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Abstract
Koopmans, G.F. Characterization, desorption, and mining of phosphorus in
noncalcareous sandy soils. Doctoral thesis, Wageningen University,
Wageningen, the Netherlands, 168 p.
In areas with intensive livestock farming, soils have been enriched with
phosphorus (P), following heavy applications of animal manure. These soils
are a risk for nearby surface waters, as the leaching of P from these soils
contributes to eutrophication of these surface waters. This study was set up
to better understand the speciation and desorption of P in noncalcareous
sandy soils, so as to contribute to the development of management
guidelines for these soils. Phosphorus speciation in soils sampled from the
top 5 cm of grassland sites exposed to different fertilization regimes in a
long-term field experiment was characterized using both classical wet
chemical analysis and 31P nuclear magnetic resonance spectroscopy.
Phosphorus was mainly present in the inorganic form; orthophosphate
monoesters were the main organic P compounds extracted. Thus, risk of P
loss from the top 5 cm to the subsoil is mainly related to inorganic P.
Mining soil Pcan be defined as harvesting Ptaken up from the soil by a
crop grown without external Paddition, followed by the off-site removal of the
above ground plant parts. In a long-term greenhouse experiment, the method
of cropping grass was used to deplete a P-enriched potted soil. This caused
a relatively large decrease of the P concentration in CaCI2 extracts used to
approximate P in soil solution. In contrast, the relative decrease of the total
pool of Psorbed to the solid phase was much smaller. A simple tool, referred
to as the dynamic bioavailability index (DBI), was used to determine whether
kinetics of P desorption are expected to limit P uptake. The DBI is the
dimensionless ratio of the maximal diffusive flux of P from the soil
aggregates to the soil solution and the rate of P uptake by the plants. Based
on the DBI, P uptake in the initial stage of the pot experiment was not limited
by Pdesorption. However, with time, the supply rate of Pfrom soil to the root
could not meet the demand needed for an optimal P uptake anymore. The
concept presented here could be seen as a promising onset to a new
dynamic approach of bioavailability. It is concluded that mining soil P may be
an effective remediation strategy to decrease the risk of P leaching from Penriched soils. However, this suggestion has to be confirmed inthe field.
Key words: bioavailability, depletion, desorption kinetics, dynamic
bioavailability index, isotherm, mining, phosphorus, 31P nuclear magnetic
resonance spectroscopy, pot experiment, speciation, threshold, uptake.

Contents
1.

General introduction

2.

Soil phosphorus quantity-intensity relationships to predict increased
soil phosphorus loss to overland and subsurface flow
17

3.

Wet chemical and phosphorus-31 nuclear magnetic resonance
analysis of phosphorus speciation in a sandy soil receiving long-term
fertilizer or animal manure applications

35

Selective extraction of labile phosphorus using dialysis membrane
tubes filled with hydrous iron hydroxide

55

4.

5.

6.

1

Phosphorus availability for plant uptake in a phosphorus-enriched
noncalcareous sandy soil

73

Phosphorus desorption dynamics in soil and the link to a dynamic
concept of bioavailability

99

References

123

Summary and conclusions

137

Samenvatting en conclusies

145

Nawoord

155

Levensloop

161

List of publications

165

General introduction

Generalintroduction

Introduction
Phosphorus (P) is an essential nutrient for plant growth. Although plant roots
are capable of absorbing P from the soil solution at low P concentrations
(Hinsinger, 2001), most soils cannot supply sufficient amounts of P to the
plant. In these soils, plant growth is limited by Pdeficiency. This is especially
the case in highly weathered tropical soils, but also in many soils in
temperate areas which have not received Pfertilizers. Phosphorus deficiency
is caused by low native P contents and by strong binding of P to the solid
phase of the soil. To overcome P deficiency, application of P fertilizer is
needed. With continued Pfertilization, the amount of P in the soil increases,
and more P in the soil becomes available to the crop. The increased
availability of soil P can be easily detected via various chemical extraction
methods. Relationships between the measured concentration in a certain
extract and crop yields inthe field can be established by comparing both sets
of data. These relationships are widely used as a basis for P fertilizer
recommendations (Tunney et al., 1997). Above a critical level of soil
extractable P, which is considered as optimal for crop growth, the farmer is
recommended to withhold Pfertilizer application.
In areas with intensive livestock farming, application of P to agricultural
soils often exceeds the amount of P removed by crop harvest. This causes
the accumulation of P in soil to levels well above those needed for optimal
crop growth. High levels of P in soils increase the risk of P loss to ground
and surface waters. Examples of P accumulation in soils under areas with
intensive livestock farming have been reported in Belgium (Lookman et al.,
1995b), Germany (Leinweber, 1996), the Netherlands (Breeuwsma et al.,
1995), and the USA (Pautler and Sims, 2000). In sandy, organic, or coarsetextured mineral soils with a high organic matter content, P can leach to
deeper soil layers via matrix flow or accelerated flow through artificial
drainage pipes to surface waters (Sims et al., 1998). Surface erosion
(detachment and movement of soil by water) and runoff of P are more
important in areas with steeper slopes (Heathwaite et al., 1999). Figure 1.1
shows the main hydrological pathways of P transport from soil to surface
waters.
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Figure 1.1. Concept of hydrological pathways of P transport from soil to surface waters.

