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Abstract

Organic phosphorus is an important component of soil biogeochemical cycles, but must be extracted from soil prior to analysis. Here we
critically review the extraction of soil organic phosphorus, including procedures for quantification, speciation, and assessment of biological
availability. Quantitative extraction conventionally requires strong acids and bases, which inevitably alter chemical structure. However, a
single-step procedure involving sodium hydroxide and EDTA (ethylenediaminetetraacetate) is suitable for most soils and facilitates subsequer
speciation by nuclear magnetic resonance spectroscopy. Analysis of extracts by molybdate colorimetry is a potential source of error in al
procedures, because organic phosphorus is overestimated in the presence of inorganic polyphosphates or complexes between inorga
phosphate and humic substances. Sequential extraction schemes fractionate organic phosphorus based on chemical solubility, but the link
potential bioavailability is misleading. Research should be directed urgently towards establishing extractable pools of soil organic phosphoru:
with ecological relevance.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Bioavailability; DNA; Extraction; Inositol phosphate; NMR spectroscopy; Organic phosphorus; Sequential fractionation; Soil

1. Introduction are no direct methods to quantify or speciate soil organic
phosphorus. For example, solid-state phosphorus-31 nuclear

Organic phosphorus is abundant in soils and is an im- magnetic resonancé NMR) spectroscopy cannot detect
portant source of phosphorus for plants in both natural and organic phosphorus in soil due to poor sensitivity and the
managed environmerits]. Information on soil organic phos-  abundance of paramagnetic idd$.
phorus is essential for understanding biogeochemical cycles Organic phosphorus must therefore be extracted from soll
and ecosystem ecology, because organisms possess a variebefore it can be quantified and identified. Extraction is used
of complex mechanisms to access organic phosphorus in theitto determine the total amount of organic phosphorus in soil,
environmenf2]. Organic phosphorus can also be transferred to obtain it in a form suitable for subsequent speciation, or
from soil to water bodies and contribute to the nutrition of to estimate its mobility, solubility, or biological availability.
aguatic organisms, including toxin-producing cyanobacteria Numerous procedures exist to achieve each objective, but
[3]. these can yield profoundly different results.

Despite the importance of soil organic phosphorus, its  Here we critically review analytical procedures for the
chemical nature and dynamics remain poorly understood. extraction of soil organic phosphorus. We do not address the
This is due in part to analytical limitations, because there origins, behaviour, or biological utilisation of soil organic

phosphorus, which have been reviewed extensifehi1].
* Corresponding author. Tel.: +1 352 392 1804; fax: +1352 3923399, NOr do we consider the literature on aquatic sediments,

E-mail addressbturner@ufl.edu (B.L. Turner). which are sufficiently different from soils to warrant separate
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consideration. Our aim is to identify key problems with cur- phosphate diesters have two. Phosphate monoesters are the
rent methodology that must be addressed to advance researctiominant group of organic phosphorus compounds in most
on this important component of soil biogeochemical cycles. soils[1]. They occur mainly as inositol phosphates, a family

2. Organic phosphorus compounds in soil

phorus bond, soil organic phosphorus is classified into phos-

of phosphoric esters of hexahydroxy cyclohexane (inositol)
[13,14]. There may be one to six phosphate groups linked to

the parent inositol. Of the phosphorylated inositols, it

isomer is most common, although other stereocisomeric forms
Organic phosphorus is defined here as phosphorus presenfscyllo,p-chiro, neo) also occur in sdil4]. Other phosphate

as a constituent of organic compounds (i.e. those containingmonoesters present in small amounts in soil include sugar

carbon-hydrogen bonds). Based on the nature of the phosphosphates, phosphoproteins and mononucleotides.

Phosphate diesters include nucleic acids (DNA and RNA),

phate esters, phosphonates and phosphoric acid anhydrideghospholipids and teichoic acids. They typically constitute

Some common compounds are showrTable 1. It should

less than 10% of the soil organic phosphaflfs], although

be noted that phosphate associated with humic compounddarger proportions are detected in some forest bl Phos-

through metal bridgef 2] is not classified as organic phos-

phorus.

pholipids generally constitute a smaller fraction of the soil or-

ganic phosphorus than nucleic acids. Teichoic acids are acidic
Phosphate esters are sub-classified according to the numpolysaccharides present mainly in the cell walls of Gram-

ber of ester groups linked to each phosphate. Thus, phosphatgositive bacterigl7]. Small concentrations were reported in

monoesters have one carbon moiety per phosphorus, whilealkaline soil extracts using solutichP NMR spectroscopy,

Table 1
Common soil organic phosphorus compounds
Functional class Example compound Structure Comments

OH

|

HO—P—0
o]
Phosphate monoester  p-Glucose OH Common sugar phosphate. Other sugar phosphates
6-phosphate N o include glucose 1-phosphate and fructose

6-phosphate

Phosphate monoester  myo-Inositol Dominant organic phosphorus compound in plant
hexakisphosphate PO seeds and most soils, where it is strongly
(phytic acid) i stabilised. Regarded as relatively recalcitrant in
the environmenfl3,14,25]
i
R—C—O—CH,
Phosphate diester L-a-Phosphatidyl Rz—éll—O—CH o CH, Phospholipid commonly found in plants and
choline (lecithin) | | microorganisms. One of the two common
Hzc—o—h:—o— CHz—CHz—ll\l*-CHa phospholipids in soil132]
0 CH,
NH,
N
NT | \>
g
Organic polyphosphate ~ Adenosine I |CI> I Involved in biochemical energy transfer. Uridine,
5'-triphosphate HO—P—O—P—O— o cytidine, guanosine and thymine triphosphates are
| | | - ~ also common in biological systerfiz1]
OH OH OH
H H
OH OH

Phosphonate 2-Aminoethyl

phosphonic acid

H,N-—CH,— CH,— P-— OH

OH

Most common naturally occurring phosphonate,
found in a variety of organisms and cold, acidic
soils[19,70]

Details of other compounds can be found elsewfi2i21,55].fR represents hydrophobic fatty acyl chains that may not be identical.
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although it now seems that these were identified mistakenly Table 2
[18].
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Quantitative extraction procedures for soil organic phosphorus

Phosphonates contain carbon—phosphorus bonds, makingProcedure

Extractants

them markedly different from other soil organic phospho- Mehta et al[30]
rus compounds. The predominant phosphonate in nature is
2-aminoethylphosphonic acid, which occurs in a variety of
organismg[19]. Phosphonates accumulate in wet, cold, or
acidic soilg[20].

