presence of a range of organic P compounds in soil leachate water. Orthophosphate constituted ca 70% of the total dissolved P in the sample, whilst the remaining 30% was comprised of inositol hexaphosphate and glucose phosphate in approximately equal proportions, plus traces of ATP, phosphonates and other unidentified compounds.

Sampling and scale

Solubilisation of P is studied using a variety of field and laboratory techniques, which we call experimental scales, and all have a strong bearing on the interpretation of the data.  At the smallest scale, samples of soil are removed from the field and solution can be extracted in the laboratory.  These may employ a variety of extractants, mostly water, at varying solid/solution ratios, but may also use centrifugation techniques for displacement of in situ soil water.  At the next largest scale, samples are taken in situ and may involve taking soil water from suction cups under tension, or passively drained water from lysimeters, at the soil profile (m2) or slope/field (ha) scale.  Considerable difficulties arise when comparing waters at these various experimental scales.  For example, Chapman et al. (1997) studied free drainage lysimeters in the laboratory to compare the P composition of drainage waters with those obtained from measurements of P in solutions and extracts of the same soil.  Their results showed major differences between the various experimental measurements.  Firstly, concentrations of total P in the soil solution were twice as large as those in the leachate water. In addition, leachate water from the lysimeters contained ca 70% dissolved reactive P and 30% dissolved organic and condensed P.  However, soil solution obtained after destructive sampling of the lysimeters contained only ca 54% DRP, whilst DOP represented a much larger proportion of the total soil solution P.  In terms of soil water extracts, the choice of extract ratio is critical in determining the composition and concentrations of P determined. Low extract ratios compared more favourably to the composition of leachate P, with a 1:1.2 extract ratio providing the most accurate estimate. This is far lower than the extract ratios used in the most common water extract methods, where a much wider ratio is more common.  A particularly notable example is called the Pw method was described by (Van der Paauw, 1971), which used a ratio of 60:1 water to soil both on a volume basis, which was preceded with at 22 hour ‘moistening’ of the soil sample.  The moistening process may represent a useful ‘equilibration’ step and, indeed, a high correlation between Pw value and soil P status was found, although this did not reflect differences between soil factors, such as CaCO3 content, pH and other factors relating to the soil.  This is an important point as it implies that soil solution P is mostly related to P status and that variations is soil properties and hence land use are of less importance.

In a field study, Magid et al. (1992) used free draining lysimeters and suction cups installed at 90 cm depth in a sandy arable soil to compare the two methods of soil solution sampling. Soil solution contained relatively similar proportions of organic and inorganic P (ca. 2.2 µM). However, the P composition and concentrations from the lysimeters were significantly different. Inorganic P concentrations were ca 2.5 times greater than those of organic P, whilst concentrations of both forms were greater (10 µM and 4 µM for inorganic and organic P, respectively) than in the suction cups. The lower P concentrations in the suction cups than the lysimeter drainage may have been a function of the depth of sampling in the soil.  Problems associated with the used of suction cups have been noted by other authors (Hansen and Harris, 1975; Hatch et al., 1997)
Preliminary conclusion about the approach

The differences in P composition and concentrations determined in drainage waters and soil solutions, therefore, appear to relate strongly to the type of water being sampled. Suction cups and centrifugation both measure relatively immobile pore water, whilst lysimeters additionally measure the mobile water moving through preferential flow pathways. Therefore lysimeters, perhaps, provide more accurate measures of the P forms and concentrations in drainage water and the ability of suction cups/soil solution to indicate P transfer depends on the mobility of the water being measured. This is important, because it is drainage water that will reach surface waters and impact on water quality. The implication is that it is only possible to compare differences in P forms and concentrations between soil types/land-uses/managements within an experimental scale (e.g. soil solution extract), but misleading to compare differences between scales (e.g. soil solution extract compared to lysimeter water). This review, therefore, splits experimental studies into three sections: soil solution extracts in the laboratory, lysimeter studies (m2) and slope/field scale (ha).  We conclude by making a provisional recommendation of a standardised European method for assessing soil potential P solubilisation (PPS), to form a basis of the discussion during the workshop. 

