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The impact of mobile colloids on the transport of
phosphorus in the subsurface environment is not well
understood. We hypothesized that interactions between
metals, organic matter, and P control the dynamics of mobile
colloidal P species in excessively fertilized sandy soils.
The effect of UV irradiation and additions of 32P, orthophos-
phate, Fe, Al, and NaF on the concentration of colloidal
P was examined using gel filtration chromatography.
In addition, molybdate unreactive P (MUP) was characterized
using phosphomonoesterase assays. The high molecular
mass reactive P (HMMRP) fraction did not react to
orthophosphate additions, increased upon Al and Fe
additions and decreased upon NaF addition and UV irradiation.
These results support the hypothesis that HMMRP is
present as organic matter-metal-orthophosphate
complexes. The concentration of high molecular mass
unreactive P (HMMUP) decreased upon UV irradiation. The
MUP concentration slightly decreased upon incubation
with phytase and acid phosphatase. These observations
fitted well to the “protection” hypothesis, where hydrolyzable
P bonds are protected from monoesterase attack through
occlusion in colloidal material. Taken together, this
study indicates the high potential for subsurface P loss
by colloidal particles in soils excessively fertilized with animal
manure.

Introduction
The transfer of phosphorus (P) from agricultural land to
aquatic environments sensitive to eutrophication has been
a concern for more than 30 yr. Continued application of
fertilizer and animal waste P, often in excess of crop
requirements, has resulted in a buildup of P in many soils
to levels that are of environmental concern, especially in
areas used for intensive crop and livestock production (1-
3). At present, an increasing proportion of the P loading of
surface waters and groundwaters appears to be derived from
agricultural soils (2, 4). While it is generally accepted that P
is mainly exported via surface hydrochemical transfer
pathways, significant quantities of P may be lost via
subsurface pathways. This is particularly the case in areas
where (i) soil P concentrations are already very high (e.g.,
regions with intensive animal production or heavy fertilizer
use) (5-7), (ii) soil P sorption capacities are low (sandy soils,
high organic matter soils) (5, 8), or (iii) subsurface transport
is enhanced by artificial drainage systems (tiles and surface
ditches) or by natural preferential flow pathways through
macropores (7, 9-11).

A wide range of P forms has been reported in soil solution
and drainage waters. Commonly used fractionation schemes
partition the total P (TP) concentration into a molybdate
reactive fraction (MRP) and a molybdate unreactive fraction
(MUP). In addition, membrane filtration is used to discrimi-
nate between dissolved and particulate P. In P mobility and
availability studies, emphasis has traditionally been on
dissolved MRP, which is generally considered to consist of
orthophosphate compounds (12, 13). A number of recent
studies reported however the presence of colloidal-sized MRP
and MUP in the “dissolved” fraction of soil solutions and
soil-water extracts (14-18). In 0.45-µm filtered soil solutions
from excessively fertilized sandy soils in northern Belgium,
for instance, 30-60% of MRP and 85-95% of MUP were
associated with colloidal particles g0.025 µm (18). This has
implications for our understanding of P mobility and
bioavailability in soils and demands for cautious interpreta-
tion of formerly collected data on dissolved P concentrations.

Whereas mobile colloids may drastically alter the transport
of contaminants such as radionuclides, heavy metals, and
organic xenobiotics in the subsurface environment (19, 20),
their impact on P mobility is not clear. Column leaching
studies on maize-grown and manured sandy soils reported
that mobile organic matter (OM) or other colloidal particles
mediated P transport to a large extent (21, 22). Similarly,
leaching of P associated with fulvic acids and hydrophobic
neutral OM was found to be the most likely mechanism for
P transfer in forest soils (23-27). Although these studies
indicate that high molecular mass OM (HMMOM) may
facilitate or enhance subsurface P transport, they provide
little information on the nature of the “complex” and colloidal
P species encountered. Characterization of P forms in
drainage waters is however essential to gain some insights
into the mechanisms controlling the mobility and environ-
mental fate of colloidal P species.

Most attempts to identify and characterize naturally
occurring complex P species have dealt with samples from
freshwater lakes, rivers, or bogs, thereby using techniques
such as gel filtration chromatography (GFC), high-perfor-
mance liquid chromatography, 32P and 33P tracer studies,
bioassays, and enzyme bioassays (for a review, see ref 26).
A common denominator in these studies is the presence of
high molecular mass P (HMMP) species and the role
attributed to OM or humic substances (HS) and ferric iron
in the formation of HMMP species (26, 27). Most evidence
for the presence of complexes between OM, FeIII, and P in
surface waters has been “indirect”, since direct demonstration
of the existence of these complexes is hampered by the low
concentrations of P (typically ranging from 0.1 to 5 µM in
oligotrophic to eutrophic systems). Similar complexes be-
tween OM, metals, and P (denoted briefly as OM-M-P
complexes) have been reported to occur in soil solution (14),
sodium bicarbonate extracts of soil (28), and alkali soil extracts
(29, 30).