Phosphorus enrichment of surface waters can contribute to
eutrophication, because P often limits primary production in freshwater
ecosystems (Sharpley et al., 1994; Correll, 1998). The impacts of
eutrophication include excessive production of autotrophs, especially
eukaryotic algae and cyanobacteria, causing green, turbid water with limited
transparency. High primary production, in turn, increases bacterial
populations and respiration rates, leading to depletion of dissolved oxygen in
the water column. These conditions can result in fish kills and major shifts in
species composition in all trophic levels. Anoxic surface waters are also
conducive to the release of P stored in bottom sediments, which reinforces
eutrophication (Correll, 1998). Eutrophic surface waters have reduced
ecological value, because they are dominated by only a few species.
Recreation becomes less attractive and the use of eutrophic surface waters
for fisheries, industry, and drinking is restricted (Sharpley et al., 1994).

Phosphorus problems inthe Netherlands
Livestock production was intensified in the Netherlands after 1950, as a
result of the focus of the Common Agricultural Policy of the European Union
(EU) on increasing agricultural productivity (see de Wit et al. [1987] and de
Wit [1988]). Nowadays, agriculture in the Netherlands is one of the most
intensive in the world in terms of capital and external inputs of nutrients (van
Bruchem et al., 1999). To support the Dutch livestock population, a
significant part of the animal feed needs to be imported, causing excessive
surpluses of nitrogen (N) and P (i.e., the difference between total import of
nutrients entering the country and total export of nutrients leaving the
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country) (Smaling et al., 1999). Table 1.1 shows the surface area of
agricultural land, number of livestock, and imports and exports of P in the
period between 1950 and 1995 in the Netherlands (Smaling et al., 1999).
The surface area of agricultural land decreased slightly, but the P surplus
and number of livestock increased markedly, especially between 1950 and
1980. Between 1950 and 1995, the average P surplus of Dutch agricultural
land increased from 26 kg P ha"1yr"1 in 1950 to 46 kg P ha"1yr"1 in 1980, but
decreased to 35 kg Pha"1yr"1 in 1995.
Regionally, the Psurplus has been much larger in the middle, east, and
south of the Netherlands, where intensive livestock farming systems on
noncalcareous sandy soils predominate. For decades, the animal manure
produced was disposed of in the production area, especially on arable land
cropped with maize (Breeuwsma et al., 1995). Between 1950 and 1990, the
average P surplus of arable land cropped with maize on noncalcareous
sandy soils in these areas ranged from 48 to 108 kg P ha"1yr"1(Reijerink and
Breeuwsma, 1992). In these areas, plant available P, measured as Pw
(water-extractable P at a soil to solution ratio of 1:60 [v/v]) (Sissingh, 1971)
was between two and three times greater than optimum crop demand
(Neutel, 1994). In general, the sorption capacity of noncalcareous sandy
soils for P is limited, so these soils have become (nearly) saturated with P
(Breeuwsma et al., 1995). This has drastically increased the risk of P transfer
to surface waters, which in the Netherlands occurs mainly via (subsurface)
leaching of soil solution, especially in flat areas with shallow ground water
tables (Schoumans and Groenendijk, 2000).
Table 1.1. Changes in agriculture in the Netherlands in the period between 1950 to 1995.
Surface area of agricultural land, livestock numbers, and P imports and exports for the
whole agricultural sector (Smaling et al., 1999).
1950