Saunders and

Phosphoric acid anhydrides (organic condensed phos- Wiliams[31]
phates) are involved in biochemical energy transfer and in-
clude compounds such as adenosifriphosphate. They ~— Andersons7]

contain phosphate monoester and anhydride bf#idsbut
are detected rarely in soil. Condensed inorganic phosphates
such as pyrophosphate and polyphosphate are common in
soil and constitute a potential source of error in soil organic . isiead et a[39]
phosphorus analysis (see below).

Much of the soil organic phosphorus is stabilized by as-
sociation with mineral components. Negatively charged or-
ganic phosphorus compounds attach to minerals such as alu-
minosilicates (clays) and hydrous iron or aluminium oxides.
This can occur directly or through polyvalent bridging cations
such as calcium or ferric iron. As a result, much of the soil or- Thomas and
ganic phosphorus is difficult to extract even in strong solvents  gowman[34]
[22]. In particular, inositol phosphates sorb strongly to clays
and react with metals to form insoluble precipitates known
as phytateg14]. Calcium phytates are insoluble in alkali,
whereas iron and aluminium phytates are insoluble in acid
[23]. Phosphate diesters are less strongly sorbed, although
DNA can penetrate the interlayer spaces of clays under acidic
conditions[24]. Mechanisms involved in the abiotic stabil-
isation of organic phosphorus in soil are reviewed in detail
elsewherg25].

The various organic phosphorus compounds in soil ex-

Steward and
Oadeqd41]

Hong and Yamane

(38]

Bowman[43]

Bowman and Moir

[45]

i. Hot concentrated HCI/10 min

ii. Concentrated HCI at room temperature/1 h
iii. 0.5M NaOH at room temperature/1 h

iv. 0.5M NaOH at 90C/8h

i.0.1MHCl/1h
ii. Leached with hot HCI
iii. 0.1 M NaOH/16 h (twice)

i. 0.3M NaOH/16 h

ii. Hot concentrated HCI/10 min

iii. Concentrated HCI at room temperature/1 h
iv. 0.5M NaOH at room temperature/1 h
v.0.5M NaOH at 90C/8 h

i. 0.1 M HCI/30 min (twice)

ii. Ultrasonic dispersion in 0.2 M aqueous acetylace-
tone (pH 8.0)/2h

iii. 0.2 M aqueous acetylacetone (pH 8.0)/16 h

iv. 0.2 M aqueous acetylacetone (pH 8.0)/24 h (twice)
v. Ultrasonic dispersion in 0.2 M aqueous acetylace-
tone (pH 8.0)/2h

vi. 0.2 M aqueous acetylacetone (pH 8.0)/24 h (twice)

i.0.05M HCI+0.05 M HF/2h
ii. Cation exchange resin (Ndorm) in water/4 h

i. .OM HCI
ii. Ultrasonic dispersion in 0.5M NaOH (3 min)

i.0.1MHCI
ii. Cation exchange resin (Ndorm) in water/10 h
iii. 0.2 M agueous acetylacetone (pH 8.3)/12h (x4)

i. Concentrated bSOy
ii. 0.5M NaOH at 85C/2h

i.0.25M NaOH and 0.05M EDTA at 88C/2h

tracts can be speciated by several techniques. Those involving
NMR spectroscopy, mass spectrometry, and various separa-

tion procedures were reviewed recently in detail [see chapters V- Procedures to extract a pool of organic phosphorus with

in 2]. Phosphatase hydrolysis can also provide information
on the composition of extractable organic phosphorus by sep-

biological or environmental relevance.

arating it into functional classes based on susceptibility to 3.1. Quantitative extraction

enzymatic cleavagi6-28].

Quantitative extraction is designed to recover all the or-
ganic phosphorus from the soil. This is necessary because

3. Extraction of soil organic phosphorus

Procedures to extract organic phosphorus can be separate
into five broad categories depending on the objective of the
study.

there are no direct methods to determine total soil organic
Bhosphorus in situ. This also means it is impossible to accu-
rately assess the efficiency of quantitative extraction. Proce-
dures for quantitative extraction are outlinedlable 2.

The most effective extractants for soil organic phospho-

i. Quantitative procedures to extract the total soil organic rus are alkaline solvents such as sodium hydrox2ia.

phosphorus.

These create electrostatic repulsion by increasing the neg-

ii. Sequential extraction procedures to fractionate organic ative charge of both organic and mineral components and
phosphorus into discrete pools based on relative solubil- replace polyvalent bridging cations with markedly less ef-

ity.

fective monovalent cations such as sodi@9]. It should be

ii. Single-step procedures to extract organic phosphorus in noted however that soil organic carbon and nitrogen are not

a form suitable for subsequent speciation.
iv. Compound-specific procedures to extract a single form
of soil organic phosphorus.

quantitatively recovered by alkaline extraction.
The recovery of organic phosphorus in alkaline solvent
may be improved by pretreating the soil with mineral acid
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[22]. This removes polyvalent bridging cations and dissolves  Long analysis times were a clear limitation of the early
salts of organic phosphate esters that are relatively insolubleprocedures for quantitative extraction of soil organic phos-
in alkaline solution. Most early methods used a strong mineral phorus, due to multiple long extraction steps. For example,
acid such as concentrated hydrochloric 4&d], although the Mehta—Anderson procedure requires at least two days or
dilute solutions (e.g. 0.1 M) are also effectpd] (Table 2). a 12-h day in the laboratory.

The widely used method developed by Mehta €B4l] in- A procedure involving initial acid extraction for one hour
volves two successive extractions in concentrated hydrochlo-followed by a few minutes of ultrasonic dispersion in sodium
ric acid, followed by two extractions in sodium hydroxide. hydroxide was recommended as a rapid alternative to stan-
The authors recommended a hot concentrated acid pretreatdard proceduregtl]. It recovered more organic phosphorus
ment because they believed that some soil organic matter waghan the Mehta et a[30] method for several soils, although
protected by coatings of mineral substances such as iron ox-more inorganic phosphorus was recovered by the latter pro-
ides. However, a later study reported little influence of acid cedure, perhaps indicating hydrolysis of organic phosphorus
strength on subsequent recovery of organic phosphorus in al-during the strong acid extraction steps. In a later study, ultra-

kaline solvent. A slight modification of the Mehta et @0] sonic dispersion in sodium hydroxide without acid pretreat-
method involved acid extraction with 2 M230, for 18 h ment gave poor recoveries of organic phosphorus compared
[32], but proved inferior in subsequent studjas]. to the Mehta—Anderson meth@4R].