The purpose of this study was to characterize colloidal P
species in soil solutions obtained from two excessively
fertilized sandy soils and from a sandy soil under coniferous
forest. Apparent molecular size distributions of TP, MRP,
and 32P were obtained by GFC and used to identify and
quantify individual P species. Functional characterization of
these P components was achieved by additions of 32P,
orthophosphate, FeIII, Al, and NaF, UV irradiation, and
enzymatic hydrolysis. Using this approach, we intended to
assess to what extent interactions between OM, Fe, Al, and
P control the distribution of P over the different P species
present.
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Experimental Section
Site Description. The Noorderkempen region in Belgium is
characterized by intensive livestock farming systems in which
large quantities of P are excreted with manure per unit of
agricultural land (e.g., 92 kg of P ha-1 for the entire region
in 1997; 31). Soils are mainly sandy to loamy-sandy Podzols
developed in eolian deposits of quartzitic sands. Within the
Noorderkempen region, the degree of P saturation (DPS;
determined according to ref 8) of the soil in the plough layer
(0-30 cm) of arable fields and pastures averages 59% (SD
28%) (32), while groundwater tables are on average 50-150
cm below the surface. As a consequence, the agricultural
soils in this region have a high potential for (subsurface) P
loss (5, 6, 8).

For this study, three 1.6 × 1.6 m2 plots were selected within
a permanent pasture, an arable field, and a coniferous forest
in Ravels (Noorderkempen, Belgium). Relevant site and soil
characteristics are given in Table 1. Due to excessive
application of mineral fertilizer and animal manure, P has
accumulated in the plough layer of both agricultural soils up
to oxalate-extractable P (Pox; determined according to ref 8)
concentrations of 16-20 mmol of P kg-1 and DPS values
between 40 and 45%. The forest soil was a sandy Carbi-
anthric Podzol and received no fertilizer inputs. Here, Pox

increased with depth from ∼0.4 to 2.5 mmol of P kg-1. Profile-
averaged (0-90 cm) DPS values for the pasture, arable, and
forest soil were 28.4, 15.3, and 7.2%, respectively, and did
not exceed the critical DPS of 40%, which is used in Flanders
to classify soils as “P-saturated” (31).

Soil Solutions. Soil samples were collected on January
12, 1998. The pasture (soil 1) and arable (soil 2) plots were
sampled at 5-15-cm depth. Soil 3 was taken from the upper
E horizon (7-17 cm) of the forest soil. The soil samples were
stored field-moist and unsieved at ∼2 °C in darkness. Soil
solutions were obtained prior to each experiment (January
13 and February 10, 20, and 27; referred to as series A-D)
by centrifugal displacement (RCF ∼1000g). Centrifugates were
vacuum filtered at 20 kPa through 0.45-µm pore-size MF-
Millipore membrane filters (47 mm diameter, not prerinsed).
The first drops of filtrate were discarded. Filter loading varied
between 0.3 and 2 mL cm-2, depending on particulate matter
content. All filtrates were analyzed for MRP and TP. Sub-
samples of the filtrates were taken for analysis of pH, organic
C (OC), and major ions.

Gel Filtration Chromatography. The GFC system was
built from Pharmacia Biotech components and consisted of
a HiLoad pump P-50, two HiLoad 16/60 columns connected
in series, filled with Superdex 30 pg (fractionation range e10
kDa) and 200 pg (fractionation range 10-600 kDa), respec-
tively, and a GradiFrac fraction collector. System components
were connected with Tefzel ETFE tubings. Both columns

could be used separately. Samples were injected in-stream
by a 2-mL sample loop and eluted with a 10 mM NaCl solution
at 1.00 mL min-1. Absorbance at 280 nm (A280) of the eluate
was recorded continuously with a Pharmacia Biotech UV-1
monitor with a 10-mm flow cell. Five-milliliter fractions were
collected automatically. The columns were wrapped with
aluminum foil to exclude light. Elution of soil solutions yielded
complete or nearly complete recovery of injected amounts
of TP, MRP, and 32P (see also ref 18). The apparatus was
cleaned of any material from the samples after each 15-20
runs by rinsing the columns first with ∼120 mL of 0.5 M
NaOH, followed by ∼60 mL of 0.1 M HCl and ∼240 mL of
10 mM NaCl.

The elution of UV-absorbing material and P species is
specified by the partition coefficient Kp:

where Ve is the elution volume, Vo is the exclusion volume,
and Vi is the interstitial volume. The exclusion volumes,
determined by elution of Blue Dextran 2000 (Pharmacia
Biotech AB), were 40.16 mL (SD 0.13 mL, n ) 3) and 45.63
mL (SD 0.17 mL, n ) 3) for the Superdex 30 and 200 pg
columns, respectively. The elution volume of 32PO4, used as
a measure of the inclusion volume (Vi + Vo), was determined
to be 97.73 (SD 0.22 mL, n ) 3) and 107.85 mL (SD 0.38 mL,
n ) 3) for the Superdex 30 and 200 pg columns, respectively.

