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Soil organic phosphorus (Po)

Walker and Syers (1976) have provide a basic model of P cycling, on a pedogenic time-scale, which describes the relation between P transformations and soil formation, and that has been verified for other ecosystems (Gressel and McColl, 1997). According to this model, in a young soil the main source of P is from weathering of primary minerals, mostly apatites, which account for about 95% of the total P in igneous rocks. Mineral weathering releases P into soil solution, where P can be taken up by plants and microorganisms, sorbed onto solid surfaces, form secondary minerals or be lost through erosion or leaching. Subsequently, litterfall, root decay and exudation, and death of organisms return biologically held P creating a complex balance between geochemical and biochemical processes. Thus, in mature soils, organic P constitutes between 20 and 80% of total P in the surface layers of soils. 

Soil Po content is in relation with soil genesis. Thus, Harrison (1987) showed that Histosols (570 ± 52 µg g-1), Mollisols (329 ± 15 µg g-1) and Ultisols (320 ± 48 µg g-1) are, in absolute values, the soil orders with the highest levels of organic P and, if Po is considered as a percentage of the total P content, the soil orders with the highest figures are Histosols (59 ± 5 %), Vertisols (56 ± 4 %) and Mollisols (50 ± 2 %). Oxisols is the soil order showing the lowest levels of organic P, both in absolute values (84 ± 11 µg g-1) and as a percentage of the total P (25 ± 3 %). Not only soil genesis and development influences the organic P content but it also depends on soil management, for example, Harrison (1987) indicated that, in the winter-cold zone of the world, the highest levels of Po are found in native grassland soils (525 ± 26 µg g-1; n = 147 soil samples) and the lowest in cultivated soils (330 ± 14 µg g-1; n = 300 soil samples), and this difference suggests the strong influence of P mineralization on the available P content in arable ecosystems. 

Soil organic P exists in many complex chemical forms, which differ markedly in their behaviour, mobility and resistance to hydrolysis (bioavailability) in the soils (Turner and Haygarth, 1999). One way of characterising the different Po forms present in soils is to consider their role in the soil P cycle and to differentiate these forms in relation with their turnover rate, which is usually carried out by sequential fractionation procedures. One of the most widely used fractionations is that of Hedley et al. (1982), which differentiates the following fractions: biologically-assimilable inorganic P (resin P), labile Pi and Po adsorbed on soil colloidal surfaces (HCO3- Pi and Po), organic and inorganic P compounds bound strongly by chemical sorption to the iron and aluminium oxides of the soil surfaces (NaOH Pi and Po), P bound strongly to internal soil surfaces (p extracted with NaOH after sonication, u.s. NaOH Pi and Po) and, finally, inorganic phosphates such as apatites (HCl Pi). The ecological meaning of these fractions varies according to the different authors (Cross and Scheselinger, 1995), but in general Po bicarbonate is considered a relatively labile fraction (rapid turnover Po) and Po  hydroxide and ultrasounds a stable Po fraction (slow turnover Po). In the majority of soils, and independently of the degree of soil development, NaOH extractable Po is the predominant fraction, both as absolute values and as a percentage of total extracted Po, which suggests that a high proportion of organic P (between 60-75%) is in stable forms (Cross and Schlesinger, 1995; Trasar-Cepeda et al., 1990; Sharpley et al., 1985)

Another way to characterise soil organic Po is to use structural methods in order to differentiate the several Po compounds identified in soils. Most soil Po can be broadly classified by the P bonds to the organic part of the compound (Dalal, 1977). There are three types of P bonds: ester bonds (C-O-P), direct bonds to carbon or nitrogen (C-P or N-P) and condensed bonds (P-O-P). Ester bonds can be subdivided into monoester (sugar phosphates, mononucleotides and inositol phosphates) and  diester (mainly nucleic acids and phospholipids). The 31P NMR (Newman and Tate, 1980) is one of the structural methods most used because it differentiate among polyphosphates, pyrophosphates (both compounds with P-O-P bonds), diester and monoester phosphates, inorganic orthophosphate and phosphonates (compounds with a C-P bond). According to this technique monoester phosphates constitute the majority of the known Po in soils (between the 33 and the 100 % of the extracted Po) whereas diesters constitute between 0 and 44% of the Po in NaoH extracts (Condron et al., 1985; Gil-Sotres et al., 1990; Guggenberger et al., 1996). This distribution in soils is the opposite to that found in plants and animal debris where the diester phosphates are the predominant compounds.