Several early studies assumed that organic phosphorus Bowman[43] reported a simplified scheme involving ini-
recovery during acid pretreatment was negligible [e.g. 34], tial treatment with concentrated sulphuric acid followed by
yet acidic solvents can recover considerable amounts ofextraction in hot 0.5M NaOH. Most of the organic phos-
organic phosphorus. For example, acid pretreatment of highphorus was recovered in the initial acid step. This two-step
organic matter wetland soils recovered between 2 and 9% ofprocedure compared well with the Mehta et[80] method
the total organic phosphor{&5], while molar sulphuricacid  for a range of soils from the US3] and Nigerig[44], but
recovered between 25 and 33% of the total organic phospho-appeared unsuitable for acidic soils with high organic matter
rus from a low organic matter sandy lo48&6]. Quantitative concentration§43].
analysis of soil organic phosphorus must therefore include  Subsequently, Bowman and M#5] proposed a solution
determination of organic phosphorus in acid extracts. containing EDTA and sodium hydroxide as a rapid single-

Strong acid or base extraction introduces the risk of step extractant. The presence of EDTA in the alkaline sol-
organic phosphorus hydrolysis (see Secti®R), which vent improved soil organic phosphorus recovery by chelat-
encouraged development of milder methods for quantitative ing metal cations. The method yielded comparable recoveries
extraction. Andersorj37] addressed this by including an to the two-step acid—base proced{#8] and, therefore, the
initial dilute base extraction to recover labile compounds Mehta et al[30] procedure for a range of soils. The authors’
prior to acid pretreatment. The Mehta—Anderson method rep- suggestion that NaOH—EDTA extraction was most suitable
resents the closest to a ‘reference’ procedure for quantitativefor high organic matter soils was confirmed by almost quan-
extraction of soil organic phosphorus. titative recovery of total phosphorus (i.e. both inorganic and

Thomas and Bowma[84] reported that a mildly acidic  organic) in subsequent studi@$,46]. The procedure is used
cation exchange resin extracted similar concentrations of or-widely to analyse soil organic phosphorus by solutiéR
ganic phosphorus to a conventional strong acid and alkali NMR spectroscopjA7], although such studies generally em-
procedure. The proportion of high molecular weight organic ploy an overnight extraction at room temperature rather than
phosphorus (> 50,000 Da) was greater in the resin extract tharthe hot (85°C for 2 h) conditions proposed originally.
in the strong acid and alkali extracts, suggesting that high  As no method can determine the absolute concentrations
molecular weight complexes were degraded during conven-of total soil organic phosphorus, it is difficult to assess the
tional acid—base procedures. A similar phenomenon was re-efficiency of quantitative extraction. Values for quantitative
ported by Hong and Yamar[88], who demonstrated that extraction are therefore compared typically with those de-
organic phosphorus associated with humic acids, consid-termined by an ignition procedure. These involve either low
ered to be high molecular weight compounds, constituted temperaturg48] or high temperaturg81] ashing to destroy
a greater proportion of the soil organic phosphorus extractedorganic matter, with total organic phosphorus calculated as
by a cation-exchange resin/acetylacetone procedure than byhe difference in acid-extractable phosphate between ignited
strong sodium hydroxide. and unignited samples.

Aqueous acetylacetone had been reported previously to The ignition method tends to overestimate organic
quantitatively extract soil organic phosphorus without caus- phosphorus in most soils by increasing the solubility of
ing extensive structural alteration of the extracted compoundsinorganic phosphate minerals following ignitida9,50],

[39]. The technique required multiple extraction steps and notably in soils that are highly weathergxl] or calcareous
was not adopted widely, perhaps because it was subsequentlj52]. Acid extraction of unignited samples rarely recovers
shown to be inferior to hot sodium hydroxide in extracting all the inorganic phosphate from soil, which can further
organic phosphorus from some Scottish and Canadian soilsoverestimate organic phosphorus. Incomplete extraction
[40]. of phosphate released during ignition may underestimate
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organic phosphoru$49], but this is minimal at ignition extracted in sulphuric acid was termed moderately labile.
temperatures <80CC [31]. Underestimation can also occur Organic phosphorus in the sodium hydroxide fraction was
if organic phosphorus is hydrolysed to phosphate during the separated by acid precipitation (pH 1.0-1.5) into a moder-
initial acid extraction. However, both factors are likely to be ately resistant fraction (fulvic acid, soluble in acid and al-
negligible in comparison to those leading to overestimation. kali) and a highly resistant fraction (humic acid, soluble in
Clearly, care must be taken when using ignition to estimate alkali but insoluble in acid). Inorganic phosphate extracted

soil organic phosphorus. in sodium hydroxide was also included in the moderately
labile organic phosphorus fraction, because it was assumed
3.2. Sequential extraction to originate from degradation of alkali-labile organic phos-

phorus. This is an error in this scheme, because the main

Sequential extraction schemes were developed to obtainalkali-labile compounds are phosphate diesters, which de-
additional information on the nature of soil phosphorus. A grade to phosphate monoesters rather than free phosphate
single sample of soil is subjected to increasingly stronger [55].
solvents, thus separating the phosphorus into fractions based In the Bowman and Colg4] scheme the labile and mod-
on chemical solubility. The most common methods for soil erately labile fractions were considered to be more readily
are outlined inTable 3. The Chang and Jackg&3] proce- plant-available than the moderately resistant and highly re-
dure was the first widely used soil fractionation procedure, sistant humic and fulvic acid fractions. However, there was
although it was developed to assess the distribution of inor- limited information to confirm this. It is also interesting to
ganic phosphate. We include it fable 3because it formed  note that phytic acid added to the soils used in the devel-
the basis for some of the subsequent fractionation scheme®pment of this scheme was not recovered in any fraction.
involving organic phosphorus. Given the large concentrations of phytic acid in most soils