Characterization of High Molecular Mass Phosphorus.
Rationale. In a previous study, we showed that P colloids
could easily be separated as HMMP species from low
molecular mass species, dominated by the free orthophos-
phate (PO4) fraction, using GFC (18). In the present work,
soil solutions were subjected to a series of experimental
treatments, including UV irradiation and additions of or-
thophosphate, FeIII, Al, F, and phosphomonoesterases, all
designed to induce net P transfers between the HMMP and
PO4 fractions. Assuming that OM-M-P complexes form a
major part of the colloidal-sized P species, additions of FeIII

and Al are likely to result in a redistribution of P toward the
colloidal fraction. The fluoride treatment was selected to
disrupt P-Al and P-Fe associations by the formation of
fluoro-Al and fluoro-Fe complexes, which have substantially
higher formation constants than the metal-P complexes (34).
Irradiation with UV light decomposes organic matter with
subsequent release of bound constituents such as phosphate.
It has been demonstrated that orthophosphate could be
released from HMMP by a mechanism involving UV-induced
photoreduction of organically bound ferric iron to the ferrous
state (35). The enzyme treatments on the other hand were
included to assess the presence of monoester P-bonds in

TABLE 1. Site and Soil Characteristics

pasture arable forest

location Ravels, Belgium Ravels, Belgium Ravels, Belgium
soil classificationa Anthri-endogleyic Podzol (Carbic) Carbi-anthric Podzol (Gleyic) Carbi-anthric Podzol
land use and vegetation permanent pasture arable land (annual crop rotation;

1997: ryegrass for seed production)
intensively managed

coniferous forest (Pinus nigra)
fertilizer application (1997)

animal manure (t ha-1) 50 100
mineral fertilizer (N/P/K)
(kg ha-1)

200/0/0 120/50/250

Pox (mmol kg-1)b

0-30 cm 16.8 18.5 0.39
0-90 cm 10.3 6.8 1.61

DPS (%)b

0-30 cm 44.3 39.1 9.4
0-90 cm 28.4 15.3 7.2

a According to WRB (33). b Acid-oxalate extractable P (Pox) and degree of P saturation (DPS), determined according to ref 8.

Kp )
Ve - Vo

Vi
(1)
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HMMP. The effect of a given treatment was evaluated by
comparison of the GFC elution profiles of TP, MRP, or 32P
between a treated subsample and a control subsample.
Sample reaction and GFC were carried out in darkness at
20.0 ( 0.5 °C. Each treatment was run in duplicate.

Addition of [32P]Orthophosphate. In all but one experi-
mental treatment, carrier-free aqueous H3

32PO4 (Amersham
International plc) was added to the solutions to detect
possible differences in MRP and 32PO4 response to the
treatments. The amount of isotopically exchangeable HMMP
was determined according to ref 36.

Addition of Orthophosphate. To a series of 4.50-mL soil
solution aliquots (soils 1 and 2, series C), 500 µL of solutions
containing 0, 0.05, 0.1, 0.2, and 0.4 mM KH2PO4 were added.
All solutions were chromatographed after a 72-h equilibration
period. Equilibrated soil solutions and GFC fractions were
analyzed for MRP.

Addition of Ferric Iron and Aluminum. To a series of 4.50-
mL soil solution (soils 1 and 2, series B) and 10 mM NaCl
samples, 400 µL of freshly prepared, nonacidified FeCl3‚6H2O
or AlCl3‚6H2O solutions with concentrations of 0, 0.25, 0.50,
1.0, 1.5, 2.5, and 5.0 mM were added, resulting in total
additions of 0, 40, 80, 120, 200, and 400 µM, respectively.
Twenty-four hours after metal addition, 100 µL of a carrier-
free 32PO4 solution (∼20 kBq mL-1) was added to the solutions.
After another 24 h, ∼3.5 mL of the reaction mixtures was
passed through 0.45-µm filters, and the filtrate was chro-
matographed on Superdex 30 pg. The MRP content and 32P
activity of the equilibrated solutions (before and after
filtration) and GFC fractions were determined.

Fluoride Addition and UV Irradiation. For the NaF and
UV-irradiation treatments, 4.50-mL aliquots of soil solution
(soils 1 and 2, series C) were spiked with 100 µL of a carrier-
free 32PO4 solution (∼20 kBq mL-1). To test for the fluoride
effect, 400 µL of a 40 mM NaF solution was added 24 h after
32P addition, and the mixture was chromatographed after
another 24-h reaction period. Another aliquot of spiked soil
solution was placed in a quartz cuvette, irradiated 24 h after
32P addition with a low-intensity UV lamp for 3 h, and
chromatographed. Controls were a spiked solution amended
with 4 mM NaCl (after 24-h isotopic equilibration) for the
NaF treatment and a spiked solution kept in complete
darkness during 24 + 3 h for the UV treatment. Controls,
treated solutions, and GFC fractions were analyzed for MRP
and 32P.

Enzymatic Hydrolysis. Enzymatic hydrolysis of the MUP
species in soil solution was assessed with acid phosphatase
(from wheat germ, containing lipase; EC 3.1.3.2) and phytase
(crude, from wheat; EC 3.1.3.26), both purchased from Sigma
Chemical Co. with activities of ∼0.4 and ∼0.015 unit (mg of
solid)-1, respectively. Acid phosphatase (250 mg) or phytase
(500 mg) was dissolved in 40 mL of 0.1 M sodium acetate/
acetic acid buffer (pH 5.0) and dialyzed against buffer during
24 h at room temperature to remove orthophosphate
contamination. After dialysis, the enzyme preparations were
filtered through a 0.45-µm filter. Enzyme solutions were
prepared freshly immediately before use.