1960

1970

1980

1990

1995

Surface area

6

10 ha

2.3

2.3

2.2

2.0

2.0

2.0

Number of milking cows

106

1.4

1.6

1.9

2.4

1.9

1.7

2

2

6

10

14

15

41

45

55

81

93

84

Unit

10

6

Number of chicken

10

6

P import via purchased animal feed

106 kgP

25

40

60

81

80

91

P import via inorganic P fertilizer

10 6 kgP

52

49

48

36

33

27

P import via other sources

10 6 kg P

0

0

3

6

7

1

32

40

9

10

Number of pigs

6

P export via animal products

10 kg P

9

12

16

22

P export via harvested crops

10 6 kg P

8

9

10

9

6

P surplus

10 kg P

60

68

85

92

79

69

P surplusf

kg Pha"1

26

30

39

46

40

35

fPhosphorus surplus in kg P ha"1 was calculated as the the P surplus in kg divided by the
surface area of agricultural land.
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Policies and measures inthe Netherlands
In the Netherlands, the contribution of point sources to the total P load of
surface waters has decreased greatly in recent decades. Enlargement of
sewage systems and implementation of techniques that increase the removal
of P from sewage water and industrial effluents have contributed to these
decreased P emissions (Boers, 1996; van der Molen et al., 1998).
Nevertheless, P concentrations in Dutch surface waters remain high and
eutrophication persists as a major problem (Hosper, 1997; RIVM, 2002). In
contrast to P emissions by point sources, P emissions from diffuse sources
have not decreased (RIVM, 2002). Agriculture is the main contributor to
diffuse emissions to surface waters. Nonseweraged urban areas also
contribute to diffuse P emissions (van der Molen et al., 1998). In 2000, the
estimated contribution of agriculture to the total P load of surface waters via
P leaching was 44% (RIVM, 2002). Because of the high costs required to
further reduce P emissions by point sources (Boers and van der Molen,
1993), attention has shifted to reducing P emission by agriculture (van der
Molen et al., 1998).
From 1985 onwards, a series of policies and measures was
implemented in the Netherlands to reverse the trend of increased P loading
of agricultural soils (Boers, 1996; Oenema and Roest, 1998; van der Molen
et al., 1998). A gradual approach was chosen for decreasing application
rates of animal manure to give the agricultural sector the opportunity to adapt
to a more efficient nutrient management system. The first measure was
designed to prevent a further intensification of intensive livestock farming in
order to stabilize the production of animal manure. The third step was the
introduction of the Mineral Accounting System (MINAS) in 1998 with the aim
to achieve balance fertilization in agriculture. The MINAS accounting system
is a farm gate balance approach for both N and P: total input of nutrients
entering the farm gate and total output of nutrients leaving the farm gate are
quantified. Examples of inputs are purchased animal feed, fertilizer, and
imported animal manure; examples of outputs are animal products (living
animals, meat, milk, and eggs), harvested crops, and exported animal
manure. The calculated N and P balance of a farm is expressed in kg N or P
ha"1 yr"1. The objective of MINAS is to reduce the nutrient surplus at the farm
to the so-called 'levy-free surplus'. Ifthe calculated surplus exceeds the levyfree surplus, the farmer has to pay levy over the excess. Levies encourage
farmers to reduce the surplus by adoption of a more efficient nutrient
management system. Since the introduction of MINAS, the levy-free
surpluses of N and P have gradually been lowered. The target levy-free P
surplus amounts to 9 kg P ha"1yr"1 for the coming years and approximately 1
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kg P ha"1 yr"1 in the long-term (RIVM, 2002). The loading of agricultural soils
with P is expected to increase further, although at a decreased rate
(Koopmansetal., 2001).
According to a recent judgement of the Court of Justice of the EU,
MINAS does not sufficiently address the demands of the Nitrate Directive,
issued by the EU. The EU Nitrate Directive is designed to protect water
against pollution by nitrate (NOV) from agriculture. The main objective is to
ensure the quality of European drinking water by upholding a ground water
quality standard of 50 mg N0 3 " L"1. In the ground water of very well-drained
sandy soils in the Netherlands, NO3" concentrations are generally (much)
higher (RIVM, 2002). The judgement of the Court of Justice forces the Dutch
government to replace MINAS by standards for the application of nutrients
on agricultural land. These application standards will come into effect at the
latest in2006.

Identification of problem soils
Agricultural soils are generally considered to be a diffuse source of P to
surface waters, whereas P-saturated soils are considered to be hot spots.
Hot spots can be described as often small and well-defined areas typically
contributing much of the total P loss in a watershed (Chardon and van
Faassen, 1999). Hot spots of P loss occur where soil with a high level of P
coincides with a soil of significant hydrological connectivity with receiving
surface waters (Heathwaite et al., 1999). For the identification of hot spots,
van der Zee et al. (1990) developed a method where the percentage or
degree of P saturation (DPS) of the soil profile between the soil surface and
the mean highest ground water level is compared with the Pconcentration in
soil solution leaching from the soil profile in the long-term. Based on model
calculations using average measured P sorption and desorption
characteristics of Dutch noncalcareous sandy soils, a nonlinear relationship
was derived between the DPS and the P equilibrium concentration in soil
solution. At 25% saturation of the soil with P (25% DPS), the soil is called 'Psaturated' and the P concentration in soil solution leaching from the soil
profile corresponds potentially to 0.1 mg orthophosphate P L"1(van der Zee
et al., 1990) or 0.15 mg total P L"1 (Schoumans and Groenendijk, 2000). The
value of 0.15 mg P L"1 has been set as the Dutch limit for total P in surface
waters to prevent eutrophication and associated adverse effects (TCB,
1990). Above 25% DPS, the P concentration in the soil solution increases
nonlinearly with DPS (Schoumans and Groenendijk, 2000). Based on the
DPS, the P concentration in the upper ground water is likely to exceed the
surface water limit of 0.15 mg total P L"1 in an estimated 70% of
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noncalcareous sandy soils in the middle, east, and south of the Netherlands,
an area of about 400 000 ha (Reijerink and Breeuwsma, 1992). These soils
have the potential to contribute to Penrichment of surface waters. Figure 1.2
gives an overview of the P-saturated soils in the middle, east, and south of
the Netherlands. The DPS method was developed for noncalcareous sandy
soils, because intensive livestock farming systems with high application rates
of animal manure predominate in these areas. Thus, the use of the DPS is
restricted to these soils only (van der Zee et al., 1990). Evidently, to
effectively reduce P loss from P-saturated soils, additional policies and
measures are needed regionally. Because of the extent of the area of Psaturated soils, remediation is costly, and no site-specific policies and
measures have been implemented yet. This is, in part, due to the large
economic consequences this would have for intensive livestock farming
systems (Chardon et al., 1996b; RIVM, 2002).
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Figure 1.2. Degree of phosphorus saturation (DPS) of noncalcareous sandy soils in the
middle, east, and south of the Netherlands (median value of DPS per cell of 2.5 by 2.5 km)
(Reijerink and Breeuwsma, 1992).

A more recent approach to characterize P-enriched agricultural soils
involves the application of split-line models to determine a threshold (change
point or break point) in soil Pquantity-intensity (q-i) relationships. Thresholds
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define a critical level in soil P quantity or soil extractable P above which a
soil exhibits an increased risk for P loss. Thresholds can thus be used for the
identification of problem soils. In many studies, strong relationships have
been demonstrated between soil extractable P (quantity factor) and P
concentrations in either surface runoff, drainage pipe water, and leachate
(intensity factors) (Heckrath et al., 1995; Pote et al., 1996; McDowell et al.,
2001a; Maguire and Sims, 2002). For example, McDowell and Sharpley
(2001) used water and 0.01 M CaCI2 to approximate P in surface runoff and
leachate, respectively. These and other authors (Hesketh and Brookes,
2000) related these results to measurements of soil extractable P (Mehlich-3
and Olsen P) and fitted the results to a split-line model to calculate a
threshold. Heckrath et al. (1995) and Maguire and Sims (2002) applied the
split-line model to calculate thresholds in relationships between various
extraction methods and P in drainage pipe water and leachate, respectively.
The split-line model separates the relationship between soil extractable P
and P loss into two sections: soils in the section above the threshold have an
increased risk for P loss compared to the one below. Thus, for each unit
increase in soil extractable P above the threshold, the release of P to
leachate or runoff will increase at a greater rate than below the threshold.
However, effects of experimental conditions, soil chemical characteristics,
and soil Plevels on calculated thresholds have received little attention so far.