Bowman and Colg54] developed a sequential extrac- [14], this strongly suggests that organic phosphorus recovery
tion scheme for fractionating soil organic phosphorus basedwas incomplete, yet organic phosphorus concentrations de-
on chemical solubility. This involved sequential extraction termined by extraction were similar to those determined by
of soil with 0.5M NaHCQ at pH 8.5, 1.0M HSQy, and ignition. Possible explanations for this apparent paradox in-
0.5 M NaOH. Organic phosphorus in the sodium bicarbonate clude the inclusion of alkali-extractable inorganic phosphate
extract was designated as labile, while organic phosphorusin the moderately labile organic phosphorus fraction and the

Table 3
Sequential fractionation procedures for soil organic phosphorus
Procedure Extractants Designation
Chang and JacksdB3] i. 1.0 M NH4CI Labile
ii. 0.5 M NH4F Aluminium-bound
iii. 0.1 M NaOH Iron-bound
iv. 0.25M H, SOy Calcium-bound
v. Citrate-dithionite Reductant-soluble iron-bound
vi. 0.1 M NaOH Occluded iron and aluminium bound
Bowman and Col¢36] i. 0.5M NaHCGQ Labile
ii. 1.0M HaSOs2 Moderately labile
iii. 0.5M NaOHP Moderately resistant and highly resistant
Hedley et al[56] i. Anion exchange resin Labile
ii. 0.5M NaHCG; Labile
iii. Fumigation, 0.5M NaHCQ Microbial
iv. 0.1 M NaOH Iron- and aluminium-bound
v. 0.1 M NaOH + sonication Inter-aggregate
vi. 0.1 M HCI Calcium-bound
vii. Digestion, concentrated 2304 and HO, Residual
Ivanoff et al.[35] i. 0.5M NaHCGQ Labile
ii. Fumigation, 0.5M NaHC®@ Microbial
iii. 1.0M HCI Moderately labile
iv. 0.5 M NaOH Moderately labile and nonlabile
v. Ignition, 1.0 M LSOy extraction Residual

@ Moderately labile organic phosphorus included inorganic phosphate in the NaOH extract, based on the assumption (now known to be in error) that this
represented degradation of alkali-labile organic phosphorus.

b Moderately resistant (fulvic acid associated) and highly resistant (humic acid associated) organic phosphorus fractions were separated by acid precipitatio
atpH 1.0-1.5.

¢ Moderately labile (fulvic acid associated) and nonlabile (humic acid associated) organic phosphorus fractions were separated by acid precipitation at pt
0.2.
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presence of humic-metal-phosphate complexes in alkali ex-is understood poorly, and specific groups of compounds are
tracts (see Sectioh 3). probably present in more than one fraction. Fractions that are
Hedley et al.[56] proposed a comprehensive scheme to bioavailable in one soil may not be so in oth§t8,63]and
fractionate soil inorganic and organic phosphorus based onalthough the inorganic phosphate in a fraction may be readily
chemical solubility. The scheme was based in part on the bioavailable, the organic phosphorus may [iGa.
earlier work of Chang and Jacks§®3] and involved se- Importantly, conventional classification of organic phos-
quential extraction of soil with anion-exchange resin, 0.5M phorus bioavailability based on chemical solubility is mis-
NaHCG; at pH 8.5, 0.1 M NaOH, 0.1 M NaOH with ultra- leading, because plants can obtain phosphorus from suppos-
sonic dispersion, and 1.0 M HCI. A ‘residual’ fraction was edly ‘stable’ fractions of the soil organic phosphof6s,66].
determined by digestion of the residue in hydrogen perox- Furthermore, the unextractable fraction is often assumed to
ide and sulphuric acid. Plant availability was inferred on the be organic phosphorus, yet there is no direct evidence for
basis of chemical stability. Thus, the weakly held organic this. This can be investigated in future studies by subject-
phosphorus extracted in sodium bicarbonate was assumed ting the residual fraction to hypobromite oxidation and so-
be more bioavailable than the strongly held organic phospho-lution 3P NMR spectroscopy to determine the presence of
rus extracted by sodium hydroxide. The fraction extracted in higher-order inositol phosphati&,68], or by solid-staté'P
sodium hydroxide after sonication was considered to be or- NMR to determine the possible presence of phosphonates
ganic phosphorus held within soil aggregates, while the most[69].
stable forms of organic phosphorus were assumed to remain Information on organic phosphorus obtained by sequen-
in the residual (unextracted) fraction. The original Hedley tial fractionation should clearly be interpreted with caution.
fractionation scheme has been extensively modified for use Our understanding of the bioavailability of organic phospho-
in different soils[10], but has been criticised for application rus in the various fractions will be enhanced by studies that
to organic phosphorus (see below). link speciation of extracted compounds (e.g. by a secondary
A scheme involving aspects of both the Bowman and Cole technique such as phosphatase hydrolysis or soli#en
[54] and the Hedley et a[56] procedures was developed NMR spectroscopy) with evidence of uptake by plants and
for analysis of organic phosphorus in wetland s¢85]. microbes.
This involved initial extraction of labile compounds in 0.5 M
NaHCG; at pH 8.5, fumigation to estimate microbial phos- 3.3. Single-step extraction for subsequent organic
phorus, an acid extraction in 1.0 M HCI, and finally extrac- phosphorus speciation
tion of stable organic phosphorus in 0.5M NaOH. Organic
phosphorus extracted in hydrochloric acid wasincludedinthe  The ideal extractant for chemical characterisation of soil
moderately labile pool. Residual phosphorus was determinedorganic phosphorus should maximise recovery yet minimise
by ignition and acid extraction. alteration of chemical structure. In reality much of the soil
Organic phosphorus extracted in sodium hydroxide was organic phosphorus is extracted only in strong acids or bases,
separated into fulvic acid associated (moderately labile) andwhich inevitably alter the chemical structure of at least some
humic acid associated (nonlabile) fractions, although the pre-compounds.
cipitation of humic acids was achieved in more acidic con-  The choice of post-extraction speciation technique may
ditions (pH 0.2) than in the Bowman and C¢!] scheme influence the choice of extractant. For example, solutiéh
(pH 1.0-1.5). This is significant because it can influence the NMR spectroscopy requires an alkaline solution for optimum
apparent organic phosphorus content of the humic and fulvic spectral resolution. Various extractants have been employed
fractions[57]. For example, phytic acid remains in solution for phosphorus speciation B{ NMR spectroscopy, includ-
at pH 0.2, but is precipitated with humic substances in less ing 0.5M NaOH[70], the cation exchange resin Chelex in
acidic conditiong37]. water[71], Chelex in 0.5M NaOH72], 0.5M NaOH plus
In addition to the procedures developed for soils, sev- 0.4 M NaF[73], and 0.25M NaOH plus 0.05 M EDTR7].
eral fractionation schemes were developed for phosphorusThe choice of extractant not only influences the recovery of
in aquatic sedimentfs8-62]. Most estimate organic phos- organic phosphorus from soil, but also the composition of the
phorus by some form of ignition following sequential extrac- extracted compoundg7].