Biological control on phosphorus release to soil solution

The soil microbial biomass consists mainly of bacteria and fungi and has been defined as the living part of the soil organic matter excluding plant roots and soil animals larger than 5x103 µm3 (Sparling, 1985). The soil microbial biomass controls soil solution phosphorus in three ways:

Removal of inorganic and organic P from solution by uptake and/or mineralization, and subsequent immobilisation of the obtained P into cell structures.

Release of organic P to soil solution on cell death and lysis

Release of inorganic P through excretion by microbial grazers.

The growth and death of the soil microorganisms can have significant impacts on the solution P. Growing cells takes up inorganic P and immobilise it in their cell structures. Although uptake is dominantly as inorganic P, there is some evidences of direct uptake in organic forms (Turner and Haygarth, 1999).The absorbed inorganic P is converted to organic forms so that on cell death the P is released to the soil as predominantly organic P. The balance between these two factors controls the forms and concentration of P in the soils solution.

Due to the low availability of inorganic P in soil, the organic P mainly contributes to plant nutrition and to microbial uptake through its mineralization and subsequent release of inorganic P. P mineralization rate depends on microbial activity and on the activity of phosphatases (Dalal, 1977). Consequently, the release of inorganic P through the destruction of the organic matter is usually divided in biological mineralization and biochemical mineralization. Biological mineralization involves the release of inorganic P as a consequence of the carbon oxidation and the microbial growth and turnover, while in biochemical mineralization the release of inorganic P, independent of microbial respiration, is controlled by the supply and need for P and involves the hydrolysis of ester-phosphates by extra-cellular hydrolytic enzymes (phosphatases) both free in solution and stabilised by sorption to the colloidal fraction (McGill and Cole, 1981).

There are several soil phosphatases (Malcolm, 1983, Bishop et al., 1994) and the most commonly determined are: phosphomonoesterases, phosphodiesterases and phytases. Phosphomonoesterases act on phosphate monoesters and according to their optimum pH are divided in acid and alkaline phosphomonoesterases. Both are adaptive enzymes: acid phosphomonoesterase predominates in acid soils while alkaline phosphomonoesterase predominates in neutral and basic soils (Speir and Ross, 1978). It is very important to note that the data for kinetic and thermodynamic parameters are vary widely following different authors (Dick and Tabatabai, 1984; Pang and Kolenko, 1986; Trasar-Cepeda and Gil-Sotres, 1988) and are dependent on soil properties suggesting that these enzymes are stabilised on soil colloids (Burns, 1982). Phosphodiesterase acts on the diesterphosphates and despite the fact that it provides the substrate for phosphomonoesterase activity, it is a less studied enzyme. Both phosphomonoesterase and phosphodiesterase show seasonal fluctuation but in any case both activities are highly correlated with a large number of soil properties (Baligar et al., 1988; Rastin et al., 1988; Trasar and Gil-Sotres, 1987; Trasar-Cepeda et al., 1999).

The importance of extracellular phosphomonoesterases for the Pi supply is controversial. Several authors consider that phosphomonoesterases are unable to hydrolyse the phosphomonoesters in soils due to the high stabilisation of these compounds on humic and inorganic soil colloids (Bishop et al., 1994; Brannon and Sommers, 1985). However, other authors (Tarafdar and Claasen, 1988) clearly showed the existence of a narrow relation between the decrease of organic P in the rizhosphere and the increase of enzyme activity level.

Because it is impossible to separately quantify the contribution to the overall Po mineralization of biological and biochemical processes the estimation of organic P mineralization is usually carried out using different approaches.

One approach is to look for the long term net organic P mineralization, which is  estimated from changes in total organic P content over years of cultivation. Following this approach the organic P mineralization rates varies between 2 and 48 kg ha-1 y-1 and these rates are clearly dependent of the geographical location (Adeptu and Corey, 1977; Chater and Mattingly, 1980; Nyami, 1991; Sharpley and Smith, 1983; Tiessen et al., 1983). Several authors have stressed the importance of Po mineralization in providing adequate Pi surplus in temperate soils.

Another approach is to study the short-term net organic P mineralization deduced from changes during the year in selected organic P fractions. Po-HCO3- is usually considered as the fraction most sensitive to these changes. In agreement with published results, the organic P mineralization rate oscillates between 10 and 100 kg ha-1, and woodland and pasture soils are the soils with the highest rates of net Po mineralization, while artic soils are those showing the minimum values (Perrott et al., 1990; Sharpley and Smith, 1985; Sparrow et al., 1990; Trasar-Cepeda, 1987).