Site-specific measure
Mining soil P (i.e., harvesting P taken up from the soil by a crop grown
without external P addition, followed by the off-site removal of the above
ground plant parts) has been proposed as a possible remediation strategy to
decrease the risk of P leaching from P-enriched agricultural soils (van der
Zee et al., 1992; Chardon et al., 1996b). However, quantitative information is
scarce on the long-term change in soil P after P application has stopped.
Previous studies inwhich soil Pwas mined by plant uptake were of relatively
short duration (Delgado and Torrent, 1997; Guo and Yost, 1999; Yli-Halla et
al., 2002), while in long-term field experiments of McCollum (1991) and those
summarized by Sharpley (2000), where soil Pwas also mined, the change in
soil Pwas mainly characterized with relatively strong extraction methods and
only one extraction method per study. Thus, there is a need for more detailed
information about long-term changes in different soil P pools caused by plant
uptake after Papplication has ceased.
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Phosphorus speciation in soil
Introduction
Soil P exists in many chemical forms, with the soil solution and solid phase
containing both inorganic and organic forms. Figure 1.3 shows a simplified
scheme of the speciation of P in soil. Organic P generally represents
between 30 and 65% of total P (Harrison, 1987). Inositol phosphates are the
most quantitatively important organic P compounds in soil, contributing over
50% to the total organic Pcontent in many soils (Anderson, 1967). Inositol, a
hexahydroxy cyclohexane (C 6 Hi 2 06), forms a series of orthophosphate
monoesters ranging from monophosphate to hexakisphosphate, of which
myo-inositol hexa/c/sphosphate is the most abundant form in soil (Turner et
al., 2002). Phytic acid is the alternative name for its free acid form (Fig. 1.4).
Because of the high number of phosphate groups of myo-inositol
hexa/c/sphosphate, it has the ability to sorb strongly to AI- and Fe(hydr)oxides, resulting in a low mobility but high stability in soil (Anderson,
1967). Other organic P compounds in soil include deoxyribonucleic acid
(DNA), ribonucleic acid (RNA), and phospholipids, a group of orthophosphate
diester compounds (Anderson, 1967). The latter compounds have a lower
charge density than orthophoshate monoesters, especially the inositol
phosphates, resulting in a lower degree of sorption, but greater mobility and
accessibility for microbial degradation (Turrión et al., 2001).
Plant
residues

Plant
shootP

Plant rootP
Quasiirreversibly
sorbedP

Reversibly
adsorbedP

MicrobialP

MineralP
Groundand
surfacewaters

Figure 1.3. A simplified scheme of the speciation of P in soil.
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OHoPO
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OH 2 P0 3
A. 1-axial/5-equatorial (pH 0.5-9.0)

OPO 3 2 B. 5-axial/1-equatorial (pH 10.0-13.0)

Figure 1.4. Structure of myo-inositol hexa/c/sphosphate in solution, between pH 0.5 and 9.0
(A) and between pH 10.0 and 13.0 (B) (Turner et al., 2003).

Phosphorus is added to the soil through the application of animal
manure and P fertilizer and can be removed through processes such as
uptake of P by plants and leaching of Pto ground and surface waters. In soil
solution, orthophosphate is the primary source of P for plant uptake. The
decrease of the dissolved P concentration resulting from the uptake of P by
plants is counteracted by desorption of Pfrom the solid phase, by dissolution
of Pcontained in minerals, or by mineralization of organic Pcompounds (Fig.
1.3). In animal manure, P is composed of both inorganic and organic P
fractions, the latter varying from 5 to 25% of total P (Gerritse, 1981; Dou et
al., 2000; Sharpley and Moyer, 2000). In other studies (e.g., Peperzak, 1959;
Barnett, 1994), higher percentages of organic P have been found, depending
on the type of animal manure. In agricultural soils treated with large amounts
of animal manure, increased inorganic and organic P contents can be
expected. However, little information exists on changes of inorganic and
organic Pfractions and the distribution of Pamong the various P compounds
in soils exposed to high application rates of animal manure over long
periods. Speciation of P in these soils is important, because the contribution
of different P compounds to P loss via leaching may differ. In noncalcareous
sandy soils treated with large amounts of pig and cattle slurry, P leaching
through the soil profile was found to be mainly organic P (Gerritse, 1981;
Chardon et al., 1997). Therefore, it is important to study speciation of P in
soils amended with animal manure over long periods. For this purpose,
solution 31P nuclear magnetic resonance (NMR) spectroscopy, a relatively
simple and direct technique, can be useful as it is has been applied
successfully to characterize P in alkaline soil extracts (e.g., Cade-Menun and
Preston, 1996).
Reactions of inorganic phosphorus with the solid phase
In noncalcareous sandy soils, amorphous AI- and Fe-(hydr)oxides are the
main reactive solid phases (Beek, 1979). The overall reaction of inorganic P
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with AI- and Fe-(hydr)oxides can be divided into a fast reversible adsorption
reaction at surface sites (<1 d) and a slow one, that is, diffusion through the
solid phase or through micropores of AI- and Fe-(hydr)oxides possibly
followed by precipitation and/or adsorption inside the aggregates (van
Riemsdijk and Lyklema, 1980a, 1980b; van Riemsdijk and de Haan, 1981;
Barrow, 1983; van Riemsdijk et al., 1984a, 1984b; Bolan et al., 1985; Madrid
and De Arambarri, 1985; Willett et al., 1988). The fast reaction has been
described as a ligand exchange reaction between phosphate anions andOH"
or H 2 0 groups at the surface of AI- and Fe-(hydr)oxides (Breeuwsma, 1973;
van Riemsdijk and Lyklema, 1980a). In the acid pH range (pH 4.5-6.5) of
noncalcareous sandy soils, P adsorption is not very dependent on pH (van
der Zee et al., 1989). The fast reaction in these soils can then be described
using the kinetic Langmuir equation (van der Zee et al., 1987):