For each soil solution (soils 1-3, series D), a series of
4.50-mL aliquots was “spiked” in duplicate with 100 µL of
demineralized water and 400 µL of acid phosphatase solution,
phytase solution, or buffer without enzyme. Similarly,
combinations of 100 µL of a glycerol 2-phosphate solution
(2 mM P; disodium salt hydrate, Aldrich Chemical Co.) and
400 µL of an acid phosphatase solution or 100 µL of a phytic
acid solution (2 mM P; dodecasodium salt, Sigma Chemical
Co.) and 400 µL of a phytase solution were added to duplicate
4.5-mL portions of soil solution or distilled water. The latter
treatments were included to account for possible enzyme
inhibition by the soil solution matrixes. Both model com-
pounds showed negligible chemical hydrolysis in aqueous

solution at pH 5.0. All solutions were incubated at 37 °C for
24 h and analyzed for MRP just before and after incubation.
Orthophosphate standards were also incubated and treated
identically to the soil solutions. Enzyme activities during
incubation were 0.2 and 0.015 unit mL-1 for acid phosphatase
and phytase, respectively. The amount of MUP hydrolyzed
was calculated as MRP (t ) 24 h) - MRP (t ) 0).

Chemical Analyses. Molybdate reactive P was determined
using a malachite green procedure (37). Absorbance was
measured at 630 nm using a Perkin-Elmer Lambda 12 UV-
Vis spectrophotometer. Total P was determined colorimetri-
cally with the malachite green procedure after acid persulfate
digestion. One milliliter of sample was mixed with 1.00 mL
of digestion reagent (0.05 M H2SO4 and 16 g L-1 K2S2O8) and
autoclaved during 30 min at 110 °C in tightly capped Pyrex
glass tubes. Phosphorus-32 activities were determined on
600-µL samples with a Packard Tri-Carb 1600CA liquid
scintillation analyzer after addition of 4 mL of Ultima Gold
XR scintillation cocktail. All activities were corrected for
background and decay, and quenching was corrected for by
external standards. Organic C measurements were performed
using a Skalar Formacs TOC analyzer. Elemental concentra-
tions of Ca, Mg, Na, K, Si, Fe, and Al in the solutions were
determined using an inductively coupled plasma atomic
emission spectrometer (Thermo Jarrell Ash, atom comp
model 750). Concentrations of Cl-, NO3

-, and SO4
2- in the

solutions were determined by ion chromatography (Dionex
QIC analyzer).

Results
Soil Solution Composition. Physicochemical properties of
the soil solutions are summarized in Table 2. Concentrations
of major ion components were highest for the solutions from
the pasture and the arable field, with calculated ionic
strengths of 4.9 and 6.6 mmol L-1, respectively, and pH values
around 6.1. Corresponding values for the forest soil were 4.3
mmol L-1 and pH 3.2, respectively, which is typical for
unfertilized Podzol profiles (38). All solutions contained high
OC concentrations (11.4-19.2 mmol L-1), with the highest
values being found in the forest soil. For the series A solutions,
TP concentrations were 117, 45, and 24 µmol L-1 for the
pasture, arable, and forest soil, respectively (Table 2). Total
P concentrations in the soil solution of both agricultural soils
decreased significantly with increased storage of the soil

TABLE 2. Physicochemical Characteristics of 0.45-µm Filtered
Soil Solutionsa

pasture arable forest

soil sampling Jan 12, 1998 Jan 12, 1998 Jan 12, 1998
5-15 cm 5-15 cm 7-17 cm

soil water content (%)b 20.5 (0.5) 13.9 (0.1) 9.5 (0.1)
centrifugation Jan 13, 1998 Jan 13, 1998 Jan 13, 1998
pHc 6.12 6.09 3.16
TP (µM) 117.0 (1.8) 44.6 (2.2) 23.6 (0.4)
MRP (µM) 81.9 (0.7) 34.9 (0.4) 16.3 (0.1)
OC (mM) 14.1 (1.3) 11.4 (1.7) 19.2 (0.9)
Al (µM) 104.3 (3.1) 68.1 (5.4) 105.6 (0.6)
Fe (µM) 18.3 (0.2) 16.8 (0.6) 16.8 (0.1)
Si (µM) 260.1 (2.8) 129.7 (1.5) 286.5 (2.0)
Ca (mM) 0.82 1.15 0.22
Mg (mM) 0.23 0.29 0.06
Na (mM) 1.14 0.47 0.45
K (mM) 0.35 1.08 0.23
Cl- (mM) 1.93 1.08 0.52
NO3

- (mM) 1.24 2.20 0.68
SO4

2- (mM) 0.21 0.65 0.52
I (mM)d 4.86 6.58 ∼4.3

a Values are mean and SD (in parentheses) of three replicate analyses
of series A solutions. b Weight percentage. c Measured on unfiltered
solutions. d I ) uncorrected ionic strength, computed as 1/2∑CiZi

2.
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samples (Table 3). This decrease, also reported by Chapman
et al. (39), likely tends to an equilibrium value, in response
to the transition from highly variable field conditions to well-
controlled storage conditions. Over all solution series, MRP
concentrations comprised between 59 and 82% of TP, with
the lowest proportions being found in the forest soil (59-
70%) (Table 3).

Phosphorus Fractionation. Figure 1 shows the molecular
size distribution patterns of UV-absorbing material, MRP,
MUP, and 32P obtained on Superdex 200 pg for the series A
solutions. Table 3 summarizes the P composition of all soil
solutions as calculated from Superdex 30 pg elution profiles.