Review of experimental studies 

Soil Solution extracts

Organic P frequently forms the dominant fraction (up to 90%) of the total P in soil solution under a range of soil types, land-uses and management conditions, from P-deficient upland soils to high input lowland agricultural soils (Chapman et al., 1997; Helal and Dressler, 1989; Magid et al., 1992; Ron Vaz et al., 1993; Shand et al., 1994).  This phenomenon is not restricted to upland soils, but also occurs in soils under arable cropping (Magid and Nielson, 1992).  Therefore, at the soil solution scale, it is clear that organic P forms are an important component of P release from the soil.

Ron Vaz et al. (1993) used centrifugation at low speeds to obtain soil solution from lowland soils (typic fragiothod) that had been under various cropping (arable and cut grassland) and fertilisation regimes.  The relative importance of inorganic, organic and condensed P forms showed considerable variation between treatments. DRP ranged between 12% for the zero-P fertiliser treatment to 56% at the highest input site. Condensed P forms ranged between 11 - 39% of the total, displaying a rapid decline with increasing soil P status. However, dissolved organic P, measured by UV oxidation, remained relatively large and constant across treatments at between 42 - 62% of the total dissolved P. Concentrations of DRP and DOP increased as soil pH increased. Dissolved reactive P concentrations decreased down the profile, whilst organic and condensed P concentrations remained relatively constant, suggesting the mobility of these compounds and their importance in P transfer.

Shand et al. (1994) found that soil solution from P-deficient upland grazed pastures contained average total P concentrations between 51 - 119 µg L-1, which were similar across three different soils.  Organic P dominated the soil solution P and exceeded inorganic P concentrations by 5-20 times: for the three soils over two years , inorganic P ranged between 4 - 9 µg L-1 and organic P between 23 - 76 µg L-1. Maximum concentrations of inorganic, organic and total P were in August-October during the two years, which coincided with the minimum soil water contents. Fertilisation with P had little impact on the proportions or concentrations of P forms in solution.  Centrifugation was also used by Chardon et al. (1994) to investigate the P composition of soil solution under heavy manure application. They found that the proportion of the total P as organic P increased significantly with depth, implying the mobility of manure-derived organic P in the soil. 

Magid and Nielson (Magid and Nielson, 1992) and Magid et al. (1992) used suction cups to determine P forms and concentrations in soil solution at different depths under freely-draining pasture and arable soils with low organic carbon contents (<1%).  Pasture soils contained higher concentrations of inorganic and organic P in solution at 30 cm depth than the arable soils.  Inorganic P concentrations were greater than organic P concentrations at 30 cm under both land-uses, whilst at 90 cm depth in the arable soil, organic and inorganic P made up similar proportions of the total.  Temporally, inorganic P was found to display autumn minima, with winter minima in organic P.  Dils & Heathwaite (1996) used piezometers to determine the DRP:DOP ratio of soil solution at depth under pasture to be ca 0.02 - 0.3, indicating the dominance of organic P at depth in this soil, whilst Helal & Dressler (1989) found that centrifuged top-soil solution contained up to 90% organic P.

The most likely mechanisms involved in the maintenance of high organic P and low inorganic P in soil solutions appear to be microbially determined. Seeling and  Zasocki (1993) used sterile and non-sterile soils to determine that organic P in soil solution declined to zero in the absence of a microbial population, whilst inorganic P concentrations increased substantially.  The processes of immobilisation of solution inorganic P by the biomass and release in organic forms on cell death maintain a low inorganic, but high organic P concentration (see Gil-Sotres & Turner review in this action).