^ =k a x C x ( Q m a x - Q ) - k d x Q
dt

[1.1]

where Q is the amount of P adsorbed (mg P kg"1), C is the P concentration
(mg P L"1), Qmaxis the adsorption maximum (mg P kg"1), ka is an adsorption
constant (L mg"1 h"1), and kd is a desorption constant (h"1). At equilibrium
(dQ/dt = 0), Eq. [1.1] reduces to the Langmuir isotherm where K (L mg"1) is
the affinity of the soil for Padsorption(K =ka/kd):

Q
Q=

*K*C

max
1+ K x C

[1.2]

The slow reaction of P has been described as a slow diffusion process
through the solid phase to the zone where a fast precipitation reaction
occurs: the conversion of AI- or Fe-(hydr)oxides to AI- or Fe-P precipitates
(van Riemsdijk and Lyklema, 1980a, 1980b; van Riemsdijk and de Haan,
1981; van Riemsdijk et al., 1984a, 1984b). In the chemical engineering
literature, this is referred to as the unreacted shrinking core model (van der
Zee and van Riemsdijk, 1991). In contrast, Madrid and De Arambarri (1985)
and Willett et al. (1988) described the slow reaction as a slow diffusion
through the micropores of synthetic Fe-(hydr)oxides followed by a fast
adsorption reaction inside the aggregates. Consequently, the reaction may
locally be described again with the Langmuir adsorption equation (Eq. [1.2]).
Nevertheless, all studies agree on diffusion as a transport mechanism for P
into aggregates of AI- and Fe-(hydr)oxides as the rate-limiting step in the
slow P reaction. The total pool of sorbed P (F) in noncalcareous sandy soils
has been interpreted as the sum of reversibly adsorbed P (Q) and quasi-
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irreversibly bound P (S), that is, F = Q + S (van der Zee et al., 1987; van der
Zee and van Riemsdijk, 1988; Schoumans and Groenendijk, 2000). The acid
ammonium oxalate extraction method of Schwertmann (1964) has been used
to determine both the total pool of sorbed P (Pox), which may be equated to
F, as well as the sum of amorphous AI- and Fe-(hydr)oxides ([AI+Fe]0X),
which determine the total sorption capacity of inorganic P in noncalcareous
sandy soils (Beek, 1979; van der Zee and van Riemsdijk, 1988).
Reversibility of the inorganic phosphorus sorption reaction
The reversibility of the overall reaction of inorganic P with the solid phase is
of agricultural interest, because of the need to maintain an optimal soil
fertility for crop production. It is also of increasing environmental interest,
because of its consequences for the P enrichment of ground and surface
waters resulting from leaching of soil solution. Upon the removal of P from
soil solution, a fast initial desorption reaction for P adsorbed to surface sites
of AI-and Fe-(hydr)oxides is expected (van der Zee et al., 1987). Desorption
of P bound inside these metal-(hydr)oxides followed by diffusion to the outer
layers of the aggregates may counteract the decrease of reversibly adsorbed
P (Barrow, 1983). Phosphorus becomes available again upon desorption of
adsorbed P or dissolution of precipitated P inside the aggregate, followed by
slow diffusion of P to the soil solution. Since diffusion is slow, sorbed P
becomes available again in the long-term, resulting in apparent hysteresis of
P sorption and desorption (Ryden and Syers, 1977). Diffusion may be an
important mechanism in controlling the bioavailability and transport of
various reactive solutes in soils. Thus, intra-aggregate diffusion should be
considered if realistic models are to be used to model long-term (de)sorption
processes of reactive solutes in soil.
Quantitative information about the long-term reversibility of the overall
reaction of P in P-enriched soils and its consequences for the total amount of
P available for plant uptake and leaching is scarce. Theoretically, all sorbed
P in soil is desorbable (Lookman et al., 1995a). In a long-term desorption
study where P-enriched noncalcareous sandy soils were incubated with a P
sink consisting of a dialysis membrane tube filled with hydrous Fe(hydr)oxide (DMT-HFO) for approximately 67 d, up to 70% of Pox was
desorbed. Based on the model results of the long-term Pdesorption kinetics,
all Poxwas practically desorbable over 100 to 400 d (Lookman et al., 1995a).
Therefore, irreversibly bound P may not have been present in these soils. A
desorption isotherm, describing the equilibrium relationship between P in soil
solution and the total pool of sorbed P, can in principle be used to estimate
the total amount of P available for uptake by plants and leaching. However,
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the relationship between the P concentration in soil solution and P sorbed to
the solid phase is difficult to determine in laboratory experiments, due to the
relatively slow desorption kinetics and other more practical problems (e.g.,
van der Zee et al., 1987; Freese et al., 1995). Furthermore, in the field kinetic
factors may lead to a lower availability of Pthan would be estimated from the
equilibrium desorption isotherm.