tion, although the procedures of Baldw#8] and Golterman As discussed in Sectidh1l, NaOH-EDTA is a single-step
[59] involve the extraction of organic phosphorus and may extractant for the quantitative recovery of soil organic phos-
be applicable to soils. phorus[45]. This makes it particularly suitable for analysis

Fractionation schemes use only small soil samples of soil phosphorus composition BP NMR spectroscopy
(<0.59), are relatively simple to perform, and require only [74]. Chelex and EDTA both release phosphorus from com-
basic laboratory equipment. However, they may be unreli- plexation with paramagnetic ions, although EDTA maintains
able for the analysis of organic phosphorus. The various ex- paramagnetic ions in solution, which allows pulse delay times
tractants are unlikely to be either exhaustive or unique with in solution 31P NMR spectroscopy to be minimisgad5s].
respect to the target compounds. The chemical nature of theHowever, extractants that include EDTA are unsuitable for
organic phosphorus within the operationally defined factions co-analysis of carbon or nitrogen, for which sodium hydrox-
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ide alone or in combination with sodium fluoride may be although it was subsequently reported that DNA was not ox-

preferablg72]. idised[89]. Inorganic pyrophosphate also resists oxidation,
As in quantitative extraction procedures, pretreatment of which precludes the simple estimation of inositol phosphates

soil by dilute acid removes polyvalent cations that can in- in brominated soil extracts by molybdate colorimefigy].

terfere with alkaline extraction and subsequent speciation of However,myo- andscyllo-inositol hexakisphosphate can be

soil organic phosphory86]. However, there is a risk of hy-  quantified by solutiof'P NMR spectroscop}67,90].

drolysis of some compounds to phosphate (see Seét®)n

In a solution®P NMR spectroscopy study of wetland soils, 3.5. Extraction of organic phosphorus pools with

alternative mild pre-extractants, including sodium bicarbon- biological or environmental relevance

ate and potassium chloride, improved spectral resolution of

subsequent alkaline extradig6]. Sodium EDTA has also Various extractants are used to determine pools of organic
been used to remove cations prior to alkaline extragtiGi phosphorus with potential availability to plants or mobility
but like strong acid extractants it also recovers some organicin the environment. Organic phosphorus that is likely to be
phosphoru$45]. transferred in runoff to water bodies can be estimated by a
simple water extractiofi91], although there is little infor-
3.4. Extraction of specific compounds mation on the organic phosphorus composition of drainage

water with which to validate such procedufég]. Pore wa-
Numerous techniques are available for the examination of ter that moves slowly by matrix flow to depth can be obtained
specific organic phosphorus compounds in soil, which gen- by centrifugation, although it may more closely approximate
erally involve extraction with a reagent specific to the recov- organic phosphorus available to plants rather than that trans-
ery of a particular class of compoufid. A detailed assess-  ferred in runoff{93,94]. The small concentrations of organic
ment of such techniques is outside the scope of this review,phosphorus in both water extracts and soil solution can be
but procedures have been developed to extract phospholipiddurther characterised by phosphatase hydrol{&6595,96]
[78,79], sugar phosphat§B0], inositol phosphatef68,81], or solution31P NMR spectroscopi7].
adenosine triphosphaf82], nucleic acids, and nucleotides Organic phosphorus that is potentially available to plants
[22,83,84]. They are generally laborious and often limited is often estimated by extraction in sodium bicarbonate. This
by incomplete extraction or difficulties with post-extraction is based in part on the widespread use of bicarbonate extrac-
analysig14]. tion to estimate plant-available phosphf8] and the fact
Inositol phosphates are used here as an example of thehat compounds which degrade rapidly in soils (e.g. ribonu-
potential problems involved with the extraction of specific cleic acid) can be recovered in bicarbonate extrfgfig A
organic phosphorus compounds from soil. The inositol phos- potentially useful index of bioavailable phosphorus included
phates are of particular interest due to their ubiquity in soils, the increase in bicarbonate-extractable organic phosphorus
and the presence of stereoisomeric forms that occur rarelythat followed stimulation of the microbial biomass by addi-
elsewhere in naturgl4]. The extraction of inositol phos-  tion of labile carbon substraf@9], but has not been adopted
phates from soil is complicated by their strong sorption to widely. It is also worth noting that organic phosphorus ex-
clays and their propensity to form insoluble complexes with tracted from soil by a macroporous anion exchange resin
polyvalent cation$13,14,81]. (Lewatit MP500a, Bayer Corp., Pittsburgh, USA) was re-
The conventional extraction scheme was developed ini- ported to represent a pool of potentially mineralisable organic
tially by McKercher and Andersof81] and later refined by  phosphorus, apparently of microbial origk03—105].
Anderson[85]. Soil was first treated with a dilute mineral Unfortunately, information confirming bicarbonate-
acid to remove carbonates, and then extracted with hot 3 M extractable organic phosphorus as a readily plant available
NaOH to recover the strongly bound inositol phosphates. fraction is scarce. Assessment of the potential bioavailability
Sesquioxides were removed as precipitates from the alkaliof bicarbonate-extractable organic phosphorus based on
extract and the inositol phosphates precipitated as bariumits susceptibility to hydrolysis by phosphatase enzymes
salts in the presence of ethanol. They were then separated byas revealed both larde7] and small[28] proportions of
ion-exchange chromatograp[84]. hydrolysable compounds. Bicarbonate-extractable organic
Despite its widespread use, the McKercher and Andersonphosphorus is also sensitive to soil preparaf{ib®0,101],
[81] method tended to overestimate the concentration of because concentrations can increase markedly following
inositol phosphates, because other organic phosphorussoil drying (see Sectiod.1). Importantly, plants and algae
compounds were present in the chromatographic fractionsaccess organic phosphorus compounds from soil pools
that supposedly contained only inositol phospli@83. This with a range of chemical solubility rather than just the
can be overcome using hypobromite oxidat[86], which bicarbonate-extractable fracti¢®b,66,102].
oxidises soil organic matter without degrading inositol An alternative approach to estimating bioavailable organic
phosphate487,88]. The brominated extract can then be phosphorus is to simulate the secretion of organic anions
analysed without interference. Other organic phosphatessuch as citrate, malate, or oxalate by plant roots. These com-
are completely oxidised by hypobromite treatmé¢df], pounds chelate metals like aluminium in sdiD6] and can
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therefore simultaneously solubilise associated organic phos-following soil drying[101], because the high ionic strength
phorus. Citrate (50 MM at a pH of approximately 2.3) was of the bicarbonate solution reduces osmotic stress and associ-
used to estimate plant-available organic phosphorus in Aus-ated lysis of viable cells compared to water extracfioi].
tralian soils, with speciation of the extracted compounds by This hypothesis is supported by evidence that the composi-
phosphatase hydrolysj28]. A large proportion of the ex-  tion of organic phosphorus in bicarbonate extracts is similar
tracted organic phosphorus was hydrolysed by phosphomo-to that in strong alkaline extrac{g7,112].
noesterase and phytase, in contrast to only small amounts of The impact of preparation is less clear for wetland soils.
hydrolysable compounds in bicarbonate and water extracts. For example, Schlichting et 4l.13]reported that extractable
Estimation of bioavailable soil organic phosphorus is phosphorus concentrations in a peat decreased following dry-
important for studies of plant nutrition in both natural ing, freezing, or cold storage. In contrast, Pezzolesi et al.
and managed environments, yet current procedures lackj114]observed no significant differences in extractable phos-
experimental validation. A key research priority is therefore phorus concentrations in wetland soils that were dried, frozen
the development of methodology to estimate pools of organic or stored under nitrogen gas. The differences may be linked to
phosphorus with biological relevance. Development of such redox status, because oxidation of anaerobic soils, including
procedures should include information on the chemical those in rice paddy or wetlands, can induce marked changes
forms of extracted organic phosphorus, as well as direct in chemistry and microbiologj115]. However, there is lit-