Soil water extracts are used to infer the pool of potentially mobile P in the soil and to predict the P concentrations that might be found in soil leachate. However, these types of studies can be potentially misleading (see earlier). Chapman et al. (1997) showed that the choice of soil:water ratio can strongly influence the concentrations and proportions of P fractions in the extracts. By comparing P in extracts at different ratios with soil solution and leachate water concentrations, they were able to determine that the optimal extract ratio for prediction of the relative proportions of inorganic and organic P in leachate water was ca 1:1.2.  They found that the proportion of inorganic P in the extract increased from 71 - 92% as the extract ratio increased from 1:1.5 - 1:15.4, whilst the dissolved organic P component decreased from 26 - 6% for the same ratios. 

Lysimeters

In general, the forms and concentrations of P determined in drainage from lysimeters do not resemble those in soil solution. This indicates the importance of preferential flow pathways in the soil, providing rapid movement of drainage water to depth (Turner and Haygarth, 1999).  At the laboratory scale, several studies have examined P forms in leachate from small-scale lysimeters. Chapman et al. (1997) compared P forms and concentrations in leachate from laboratory columns sown with grass, with those obtained from soil solution after destructive sampling of the cores at the end of the experiment.  They found that dissolved inorganic P in leachate from the lysimeters represented ca 70% of the total P.  However, in soil solutions, dissolved inorganic P represented only 54% of the total P at the expense of an increase in organic P, which represented a much larger proportion of the total P in the soil solution. 

Chardon et al. (1997) used heavy manure applications to unpacked, unvegetated topsoil overlying sand. They determined very high concentrations of total P in leachate, which was dominated by organic P forms. This finding is consistent with the studies of Hannapel et al. (1963a; 1963b) and Turner et al (1998) who found that under organic carbon amendment, soil leachate was increasingly dominated by organic P at the expense of inorganic P. This appears to correspond to elevated biological activity in the soil, increasing P turnover through the solution. 

Turner and Haygarth (1999) used large-scale monolith lysimeters (80cm in diamter, 130 cm deep) to monitor P forms and concentrations under a range of contrasting permanent grassland soil types.  Despite a wide range of soil P contents, total P concentrations in solution were remarkably similar at ca 100 µg L-1 over several years. Maximum concentrations >200 µg L-1 were detected in the springtime, reaching more than 4 mg L-1 in one drainage year (Simard et al., 1998).  The leachate was dominated by inorganic P from all soil types (60-70% of the total P), that occurred mainly in the dissolved (<0.45 µm) form.  Dissolved organic P represented only 6-16% of the total P on average, although large amounts were measured in the springtime, possibly released as a result of increased microbial turnover (see biological mechanisms review - Gil-Sotres). Interestingly, unreactive P forms >0.45 µm constituted a large proportion of the total P transferred, which might possibly consist of microbial cells and cell debris (Hannapel et al., 1963b).

Chardon et al. (1997) used field lysimeters of 40 cm depth under heavy manure application, sown with maize. Unlike in soil solutions and laboratory columns, where organic P represented the majority of the solution/leachate P, organic P represented only 75% on average of the leachate P from the field lysimeters.  Magid et al. (1992) used field lysimeters in an arable soil to compare the P forms with soil solution obtained from suction cups. Leachate from the free-draining lysimeters contained more inorganic than organic P and greater concentrations of both forms than suction cups (10 µM and 4 µM for inorganic and organic P, respectively), averaging ca 70% form inorganic P and ca 30% for organic P.  Soil solution sampled using suction cups averaged 50% for each fraction.