Objectives
Mining soil P has been proposed as a possible remediation strategy to
decrease the risk of P leaching from P-enriched agricultural soils. However,
little quantitative information exists on long-term changes in different soil P
pools resulting from P uptake after P application has ceased. The available
information has been obtained mainly from short-term pot experiments and
long-term field experiments where the change in soil P was characterized
with only relatively strong extraction methods. To fully evaluate the potential
of mining soil P, additional quantitative information is needed on changes in
different soil P pools induced by mining soil P. Another important issue
concerns the extent to which P uptake from P-enriched soil may be
considered as an equilibrium desorption reaction. In the case of equilibrium,
a desorption isotherm, describing the long-term equilibrium relationship
between P in soil solution and the total pool of reversibly sorbed P, can in
principle be used to estimate the total amount of P available for uptake and
leaching. However, in the case of disequilibrium, kinetics of P desorption
from the solid phase to the soil solution determines the availability of P for
uptake and leaching. Obviously, these issues should be studied in field
experiments, but greenhouse pot experiments allow detailed information to
be obtained much more rapidly. The general objective of the present study
was to gain knowledge on the speciation and desorption kinetics of P in Penriched noncalcareous sandy soils, with special emphasis on the analysis
of soil samples at varying stages of Pdepletion.
Different approaches were chosen:
•

•

14

soil samples enriched with P over a long period were used in a P
speciation study; soils were sampled from grassland sites exposed to
different fertilizer regimes in afield experiment, and
soil samples at varying stages of Pdepletion were used in studies on P
speciation and desorption kinetics. The P-depleted soil samples were
created in a laboratory experiment and a pot experiment. In the
laboratory experiment, an artificial Psink method (DMT-HFO) was used
to deplete two P-enriched soils. In the pot experiment, the method of

Generalintroduction
cropping grass was used to deplete a P-enriched soil over a relatively
long period inthe greenhouse.
The specific objectives of the present study were:
•
to characterize P speciation in soils sampled from grassland sites
exposed to long-term application of different fertilizer regimes,
•
to quantify the availability of P in a P-enriched soil for uptake by plants,
•
to quantify the changes in different P pools resulting from depletion of
soil Pby either an artificial Psink or plant induced mining, and
•
to quantify and model the changes in P desorption kinetics in a Penriched soil subjected to Pdepletion.

Outline
In Chapter 2, effects of experimental conditions, soil chemical
characteristics, and soil P levels on calculated thresholds, used for the
identification of agricultural soils with an increased risk for P loss, are
determined based on a simple modeling approach using the Langmuir
adsorption isotherm. In Chapter 3, Pspeciation in soils sampled from the top
5 cm of grassland sites exposed to different fertilization regimes in a longterm field experiment is characterized. Classical wet chemical analysis and
solution 31P NMR spectroscopy are used to determine P speciation in both
0.25 M NaOH-0.05 M Na2EDTA and 1:5 (w/v) water extracts. In Chapter 4,
two P-enriched soils are incubated with an artificial P sink (DMT-HFO) in a
laboratory experiment to create soil samples at varying stages of Pdepletion.
Various extraction methods are used to characterize the changes in different
soil P pools. Furthermore, the suitability of the DMT-HFO method to act as
an 'infinite' P sink for P desorption is evaluated. In Chapter 5, the method of
cropping of grass is used to deplete a P-enriched soil in a long-term
greenhouse pot experiment. The effectiveness of mining soil P by grass is
evaluated by characterizing the change in different soil P pools using various
extraction methods. Phosphorus extractable with 0.01 M CaCI2 is used to
approximate P in the soil solution and Pox is used as an indicator of the size
of the total pool of sorbed P. Using these data for soil samples collected after
various times of plant growth, an equilibrium desorption isotherm for P is
constructed. The desorption isotherm is used to estimate the long-term
availability of Pfor uptake by plants. In Chapter 6, the initial soil and some Pdepleted soil samples selected from the pot experiment are used to
determine the desorption kinetics of P in batch experiments and a diffusion
model is used to simulate the P desorption kinetics from a spherical
aggregate. The desorption isotherm, determined in Chapter 5, is then used
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to calculate P buffering during transport of P through the micropores of the
aggregate to the soil solution. Furthermore, a new concept is proposed to
interpret the bioavailability of nutrients based on the kinetics of desorption.
This concept is referred to as the dynamic bioavailability index (DBI). The
DBI is the dimensionless ratio of the maximal diffusive flux of a nutrient from
the soil aggregates to the soil solution and the rate of nutrient uptake by the
plant.
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Chapter 2