evidence of uptake by plants. tle information on the effect of changing oxidation status
on the composition and solubility of soil organic phospho-
rus.

4. Methodological limitations The effects of soil pretreatment on the solubility of organic

phosphorus are potentially important, but rarely assessed. As
There are various limitations on the accuracy of proce- the effects appear to vary among soils, pretreatment method-
dures for extracting soil organic phosphorus. These rangeology should be considered carefully before any study of sall
from artifacts induced by soil preparation to problems with organic phosphorus based on solubility.
the determination of organic phosphorus in the extracts.
These issues have almost certainly influenced the accuracyt.2. Alteration of the chemical structure of organic
of most studies, although it is often difficult to assess this, phosphorus during extraction
especially for some of the older literature.
Any procedure for extracting soil organic phosphorus
4.1. Soil preparation must minimise degradation of the compounds of interest.
This is difficult because the strong solvents necessary to ex-
Soils are commonly dried, sieved, and stored prior to anal- tract organic phosphorus from soil inevitably alter the chem-
ysis, but this can alter the solubility of soil organic phos- ical structure of some compounds. The extent and nature of
phorus. This is unlikely to influence quantitative analysis, the degradation differs between acidic and alkaline solvents,
but can profoundly affect the distribution of organic phos- while the importance of the respective effects varies with the
phorus in fractionation schemes and the extraction of or- objective of the study.
ganic phosphorus pools with biological or environmental Many of the original extraction schemes for soil organic
relevance. In particular, drying can increase the amount of phosphorus were compromised by the inclusion of a strong
organic phosphorus extracted in waféf] and bicarbon- acid extraction step, because several organic phosphates are
ate[101]. Water-extractable organic phosphorus is markedly unstable in acid solutioj21]. These are likely to be quantita-
influenced by even mild dryin{p1], because rewetting re- tively negligible when determining total organic phosphorus,
leases compounds from microbial cells that lyse during rapid but may have ecological relevance. BownjdA] reported
rehydratior[107,108]. A similar mechanism probably occurs negligible acid hydrolysis for several compounds (glucose

following freezing and thawin@l09]. phosphate, phytic acighara-nitrophenyl phosphate and bis-
The physical stresses induced by soil drying also disrupt para-nitrophenyl phosphate) during his extraction procedure
organic matter coatings on clay and mineral surfg&&g], that involved addition of concentrated sulphuric acid. In con-

which may contribute to organic phosphorus solubilisation. trast, Andersori37] showed that strong acid pretreatment
Functional classification of organic phosphorus in water ex- (4 M H2SOq, 12 M HCI) hydrolysed between 5 and 100% of
tracts of some dried Australian pasture soils revealed similar some organic phosphorus esters (glucose 1-phosphate, RNA
amounts of microbially derived phosphate diesters and phyticand DNA) added to soil. Mehta et #B0] suggested that the
acid from the non-biomass soil organic mafg8]. However, strong acid extraction steps in their procedure did not cause
it should be noted that the phytic acid fraction may have in- significant hydrolysis of organic phosphorus, but could not
cluded small amounts of phospholipids not hydrolysed by the rule this out completely. Acid pretreatment remains useful
phosphodiesterase used in that st{@§]. Physical disrup-  for the extraction of compounds such as inositol phosphates,
tion of organic matter coatings probably accounts for most where there is no risk of hydrolysis of the target compounds
ofthe increase in bicarbonate-extractable organic phosphorug14,22].
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The effects of alkaline hydrolysis were reported recently 30 min after preparation
for a wide range of soil organic phosphorus compounds
[18,55]. Phosphate monoesters were stable, but some puri-
fied phospholipids added to soil extracts were hydrolysed
to phosphate monoesters. Of the three phospholipids com-
monly found in soils, phosphatidyl choline was degraded |58
within hours, phosphatidyl serine degraded more slowly over A A s
days, while phosphatidyl ethanolamine was relatively resis-
tant to hydrolysis within the timeframe of the experiment. Of 2 hafter preparation
the nucleic acids, DNA was stable in alkaline solution, but
RNA hydrolysed rapidly to its constituent mononucleotides. 15 10
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Some phosphonates also degrade in alkaline solution. The
most common phosphonate, 2-aminoethylphosphonic acid, is
stable[55], but phosphonolipids degrade relatively rapidly, ot \ N ”
especially at elevated temperat7®]. Organic polyphos- , )
phates appear to be relatively stable in alkaline solytéi 4 h after preparation
but may precipitate with metals at high gHL6].