Other published methodologies to estimate the Po mineralization rate are determination of the gross P mineralization by using labelled phosphorus or by differentiating in the P solution pool the contribution of the mineralization of the organic P and the solubilization of the inorganic soil phosphorus (Zou et al., 1992), the mineralization rate of labelled ATP (Frossard et al., 1996) and the quantification of the net release of 32P from plant residues labelled before their addition to the soil (Friesen and Blair, 1988).

In addition to mediating the turnover of Po, soil microorganisms may also constitute a significant reservoir of P (Brookes et al., 1984; Tiessen et al., 1994). Soil microbial biomass shows a strong seasonal variation and these variations are obviously related to the quantity of labile carbon in soil and to soil moisture and temperature (Dalal, 1998). The influence of these later two variables on the activity of soil microorganisms can be modelled by complex equations, which include not only the influence of temperature and moisture but also the interaction between the two variables (Leirós et al., 1999; McDonald et al., 1995). 

The estimation of the size of microbial biomass is a routinely used method in soil biochemistry (Anderson and Domsch, 1978; Jenkinson and Powlson, 1976; Vance et al., 1987). Generally biomass-C and -N are clearly dependent on biochemical, chemical and physical soil properties and can be easily modelled (Diaz-Raviña et al., 1993; Joergensen et al., 1995; Trasar-Cepeda et al., 1999). Microbial P varies between 6 and 183 kg ka-1 (Díaz-Raviña et al., 1993; Jorgensen et al., 1995; Stewart et al., 1980) showing the highest values in woodland and grassland soils and the lowest in cultivated soils (Brookes et al., 1984). The soil management has a great influence on the level of P held in microbial biomass and in biological or organic farming system, the microbially mediated turnover of organic P may be more important that in conventional farming (Oberson et al., 1996). Management of bio-dynamic and bio-organic farming systems aims towards a stimulation of biological soil activity and thus to a higher turnover of organic substrates.

It is important to note that the percentage distribution of organic P forms in microbial biomass is totally different to that of the soil organic matter. The majority of the total P in microorganims is in the form of phosphodiesters such as nucleic acids (DNA, RNA, polynucleotides) and phospholipids. Nucleic acids dominate microbial organic P constituting around 60% of the intracellular P in fungi, bacteria and mycorrhizal mycelium (Webley and Jones, 1971). Phospholipids only account for circa 5-30% of the organic P in microorganisms (Magid et al., 1996), and are dominated by phosphatidyl ethanolamine (Stewart and Tiessen, 1987). Phosphomonoesters constitute only 10-25% of the organic P in a range of microorganisms. They are dominantly sugar phosphates, such as glucose-6-phosphate and only a minor fraction of inositol phosphates. The fact that phosphodiesters constitute the majority of the microbial P inputs in the soils yet are only measured in small amounts in the soils suggests that they must be rapidly hydrolysed to other forms. In addition, the apparent lack of adsorption by phosphodiesters to soil particles means that they are immobile in the soil and have the potential to be readily transferred to surface waters (Turner and Haygarth, 1999).

Under changing environmental conditions, a portion of the soil microbial biomass will always be killed. The dead cells provide a carbon substrate for the remaining organisms and release nutrients to the plant available pool (Anderson and Domsch, 1980). Thus, release and immobilisation of nutrients are generally closely related to changes in environmental factors such as moisture, temperature, wetting-drying cycles, or freezing-thawing cycles.

Soil fauna which grazes on the microbial populations include bacterial grazers, protozoa, nematodes and fungal grazers such as microarthropds and protozoa. Grazers show seasonal patterns, which appear to correspond to the soil microbial biomass. The results on the influence of grazers on P cycling and release to soil solution are contradictory.

Leaching of organic phosphorus

Soil organic phosphorus can contribute to environmental pollution through two main processes:

Release of inorganic P as a consequence of mineralization of organic phosphorus, and subsequent leaching of this Pi.

Solubilization and leaching of organic P compounds.

The leaching of Pi is the topic of another working group and in this paper only will be considered the possibility of organic P leaching.

Though substantial transfer of Po can occur through both surface and subsurface pathways, Po is particularly vulnerable to transfer through subsurface pathways because of its mobility in the soil compared to the Pi forms: while inorganic P is readily fixed in the soil and prevented from leaching by precipitation with Ca, Fe and Al or sorption to clays and other soil particles (Frossard et al., 1995), some Po is not strongly sorbed and can move easily through the soil to surface waters (Chardon et al., 1997). Moreover, it is now recognised that when Po reach surface waters it can contribute to algal growth after the release of Pi by phosphatase enzymes. Therefore, if the contribution of agricultural P pollution to eutrophication is to be comprehensively understood, it is essential to consider the Po fraction being transferred in runoff from the land (Turner and Haygarth, 1999).