Abstract
Soil phosphorus (P) quantity-intensity (q-i) relationships, based on common
extraction methods, may potentially be used to estimate the risk of P loss in
overland flow and subsurface drainage water. Some workers have used nonlinear
q-i relationships to derive thresholds in soil test P (STP; a quantity factor) above
which the risk of P loss increases, while others find linear relationships and no
threshold. We present here a simple modeling exercise (based on Langmuir
adsorption theory) along with data from literature to explain the behavior of q-i
relationships, and to give an explanation for this apparent discrepancy. The data
indicate that q-i relationships are dependent upon the soil to solution ratio of the P
intensity parameter, adsorption capacity (Qmax) and strength (K) of the soil, and the
total range in STP. In turn, this affects the calculation of a threshold in STP. The q-i
relationship tends towards linearity under conditions of a narrow total range of STP
and/or when using a wide soil to solution ratio for estimating the P intensity
parameter. Under such conditions, a threshold is difficult to detect, and uncertain.
We conclude that the sensitivity of thresholds to experimental conditions and soils
needs to be considered if thresholds are to be successful in environmental
management to decrease P loss to surface waters.
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Introduction
Soil phosphorus (P) contents of intensively managed agricultural soils in for
example Europe and the USA have increased in the course of the 20th
century, as the result of heavy Papplications via fertilizer and animal manure
exceeding the withdrawal of P by harvested crops (e.g., Breeuwsma et al.,
1995; Pautler and Sims, 2000). This buildup of soil P can increase the
potential for P loss to surface waters via hydrological pathways such as
overland flow and subsurface drainage water, contributing to Penrichment of
surface waters and eutrophication (Sharpley et al., 1994; Sims et al., 1998).
Various methods have been proposed to estimate the potential P loss
from P enriched soils. For example, McDowell and Sharpley (2001) used
water- and 0.01 MCaCI2-extractable Pto approximate P in overland flow and
subsurface drainage, respectively. These and other authors (e.g., Hesketh
and Brookes, 2000) have shown that such data can be coupled with
measures of soil test P (STP; e.g., Mehlich-3- or Olsen-extractable P), and
can be fitted to a split-line model to calculate a change point or threshold in
STP. The split-line model separates the relationship between STP and P loss
into two sections on either side of the threshold, whereby soils in the section
above the threshold exhibit an increased potential for P loss compared to the
one below. Others (e.g., Heckrath et al., 1995) have demonstrated a
threshold in STP for P loss via tile drainage. These thresholds have been
derived with the purpose to find a critical level in STP, above which the
potential of P loss increases, to be used for environmental management
(e.g., McDowell et al., 2001a).
A method, recently developed in the Netherlands, compares the
percentage or degree of P saturation (DPS) of the soil profile between the
soil surface and the mean highest ground water level, with the dissolved P
concentration in soil solution leaching from the soil profile in the long-term
(van der Zee et al., 1990). Based on model calculations using average
measured P sorption and desorption characteristics of Dutch sandy soils, a
relationship was derived between DPS and the Pequilibrium concentration in
soil solution. At 25% saturation of the soil with P (25% DPS), the P
concentration in soil solution leaching from the soil profile corresponds to 0.1
mg dissolved P L"1(van der Zee et al., 1990). The value of 0.1 mg P L"1 has
been set as the Dutch limit for inorganic P in surface waters to prevent
eutrophication and associated adverse effects (TCB, 1990). Above 25%
DPS, the dissolved P concentration in the soil increases nonlinearly with
DPS (Schoumans and Groenendijk, 2000). Indeed, experimental data often
demonstrate nonlinear relationships between DPS and water-extractable P
(e.g., Lookman, 1995; Chardon and van Faassen, 1999; Koopmans et al.,
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2001). McDowell et al. (2001a) applied the split-line model to laboratory
extraction data of 0.01 M CaCI2-extractable P (soil to solution ratio of 1to 5
[w/v]) versus DPS in soils from New Zealand, the UK, and USA. Thresholds
occurred at DPS values ranging from 25 to 34%, and corresponded to P
concentrations in CaCI2 extracts that were comparable to the dissolved P
concentration in soil solution found by van der Zee et al. (1990) at 25% DPS.
This method also applies to P loss via subsurface flow (Lookman, 1995).
The examples above have a commonality; they relate quantity (q; STP
or DPS) to intensity (i; P in overland or subsurface flow or the approximation
thereof, i.e., water- or 0.01 M CaC^-extractable P) in a nonlinear manner. In
contrast, many other examples show a linear relationship between STP or
DPS and P loss in overland flow or 0.01 M CaCI2-extractable soil P, and as a
consequence, no threshold (e.g. Sharpley, 1995; Pote et al., 1996; Pautier
and Sims, 2000). This is puzzling, but methodology (soil to solution ratio of
the P intensity parameter and rainfall intensity) and soil chemical
characteristics (soil type) and conditions (land use and range of STP) were
different in the various studies. For example, a narrow soil to solution ratio
(i.e., a low suspended sediment concentration) in overland flow exhibited a
nonlinear q-i relationship, while a wide soil to solution ratio exhibited a linear
relationship (McDowell and Sharpley, 2001). Furthermore, apparent linearity
of data can simply be caused by not testing soils of sufficiently wide range in
STP to show a nonlinear relationship (McDowell et al., 2001a). So far, a
coherent explanation for these divergent results does not exist to our
knowledge. A simple modeling exercise, based on the Langmuir adsorption
isotherm, may explain such an apparent discrepancy. Thus, the primary
objective of this study is to explore with theory and data from literature, the
variation in q-i relationships as influenced by methodology, soil chemical
characteristics, and soil P levels. A secondary objective is to rationalize the
existence of thresholds in STP, and to discuss the applicability and
limitations of thresholds, and thus, place their calculation in perspective.