The risk of organic phosphorus hydrolysis in strong acid
or alkaline solutions can be partly overcome by initially ex- 515 481
tracting labile compounds in a mild solvent such as sodium 505 \
bicarbonate or dilute sodium hydroxifh,37]. This recov-
ers labile compounds that may be degraded by strong acid PSR AT N G .
or base extraction, but which are likely to have ecological
relevance. They can then be quantified and speciated by a 481
suitable technique. It might be possible to use alternative ex-
tractants to avoid hydrolysis such as dimethylsulphofldle
while chelators such as EDTA at neutral pH might also be
appropriatg77].

While some degradation of soil organic phosphorus dur- \“l
ing extraction and analysis is inevitable, understanding the R i
process can minimise misinterpretation of results. As an ex-
ample, phosphatidyl choline degrades in alkaline solution to Chemical shift (ppm)
two phosphate monoesters, glycerophosphate and phospha- _ o
tidic acid (Fig. 1). This means that hydrolysis of phospho- Fig. 1. The breakdown of phosphatidyl choline in NaOH assessed by so-

L . . . . lution 3P NMR spectroscopy§55]. The strong signal from phosphatidyl
|Ip|dS does not compromise the estimation of total 0rganiC ;qjineat0.78 ppm transforms relatively rapidly into two signals at 4.80 ppm

phosphorus in alkaline extracts, because the hydrolysis prod-and 5.15 ppm, representing glycerophosphate and phosphatidic acid, respec-
ucts are other organic phosphorus compounds rather thartively. As degradation does not release free phosphate it does not com-
free phosphate. In contrast, acid hydrolysis releases phos.promise assessment of total organic phosphorus. It should be noted that
phate, leading to an underestimation of the organic phos- choline phosphate, the natural product of enzymatic hydrolysis of phos-

. - . phatidyl choline, appears close to 4.0 ppm in alkaline solution. This means
phOI‘US content. The major pathway of phosphandyl choline that compounds originating from alkaline hydrolysis during extraction and

hydrolysis in nature is by phospholipase C to yield choline analysis can be differentiated from the natural product of phospholipase C
phosphate. As this compound appears at a different chemicahydrolysis. R =fatty acyl chains.

shift to glycerophosphate and phosphatidic acid in solution
31p NMR spectroscopy, it is possible to differentiate ana-
lytical and enzymatic breakdown products of phosphatidyl =~ The most common colorimetric detection procedure for

0.78

choline in well-resolved spectfé6]. inorganic phosphate is the molybdate blue mefidd]. To-
tal phosphorus is measured by the same procedure following
4.3. Analysis of extracted organic phosphorus a suitable digestion step to convert organic phosphorus to

phosphate, although it can also be measured by inductively
Almost all procedures for the extraction of soil organic coupled plasma optical-emission spectroscopy (ICP-OES).
phosphorus use the same method to measure organic phodssues involved in the estimation of organic phosphorus by
phorus in the extracts. Organic phosphorus cannot be quanti-molybdate colorimetry are described in detail elsewhere in
fied directly, because most solvents extract both organic andthis issug118]. For example, care must be taken to ensure that
inorganic phosphorus from soil. Organic phosphorus is there- extracts are neutralised prior to analysis to ensure that colour
fore determined colorimetrically as the difference between development proceeds normally, while extracts containing
total phosphorus and inorganic phosphate. EDTA must be sufficiently diluted to avoid interference with
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colour development. However, some important issues spe-crobial phosphorus to solution, which is then included in the
cific to the analysis of soil extracts are described here. respective total inorganic and organic phosphorus values.
The most serious source of error is due to the association  Of particular relevance is the origin of phosphate diesters
of inorganic phosphate with humic substances. This preventsin alkaline extracts. These are typically a small proportion of
the phosphate from detection by molybdate colorimetry and the soil organic phosphorus, but are assumed to represent a la-
leads to an overestimation of organic phosphorus, especiallybile fraction[103,127]. Microbial phosphorus is mainly phos-
when humic material (and associated phosphate) is precipi-phate diestergl0,128], yet the contribution of microbes that
tated by chilling and acidification prior to analy§ld 9]. The were alive atthe time of extraction is considered rarely. Based
quantitative importance of this is unclear. Craft and Richard- on laboratory manipulations, Makarov et[dl26] suggested
son[120] reported no effect of precipitation on phosphate that much of the DNA in alkaline extracts of mountain soils
concentrations when analysed by several procedures, butvas stable extracellular material, whereas the phospholipids
recent studies reported that phosphate determined in alkalinevere extracted mainly from living microbes. Separating cel-
extracts by colorimetry was consistently lower than that lular and extracellular compounds is necessary to understand
determined by solutiod’P NMR spectroscopy121,122]. soil organic phosphorus dynamics, so the development of a
Underestimations varied among soils, but in a calcareous up-procedure to distinguish these sources of organic phosphorus
land soil, phosphate concentrations determined by colorime-would be a considerable advance.
try were 1-4% of the total extracted phosphorus, compared
to 20—34% determined by NMR spectrosc¢pg2]. Smaller
errors were reported for extracts of other sflls,27]. 5. Conclusions and research priorities
The association between phosphate and humic substances
is probably through polyvalent metal bridging cations. This Despite the importance of organic phosphorus in soil bio-
hypothesis is supported by the presence of phosphate in pregeochemical cycles, our understanding of its dynamics and
cipitated humic acid$123,124]and dialysed alkaline soil  ecological function remain unsatisfactory. Progress is lim-
extractd103]. As almost all studies in the older literature de- ited in part by extraction methodology, because information
termined organic phosphorus in alkaline extracts by molyb- on organic phosphorus species provided by modern analyti-
date colorimetry, this effect may be highly significant. cal techniques cannot be linked to biological availability with
A further important source of error is the presence of any degree of confidence.
complex inorganic phosphates, such as pyrophosphate and Quantitative extraction of soil organic phosphorus is lim-
polyphosphate, in soil extracts. These are included in the or-ited by the absence of a direct method to determine absolute
ganic phosphorus fraction, because only free phosphate isvalues. It is remarkable that such a method remains elusive,
determined by molybdate colorimetry (notwithstanding pos- yet it may be appropriate to reassess this given recent ad-
sible acid-induced hydrolysis of labile organic phosphorus). vances in analytical instrumentation. In the meantime, a use-
This can be overcome for water extracts by using ultravio- ful alternative may be the adoption of a standard reference
let photo-oxidation to determine organic phosphdib], soil, as developed recently for analysis of aquatic sediments
but leads to an overestimation of organic phosphorus in other[62].
types of extracts. As pyrophosphate is present in almost all  Differences in the results obtained using the various quan-
soils, typically constituting around 5% of the total phospho- titative extraction procedures probably depend in part on the
rus[15,16,103], it represents a potentially serious error in the properties of the soil being analysed. This means that no
estimation of soil organic phosphorus. single method has evolved as a ‘standard’ procedure, which
Problems of organic phosphorus detection are overcomecomplicates comparison of literature values. The single-step
by solution3!P NMR spectroscopy. This technique avoids NaOH-EDTA procedure may be important in this respect,
problems with complexes between phosphate and humic sub-because it extracts similar amounts of organic phosphorus
stances and allows organic phosphorus to be quantified septo conventional strong acid—base procedures and facilitates
arately from condensed inorganic phosphates. Such analysisubsequent speciation of the extracted compounds by solu-
is relatively expensive for most studies, but it may be worth- tion 3P NMR spectroscopy. The method might be further
while to assess the likely error in organic phosphorus deter- improved by including an acid or chelating pretreatment, but