Elution profiles of A280, MRP, and MUP showed consistently
similar characteristics for all solutions from a given soil, and
calculated P composition data did not differ significantly
between both column types.

In the soil solutions from the pasture and arable soil,
MRP occurred as two peaks, one eluting at Kp ) 0, and one
at the PO4 position (Kp ) 1) (Figure 1). Molybdate reactive
P eluting at Kp ) 0 is associated with high molecular mass
(HMM) material (nominal molecular mass > 600 kDa on
Superdex 200 pg) and has been termed high molecular mass
reactive P (HMMRP) (18). The proportion of MRP present as
HMMRP varied between 42 and 57% for the pasture soil and
between 20 and 29% for the arable soil (Table 3). As concerns
MUP, more than 90% of MUP was associated with HMM
compounds at Kp ) 0 in these solutions. Hence, the aqueous-
phase speciation of P in these agricultural soils is clearly
dominated by colloidal particles, with 16-44% and 17-29%
of TP being present as HMMRP and HMMUP, respectively
(Table 3).

In contrast, the forest soil solutions did not contain
HMMRP, and less than 35% of MUP was found in the
HMMUP fraction, the majority eluting at intermediate
positions (Kp ) 0.6-0.9) (Figure 1; Table 3). The small
proportion of HMMP in this solutionsdespite large amounts
of colloidal organic matter being presentsis likely related to
the low solution pH (3.2), indicating the importance of pH
as a master variable for P speciation.

Functional Characteristics of High Molecular Mass
Phosphorus. Redistribution of 32PO4. From 0.4 (forest soil)
up to 13.4% (pasture soil) of added 32PO4 was redistributed
to HMM material during a 24-h incubation period, with the
remainder eluting as PO4 at Kp ) 1 (Figure 1). The amounts
of isotopically exchangeable HMMP were 7.3, 1.9, and 0.06
µM after a 24-h incubation period for the series A solutions
of pasture, arable, and forest soil, respectively, which
corresponds to 10.7, 10.2, and 4.2% of the total HMMP
fraction.

Addition of Orthophosphate. Orthophosphate additions
up to 40 µM did not increase the HMMRP concentration
(Figure 2). All added orthophosphate was recovered quan-
titatively as MRP at Kp ) 1. Apparently, all PO4-binding sites

FIGURE 1. Molecular size distribution of UV-absorbing material (A280), molybdate reactive P (MRP), molybdate unreactive P (MUP), and
32P for 0.45-µm filtered soil solution from the pasture, arable, and forest soil (series A). Chromatograms were obtained 24 h after 32P addition
on Superdex 200 pg HiLoad 16/60 columns using 10 mM NaCl as eluant. The partition coefficient Kp was calculated according eq 1.

TABLE 3. Phosphorus Composition of 0.45-µm Filtered Soil
Solutions after Different Periods of Soil Storagea

MRP MUP

soil
storage (d)

TP
(µM)b

HMMRP
(%)c

PO4
(%)c

HMMUP
(%)c

other
MUP (%)c

Pasture
1 117.0 (1.8)a 29.6 40.4 28.6 1.4

29 109.7 (1.3)b 44.0 33.0 22.4 0.6
39 96.4 (1.7)c 42.7 39.5 16.6 1.2
46 91.6 (0.6)d 35.9 44.7 18.3 1.1

Arable
1 44.6 (2.2)a 22.8 55.4 19.7 2.1

29 40.5 (1.8)b 20.4 53.9 22.2 3.5
39 34.5 (0.5)c 17.1 58.4 23.2 1.3
40 29.2 (0.7)d 16.0 65.8 17.7 0.5

Forest
1 23.6 (0.4)a ndd 70.4 6.3 23.3

29 19.8 (0.5)c nd 67.3 7.7 25.0
39 22.6 (0.1)b nd 59.2 14.4 26.4
40 20.3 (0.2)c nd 65.0 9.9 25.1

a Storage period prior to centrifugation: series A, 1 d; B, 29 d; C, 39
d; D, 46 d. b Data are mean and SD (in parentheses) of three replicate
analyses. Means followed by the same letter do not differ significantly
at P ) 0.05 (Duncan’s multiple range test). c Percentage of total P
recovered in Superdex 30 pg fractions present as high molecular mass
molybdate reactive P (HMMRP), free orthophosphate (PO4), high
molecular mass molybdate unreactive P (HMMUP), and other molybdate
unreactive P (MUP) species. d Not detected.
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on the HMM compounds are saturated with respect to
orthophosphate.

Addition of Ferric Iron and Aluminum. Additions of FeIII

and Al to the soil solutions at final concentrations g200 µM
caused precipitation of MRP and 32P in particles that were
retained by 0.45-µm membrane filters (Figure 3). After adding
400 µM, the brownish solutions cleared: metal-hydroxide
colloids coprecipitated the organic matter and MRP present.
Small additions of FeCl3 to a 10 mM NaCl solution caused
nearly quantitative precipitation of added 32PO4 as >0.45-
µm sized particles, whereas AlCl3 additions did not (Figure
3). Apparently, part of the iron added to the soil solutions is
kept in suspension through association of iron colloids with
OM macromolecules (40).