Slope field (ha) scale – beyond the soil profile 

Most studies on the slope/field scale relate to artificial drainage.  Dissolved reactive P is the dominant form reported at these scales.  For example, in artificially drained clay soils in south-west England, Haygarth et al. (1998) reported that total dissolved P concentrations were dominated by reactive P.  However, of the total P (including particulates), reactive and unreactive P forms contributed 50% each.  Similarly, Turtola and Jaakola (Turtola and Jaakkola, 1995) found that artificial drainage from heavy clay soils under arable and pasture in Finland were dominated by dissolved reactive P and that particulate P was a large fraction of the total. Jordan and Smith (1985) found that dissolved reactive P dominated the drain outflow from a small pasture catchment in Norhern Ireland, but that dissolved unreactive P forms accounted for ca 30% of the total P transferred.  Heckrath et al. (1995) studied P in pipe drainage from low carbon arable soils under heavy P fertilisation in the UK. They found that dissolved reactive P accounted for 78 - 86% of the total P determined, with dissolved organic P representing only 4.5% on average, although up to 40% under certain conditions.

Summary of the literature review

· There are significant difficulties associated with defining soluble P and P released by solubilisation mechanisms, because of problems describing P forms and the varied experimental circumstances that describe ‘solubilisation’. 

· It is only possible to compare data for soils sampled and analysed in a similar manner.  For example, it is not possible to compare data from suction cups to data from monolith lysimiters.  This means that the amount of useful published data available is small.

· Most studies to date have focused on methodology, rather than on comparisons between agronomic/soil variables.  The variation between solution sampling methods is very high and makes differences in agronomic treatments difficult to untangle.  There is, therefore, the need for further studies using the same sampling technique, to compare agronomic treatments, systematically.

· We need to agree a simple protocol for determining potential solubilisation of P forms in the soil profile, which can be subsequently tested and applied around Europe.

Provisional protocol for discussion

Methodology for testing European soils for potential for P solubilisation (PPS).

We decided that displacement of in situ soil water is not a satisfactory approach to PPS, because in dry conditions, soils may contain little or no water.  We therefore prefer an extract method, outlined below:

· Sample depth: This is to be discussed fully elsewhere in the WG2, but is particularly relevant to a PPS test.  Sample depths for PPS are strongly related to the effective depth of interaction (EDI) of runoff water:  For example, a shallow sample depth, such at 0-2 cm or 0-5 cm may be most appropriate.  Alternatively, two sample depths may provide a better insight, with the second one comprising a bulk of 0-10 or even 0-20 cm.  

· Sample preparation: This is to be discussed fully elsewhere in the WG2, but is also particularly relevant to PPS.  Length and means of sample storage are important.  Size of soil sieve (eg. < 2 mm or < 4 mm), if any, is also a consideration.  We advocate minimal sample storage time and minimal soil disturbance.  In situ (antecedent) soil moisture conditions also warrant consideration, as they will vary spatially and temporally, and will have a high impact on the PPS value determined.

· Extract ratios: Since there is much controversy over soil to water extraction ratios, we suggest that both a high and a low ratio should be used.  The low ratio may be 1:1.2 (soil to water, by volume) and the suggested high ratio will be 1:15 (soil to water, by volume).  PPS values can be quoted for both ratios.

· Equilibration:  Once soils are in bottles we suggest that static equilibration period of 24 hours is essential.  This should be conducted at 20oC.

· Extraction:  Gentle shaking should be undertaken for 1 hour at 20oC.

· Primary Filtration: Should occur immediately following extraction using Whatman No. 2 paper.  

· Secondary Filtration: Should occur immediately following primary filtration using CNA membranes <0.45 (m.   

· PPS determination: Total P (after persulphate digestion or similar) is the primary determinant to be applied to both filtrates.  PPS after primary filtration will be ‘Total P’ and PPS after secondary filtration will be ‘Total P <0.45’.  Additional P forms can be determined using the protocol outlined earlier, to derive ‘unreactive’, ‘reactive’, ‘<0.45’ and ‘>0.45’ forms (according to the method described earlier in this paper). 

A PPS method such as this could provide a particularly effective risk assessment for P transfer in rapid flows, such as overland or preferential, associated with all forms of P.  Alternative, more traditional chemical agronomic soil P tests, may provide a more refined means of assessing ‘leaching’ potential, which will occur during the slower water flows (discussed elsewhere in WG2).
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