mination for one or two representative samples. this remains to be assessed.

Perhaps the most important issue is the development of
4.4. Microbial contribution to extracted organic procedures to accurately estimate pools of soil organic phos-
phosphorus phorus with ecological relevance. Potential bioavailability

is often inferred from chemical solubility, yet there is little
An aspect of soil organic phosphorus analysis that receivesempirical evidence to confirm this. Where bioavailability
relatively little attention is the contribution of viable microbes was investigated using sequential extractj65,66], plant
to the measured organic phosphorus composjti@s]. Soil roots depleted all fractions irrespective of apparent stability,
preparation by drying and grinding combined with strong indicating clearly that chemical solubility and plant uptake
acid or base extraction is likely to release most of the mi- are not coincident. A first step in addressing this will be to
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obtain information on organic phosphorus species recovered [11] L.M. Condron, B.L. Turner, B.J. Cade-Menun, Chemistry and dy-
by the various sequential extracts. Given the changes in namics of soil organic phosphorus. In: T. Sims, A.N. Sharpley
organic phOSphOI’US squbiIity that can result from soil (Eds_.), Phosphorus: Agrlcglture a_nd the_ Environment. American
drvi h studi hould al th ffect of il Society of Agronomy, Madison, Wisconsin, USA, 2005.
rying, such studies should also assess the efiect of SOIl (151 5 Gerke, commun. Soil Sci. Plant Anal. 23 (1992) 601.
pretreatment prior to extraction. [13] D.J. Cosgrove, Inositol Phosphates: Their Chemistry, Biochemistry
It is possible that linking chemical solubility and poten- and Physiology, Elsevier Scientific, Amsterdam, The Netherlands,
tial bioavailability may require the development of novel ap- 1980. _ _
proaches that go beyond conventional schemes designed to[14] B-L. Tumer, M. Paphzy, P.M. Haygarth, 1.D. McKelvie, Philos.
inorganic phosphate. There are important conceptual ., 2% *- Soc. Lond. Ser. B 357 (2002) 449.
assess g P p t p . p [15] B.L. Turner, N. Mahieu, L.M. Condron, Org. Geochem. 34 (2003)
problems with measuring static pools of organic phospho- 1199.
rus to assess plant availability, because such pools may not [16] B.J. Cade-Menun, S.M. Berch, C.M. Preston, L.M. Lavkulich, Can.
reflect turnover in soil. For example, phosphate diesters are J. Forest Res. 30 (2000) 1714. _ '
the major inputs of organic phosphorus to soils, but they de- [171 T.D- Brock, M.T. Madigan, J.M. Martinko, J. Parker, Biology
. . . of Microorganisms, 7th ed., Prentice-Hall, Englewood Cliffs, NJ,
grade rapidly and only small concentrations are detected in USA. 1994
most soils. In contra_st, relatively small amounts of inosito_l [18] M.I. Makarov, L. Haumaier, W. Zech, Soil Biol. Biochem. 34
phosphates enter soil, but they accumulate to form the major (2002) 1467.
group of organic phosphorus compouritis]. [19] R.L. Hilderbrand, The Role of Phosphonates in Living Systems,
Small amounts of some compounds may therefore con- CRC Press, Boca Raton, Florida, USA, 1983,
| id rat ft Thi that th tributi [20] K.R. Tate, R.H. Newman, Soil Biol. Biochem. 14 (1982) 191.
cealrapi . rates ot urnover. 1S means_ atthe contribution [21] D.E.C. Corbridge, Phosphorus 2000. Chemistry, Biochemistry and
of organic phosphorus to plant nutrition may be more Technology, Elsevier, New York, USA, 2000.
usefully assessed by measuring rates of turnover rather than [22] G. Anderson, in: A.D. McLaren, G.H. Peterson (Eds.), Soil Bio-
amounts in static pools. However, methods to determine chemistry, vol. 1, Marcel Dekker, New York, USA, 1967, pp.
rates organic phosphorus turnover are lengthy, complex, and ___ 87-90:

difficult to interpret in soils with a high capacity to sorb [28] R.H. Jackman, C.A. Black, Soil Sci. 72 (1951) 179-186.
phosphatg129-131]. Until such methods are suitable for
routine use, extraction schemes will remain an important

tool for assessing organic phosphorus in soil. In this respect,
the development of a simple extraction procedure to estimate

plant availability is desirable. This would facilitate a rapid
improvement in our understanding of the role of soil organic
phosphorus in biogeochemical cycles, crop nutrition, and
the functioning of terrestrial ecosystems.
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