Figure 4 shows the redistribution of 32P toward the HMMP
fraction for metal additions up to 120 µM. In both solutions,
the proportion of 32P associated with HMM material increased
linearly with increasing metal concentrations. Data for the
200 and 400 µM additions were not included since these
treatments gave poor GFC recoveries of A280, MRP, and 32P
despite filtration prior to GFC. The redistribution of MRP
upon metal addition showed a similar pattern: a net decrease
of the PO4 concentration, matched by an increase in the
HMMRP concentration (not shown). When comparing
equimolar amounts of added metal, the net orthophosphate

transfer caused by Al was nearly 1.5 times higher than for Fe
(Figure 4).

Fluoride Addition and UV Irradiation. Both the NaF and
UV treatment induced a net decrease (56-66%) of the
HMMRP concentration as compared to untreated solutions
(Table 4). The distribution of 32P showed a similar patterns
net transfer to the PO4 fraction due to the imposed
treatmentssbut was more difficult to evaluate quantitatively
since the control samples were not in isotopic equilibrium
during the time span of the treatment (Table 4). For the NaF
treatment, MRP concentrations of the treated and untreated
solutions did not differ significantly. In contrast, the MRP
recovered in the GFC fractions after UV irradiation signifi-
cantly exceeded the total MRP content of the untreated
samples by 17 and 11% for the solutions of the pasture and
arable soil, respectively (P < 0.05, Student’s t-test). Hence,
UV irradiation also released orthophosphate from HMMUP
species, as the MRP increase upon irradiation corresponds
to ∼78 and ∼32% of MUP being present in the solutions
from the pasture and arable soil, respectively. Furthermore,
the release of orthophosphate from HMMP species by UV
irradiation was paralleled by a decrease in UV-absorbing
organic matter at Kp ) 0, indicating that UV-sensitive HMMP
species and coeluting HMMOM are functionally related.

Enzymatic Hydrolysis. In all three solutions, the MUP
fraction was only hydrolyzable to a limited extent (Table 5).
Incubation of the soil solutions with buffer alone resulted in
a small increase in MRP (0.15-0.82 µM), corresponding to
4-8% of MUP. Acid phosphatase released an additional
7-16% of MUP as orthophosphate. For all solutions, phytase
yielded a higher degree of hydrolysis than acid phosphatase,
with 10-43% of MUP being decomposed by added phytase.
Slightly more MUP was hydrolyzed in the soil solution from
the forest soil as compared to the two other soil solutions.
Glycerol 2-phosphate and phytic acid were quantitatively
hydrolyzed in deionized water by acid phosphatase and
phytase, respectively (data not shown). Hence, the incubation
time and enzyme activity added should have been sufficient
to hydrolyze all MUP compounds present in the soil solutions.
In solutions from the pasture and arable soil, hydrolysis of
glycerol 2-phosphate was not completed within 24 h, with
76 and 88% being decomposed, respectively. In contrast, the
hydrolysis of phytic acid by phytase in the soil solutions was

FIGURE 2. High molecular mass molybdate reactive P (HMMRP)
and orthophosphate (PO4) concentrations in 0.45-µm filtered soil
solutions at 72 h after the addition of 0, 5, 10, 20, and 40 µM P as
KH2PO4.

FIGURE 3. Recovery of added 32P in the 0.45-µm filtrate of two soil
solutions and a 10 mM NaCl solution as a function of added FeIII

(a) and Al (b) concentrations. Metals and 32PO4 were added 48 and
24 h prior to filtration, respectively. Bars represent the mean of two
replicates ( SD.

FIGURE 4. Recovery of 32P in the high molecular mass P (HMMP)
fraction as a function of added FeIII (a) and Al (b) concentrations.
Metals and 32PO4 were added 48 and 24 h prior to gel filtration,
respectively. Phosphorus-32 activities are expressed as percentages
of the total radioactivity recovered in the gel filtration fractions.
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complete and thus not affected or inhibited by the various
solution matrixes.

Discussion
Nature of High Molecular Mass Molybdate Reactive Phos-
phorus. Our data show that the HMMRP concentration does
not change upon orthophosphate additions, increases upon
additions of Al and Fe, and decreases upon NaF addition
and UV irradiation. Combined with earlier observations on
the coelution of fulvic acids with HMMRP and similarities
with published elution profiles for model OM-M-P com-
plexes, as discussed in ref 18, this provides strong evidence
that this fraction consists of metal-OM complexes to which
orthophosphate is bound. Such complexes could be partially
hydrolyzed under acid conditions (14, 29), but reaction with
enzymes is not expected (28). On the other hand, organic or
condensed P species are not expected to be molybdate
reactive in significant amounts (41, 42) or to release ortho-
phosphate upon NaF addition. Inorganic iron or aluminum
hydroxide colloids to which orthophosphate is bound would
not react to UV irradiation and are likely to be retained, or
at least severely retarded, in the gel column during GFC under
the conditions used (43).