The possibility of transfer to surface waters of soil phosphorus depends both on the solubility and the lability of the organic P compounds and on the affinity of the organic phosphorus by soil colloids.

Although monoester phosphates like inositol-hexa-phosphate (IHP) are strongly adsorbed to soil particles (Cosgrove, 1977; Dalal, 1977), the large amounts accumulated in the soil suggest that transfer to surface waters is likely to occur. Therefore, because of the strong binding of IHP to clays and metals in the soil, the probable mechanisms for IHP transfer in runoff is through IHP adsorbed to colloidal sized metal or clay-humic complexes. Taking in account the strong stabilisation of monoester phophates, IHP would remain resistant to breakdown in aquatic environments where it probably constitutes a relatively unavailable Po fraction.

In contrast to monoester phosphates the apparent lack of adsorption by diester phosphates to soil particles means that they are mobiles in the soil (Cosgrove, 1967) and have the potential to be readily transferred to surface waters. Although their labile nature means that they may be hydrolysed before they have chance to escape from the soil, the 18 day hydrolysis time for RNA in soil showed by Harrison (1982) or the 28 days for diester phosphates in sludges (Hinedi et al., 1988) indicates that released diester phosphates would have ample time to escape intact to surface waters.

In native soils, the mobility of organic P compounds is limited because the P cycle is practically a closed system and the majority of the organic P is monoester. In other words, the most labile and mobile organic P forms are transient and only the stabilised Po forms are able to accumulate (Cosgrove, 1977; Dalal, 1977).

The picture is different in agricultural soils when organic wastes are used as fertilisers, because in the majority of these products the main components of organic phosphorus are diesters (Hinedi et al., 1988). Diesters have relatively high mobility in spite of their rapid degradation rate and although there is not direct evidence for diester phosphates transfer from soils to surface waters, the high phosphodiesterase activity detected in upland stream waters provides indirect evidence that it occurs (Chritsmas and Whiton, 1999).

In heavily manured soils, there is a great increase in soil organic phosphorus content not only on the soil surface buy also in the whole profile, suggesting the possibility of a downward Po movement (Sharpley et al., 1984). Furthermore, it has recently been indicated (Chardon et al., 1997) that in soil leachates dissolved Po concentration is higher than molybdate reactive P, which clearly confirms the mobility of some organic P compounds. These high Po concentrations may result from lysis of bacterial cells, flushing of the soil by rainfall and removal of the released Po compounds in leached water.

The risk of soluble P losses when organic wastes are used as fertilisers is very important from an environmental point of view because in many areas of Europe a high proportion of applied P comes from animal excreta (Sibbesen and Runge-Metzger, 1995). Thinking on the possibility of quantifying these Po losses it is important to note that the release of microbial Po is potentially greatest in springtime, when lysis of microbial cells coincides with periods of high biological activity and, therefore, of a large microbial pool (Magid and Nielsen, 1992). Furthermore, the concentration of dissolved organic P in solution is dependent not only on fertilization levels, but also on pH values (Ron Vaz et al., 1993; Rydin and Otabbong, 1997), and according to Gerke (1992) organic P concentration increases with soil pH due to the highest solubility of organic matter when the pH rises.

Modelling phosphorus transfer

Numerous comprehensive mathematical models have been developed to simulate the fate of agricultural chemicals in soil and their transport to surface waters, with the purpose of aiding the selection of management practices capable of minimising water quality problems (Sharpley et al., 1995). There are several comprehensive models available simulating soil P cycling, transfer between agricultural systems and loss in runoff that facilitate identification of alternative management strategies and basic research needs. However, a major limitation to model use is often the lack of detailed parameterisation data on soil physical, chemical and biological properties as well as climate, crop and tillage information. Consequently, the use of these models to provide quantitative estimate of P loss under specific environmental conditions is limited and the use of many models is recommended only for comparison of relative effects of management strategies on P transfer. Among the described models only a few of them consider the possibility of the estimation of Po losses trough leaching, some of these are the following:

The model from Smith (1979) focused on soil organic matter decomposition.

The model developed by Jong and Klinkhamer (1983) that consider the downward movement of P in humus (Frossard et al., 1995).

The Century model (Parton et al., 1988)

The ANIMO 3.5 model (Groendijk and Koess, 1999).
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