Evidence for the association of OM, metals, and P in soils
was first reported from laboratory studies, where stable
complexes formed between isolated soil humic and fulvic
acid fractions, Fe or Al, and orthophosphate on addition of
orthophosphate to organically complexed metals under
various experimental conditions (44-47). Since then, OM-
M-P or HS-M-P complexes have been reported to occur
in a wide range of natural waters, including soil solutions
(14). However, information on the chemical nature of these
complexes is scarce and mainly limited to “model” com-
pounds formed under controlled experimental conditions.
Two functional models regarding the interactions between
“dissolved” HS, metals, and P have been proposed to explain
their characteristics (27, 48). Dissolved HS may be viewed as
an assemblage of heterogeneous macromolecules interacting
with metals via weakly acidic functional groups (49, 50) and
which in turn can bind with orthophosphate. Dissolved HS
may also function as peptizing agents (50, 51), forming
metastable colloids with inorganic metal-PO4 complexes.
These mechanisms are not necessarily mutually exclusive.
From these models, it is also clear that the association of

orthophosphate and Fe or Al with colloidal OM (humic
substances) is dependent on pH and ionic strength (27).

The amount of P complexed by OM depends on (i) the
amount of metals held on the exchange sites (45, 52) and (ii)
the degree of hydrolysis of the complexed metals (52). The
amount of P complexed per mole metal decreases with
increasing hydrolysis of the complexed metal (measured as
the molar OH/M ratio). It was shown for Al-OM complexes
that the degree of hydrolysis of adsorbed Al at a given pH
increases with the acid strength of the carboxyl groups (52).
Furthermore, the greater tendency of FeIII as compared to Al
to hydrolyze at a given pH might explain why additions of
FeIII were found to be less effective than Al in increasing the
capacity of the colloidal organic compounds to retain P.

Adoption of the OM-M-P model for the HMMRP fraction
might also explain the absence of colloidal MRP in soil
solutions of the acidic forest soil. With decreasing pH,
competition for binding sites between H+ and Fe or Al
increases, thereby inhibiting formation of OM-M-PO4

complexes. Also, metastable HMMOM associated with
inorganic metal-PO4 complexes will destabilize in response
to decreasing pH (27).

Nature of High Molecular Mass Molybdate Unreactive
Phosphorus. In solutions from the pasture and arable soil,
where >90% of the MUP is associated with HMM material,
orthophosphate was released from MUP upon UV irradiation
(78 and 32% of MUP released) and upon enzymatic hydrolysis
(7-18% of MUP hydrolyzed). In the soil solution from the
forest soil, containing mainly intermediate molecular mass
MUP, acid phosphatase and phytase hydrolyzed 16 and 43%
of the MUP, respectively. This limited extent of enzymatic
hydrolysis is consistent with the fact that part of the MUP
is accessible to enzymes, as reported in a number of enzyme
hydrolysis studies in soil solutions and soil-water extracts
(53-55). Inferring chemical bond structure from the enzyme
assays is however difficult since the purchased phosphatase
and phytase preparations proved to be not substrate-specific
(see also ref 53).

As concerns the nature of the nonhydrolyzed MUP
fraction, our results fit two possible hypotheses. This fraction
may contain P bonds resistant to hydrolysis by the enzyme
preparations used, but it may also consist of hydrolyzable
P-bonds that are protected from enzyme attack through
occlusion within colloidal particles. This protection hypoth-

TABLE 4. Effect of NaF Addition and UV Irradiation on Molecular Size Distribution of Molybdate Reactive P and 32P Activitya

treated control

soil HMMRP (µM) PO4 (µM) % of 32P in HMMPb HMMRP (µM) PO4 (µM) % of 32P in HMMPb

NaF Addition
pasture 15.1 (0.7) 63.9 (1.4) 5.3 (0.6) 41.3 (0.9) 38.5 (1.1) 17.6 (0.4)
arable 1.7 (0.4) 24.9 (0.8) 3.4 (0.3) 4.9 (0.5) 20.4 (0.8) 12.5 (0.5)

UV Irradiation
pasture 18.5 (1.0) 74.2 (1.2) 7.4 (0.4) 42.5 (0.6) 36.7 (1.4) 13.3 (0.2)
arable 2.1 (0.3) 25.9 (0.7) 3.0 (0.5) 6.1 (1.1) 19.2 (0.7) 8.8 (0.3)
a Data are mean and SD (in parentheses) of two replicate treatments. b Expressed as percentage of total 32P recovered in eluate fractions.

TABLE 5. Hydrolyzable P in Soil Solution without Added Enzyme, with Acid Phosphatase, and with Phytasea

no enzyme acid phosphatase phytase

soil
MRP
(µM)b

MUP
(µM)b

MRP increase
(µM)

% of
MUPc

MRP increase
(µM)

% of
MUPc

MRP increase
(µM)

% of
MUPc

pasture 73.8 (0.5) 17.9 (0.8) 0.82 (0.39) 4.6 (2.2) 2.08 (0.42) 11.6 (2.4) 2.66 (0.63) 14.9 (3.5)
arable 23.9 (0.4) 5.3 (0.6) 0.15 (0.07) 2.9 (1.4) 0.64 (0.23) 12.1 (4.4) 1.09 (0.35) 20.7 (6.6)
forest 13.2 (0.6) 7.1 (0.2) 0.57 (0.18) 8.0 (2.5) 1.73 (0.19) 24.2 (2.7) 3.63 (0.51) 50.9 (7.1)

a Hydrolysis data are mean and SD (in parentheses) of duplicate incubations. b Data are mean and SD (in parentheses) of three replicate
analyses. c Fractions are expressed as percentages of molybdate unreactive P (MUP).
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esis has been formulated in a number of phosphatase studies,
although direct evidence is largely lacking (53, 55, 56).

Implications for Mobility. Considering the high degree
of P saturation of both agricultural soils and the large fraction
of TP present as colloidal species in their soil solutions, colloid
transport may constitute an important P export mechanism
in these soils. Research on the mobility of colloids in porous
media and their role in contaminant transport has identified
pH, ionic strength, and the ratio of monovalent to divalent
cations as the main factors responsible for the mobilization
of colloids (20). In general, conditions favorable to mobiliza-
tion of colloids are low ionic strengths and high ratios of
monovalent to divalent cations. At low concentrations of
bivalent cations, the mobility of humic substances (50, 57)
and of colloidal forms of iron phosphate (58) is greatly
enhanced. Detailed (laboratory) column studies evaluating
the effect of pH and ionic strength on the mobilization of
P-containing colloids are however lacking.

The soil solutions of both agricultural soils are character-
ized by a low ionic strength (5-6.5 mM), low Ca concentra-
tions (0.8-1.2 mM), and especially in the pasture soil, high
Na/Ca ratios (0.4-1.4)sall conditions favorable for colloid
mobilization. As discussed earlier, the absence of colloidal
P in the soil solution of the forest soil is likely caused by its
low pH. On the other hand, differences in colloidal con-
centrations between the agricultural soils and the forest soil
might also be related to the excessive fertilization with animal
manure of the agricultural soils. Indeed, significant amounts
of P associated with colloidal particles have been found in
animal manure slurries (21, 59).

Given these soil chemical conditions, both agricultural
soils may be very susceptible to colloid loss under base-flow
conditions. In addition, preferential flow may cause even
better conditions for colloid mobilization, as rainwaters
which has a much lower ionic strength than the average soil
solutionspasses through the soil profile without equilibrating
with the soil. As such, it can mobilize colloidal material from
the soil or freshly applied manures and carry it over much
longer distances than would be possible under base-flow
conditions. Such P export mechanisms sharply contrast with
classical “beliefs” that orthophosphate sorption/desorption
is the key mechanism controlling P export from these soil
types (8).
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Abbreviations
DPS degree of phosphorus saturation

GFC gel filtration chromatography

HMM high molecular mass

HMMOM high molecular mass organic matter

HMMP high molecular mass phosphorus

HMMRP high molecular mass reactive phosphorus

HMMUP high molecular mass unreactive phosphorus

HS humic substances

MRP molybdate reactive phosphorus

MUP molybdate unreactive phosphorus

OC organic carbon

OM organic matter

OM-M-P organic matter-metal-phosphorus complex

TP total phosphorus

Literature Cited
(1) Sharpley, A. N.; Chapra, S. C.; Wedepohl, R.; Sims, J. T.; Daniel,

T. C.; Reddy, K. R. J. Environ. Qual. 1994, 23, 437-451.
(2) Daniel, T. C.; Sharpley, A. N.; Lemunyon, J. L. J. Environ. Qual.

1998, 27, 251-261.
(3) Haygarth, P. M.; Jarvis, S. C. Adv. Agron. 1999, 66, 195-249.
(4) Edwards, A. C.; Withers, P. J. A. Soil Use Manage. 1998, 14, 124-

130.
(5) Lookman, R. Ph.D. Dissertationes de Agricultura No. 283,

Katholieke Universiteit Leuven, Belgium, 1995.
(6) Sims, J. T.; Simard, R. R.; Joern, B. C. J. Environ. Qual. 1998, 27,

277-293.
(7) Beauchemin, S.; Simard, R. R.; Cluis, D. J. Environ. Qual. 1998,

27, 721-728.
(8) van der Zee, S. E. A. T. M.; van Riemsdijk, W. H.; de Haan, F.

A. M. Het protokol fosfaatverzadigde gronden. Deel I: Toelichting;
Vakgroep bodemkunde en plantenvoeding, Landbouwuniver-
siteit Wageningen: Wageningen, The Netherlands, 1990.

(9) Heckrath, G.; Brookes, P. C.; Poulton, P. R.; Goulding, K. W. T.
J. Environ. Qual. 1995, 24, 904-910.

(10) Stamm, C.; Flühler, H.; Gächter, R.; Leuenberger, J.; Wunderli,
H. J. Environ. Qual. 1998, 27, 515-522.

(11) Jensen, M. B.; Jørgensen, P. R.; Hansen, H. C. B.; Nielsen, N. E.
J. Environ. Qual. 1998, 27, 1130-1137.

(12) Broberg, O.; Pettersson, K. Hydrobiologia 1988, 170, 45-59.
(13) Robards, K.; McKelvie, I. D.; Benson, R. L.; Worsfold, P. J.;

Blundell, N. J.; Casey, H. Anal. Chim. Acta 1994, 287, 147-190.
(14) Gerke, J. Commun. Soil Sci. Plant Anal. 1992, 23, 601-612.
(15) Pant, H. K.; Edwards, A. C.; Vaughan, D. Biol. Fertil. Soils 1994,

17, 196-200.
(16) Haygarth, P. M.; Warwick, M. S.; House, W. A. Water Res. 1997,

31, 439-448.
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