Materials and methods
Theory
The overall sorption reaction of inorganic P in soil may be simplified to
consist of a fast reaction (reversible adsorption on surface sites), and a slow
one (diffusion into soil aggregates followed by precipitation or sorption inside
the aggregate) (e.g., van der Zee and van Riemsdijk, 1988). Phosphorus lost
in overland flow and subsurface drainage water is significantly correlated
only to the rapidly desorbable P pool, as revealed by recent data using
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radioactive 33P (McDowell et al., 2001b). In our study, as an approximation,
only reversibly adsorbed P is considered to be involved in the q-i
relationships explored here.
Dispersing a known amount of soil (g; kg soil) containing a known
amount of adsorbed P (T; mg P) in a known volume of solution (v; L) results
in the establishment of an equilibrium within hours between the amount of P
adsorbed to the soil (Q; mg P kg"1) and the amount of P in solution (C; mg P
L"1),described by:
T =gxQ +v * C

[2.1]

The Langmuir adsorption isotherm can be used to describe reversible
adsorption of P(van der Zee et al., 1988):
Q

xKxC

Q_^max

^

[2 21

1+KxC

J

where Qmax is the adsorption maximum (mg P kg"1) and K is a constant (L
mg"1) describing the affinity of the soil for P, or adsorption strength; Qmax and
K are soil properties defined by the chemical characteristics of the soil.
Substituting Eq. [2.2] in Eq. [2.1] gives:
Q

xKxC

T =gx^ns2
a
1+KxC

+v

xC

[2.3]
L

J

Equation [2.3] can be solved for C to yield Eq. [2.4] (seeAppendix B):
c _ - ( g x Q m a x x K + v-TxK) + V(gxQ m a x xK + v-TxK)

2

-4x(vxK)x(-T)

2x( v xK)
[2.4]
For both adsorption and desorption processes, the Langmuir isotherm is
linear at small amounts of T and thus the increase of Cwith T is linear at low
values of T. As T increases and Q approaches Qmax, the Langmuir isotherm
becomes nonlinear, and the relationship between C and T changes from
linear to nonlinear. As T increases further, Q « Qmax and any additional P
remains in solution; the Langmuir isotherm becomes linear again, and
likewise, the increase of Cwith T. This follows from Eq. [2.1], the slope of the
C versus T relationship equals 1/v as Q « Qmax, and, thus, depends on the
soil to solution ratio; widening this ratio decreases the slope. Using Eq. [2.4],

21

Chapter2
we analyzed the behavior of q-i relationships, that is, C versus T, as a
function of soil to solution ratio (g to v) at set values of Qmax and K. Next, we
analyzed the effects of varying Qmax and K at a set soil to solution ratio for a
range of T. We used the split-line model (Eq. [2.9]), described by McDowell
et al. (2001a), to calculate thresholds in the q-i relationships.
Elaboration
We used laboratory extraction data of Schoumans et al. (1991) and Chardon
(unpublished) to obtain relevant ranges of values of Qmax and K. Soil
samples were collected from the plough layer (0-30 cm) of 151 sites
representative for intensively managed agricultural sandy soils in the
Netherlands. These data sets contained the following parameters: soil
density, organic matter, water-extractable P at a soil to solution ratio of 1:60
(v/v) (Pw; Sissingh, 1971), ammonium oxalate-extractable P (Pox) and AI and
Fe ([AI+Fe]0X), and P extractable with FeO-impregnated filter paper (Pi-test;
Sissingh, 1983). Furthermore, the data sets contained the pH (KCl)
(Schoumans et al., 1991) and the pH (H 2 0) (Chardon, unpublished). We
calculated DPS (%) according to van der Zee et al. (1990):

DPS=

^
xi00
ax[AI+Fe]0X

[2.5]

where Pox and [AI+Fe]0X are expressed in mmol kg"1; a = 0.5 denotes the
saturation factor, that is, sorption strength of [AI+Fe]0X for P. The value of a
was calculated as the ratio between Pox and [AI+Fe]ox from a set of sandy
soil samples pre-saturated with P in a laboratory experiment. In sandy soils,
Qmax depends upon the ammonium oxalate-extractable AI and Fe contents.
The value of Qmax can be calculated from:
Q m ax=ß*[AI+Fe]0X x31

[2.6]

where ß = 0.135, AI and Fe are expressed in mmol kg"1, and 31 represents
the atomic weight of Pto obtain Qmax in mg P kg"1(van der Zee et al., 1988).
The value of ßwas calculated as the ratio between the amount of reversibly
adsorbed P, as estimated by FeO-impregnated filter paper, and [AI+Fe]ox
from a set of sandy soil samples pre-saturated with P in a laboratory
experiment. Iron oxide-impregnated filter paper functions as an infinite sink
for P, and maintains a negligible P concentration in suspension facilitating
continuous desorption of reversibly adsorbed P (van der Zee et al., 1987).
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We estimated K from P desorption in a Pw extract by solving Eq. [2.3] for K
(see Appendix C):

K=

T-vxC

[2.7]

gxQ m a x xC+v x C 2 - T x C

We assumed equilibrium between P adsorbed to the soil and P
measured in the Pw extract after 22 h of pre-equilibrating and 1 h of shaking
at 20°C. Usually, the Pw value, used as STP in P fertilizer recommendation
for arable land in the Netherlands, is expressed in mg P2O5 L"1 of soil. To
obtain K, we expressed Pw in mg P kg"1 using soil density. To assess the
amount of reversibly adsorbed P (T), van der Zee et al. (1988) used FeOimpregnated filter paper. We derived values of Tfrom the data of the Pi-test.
Calculation of thresholds
Thresholds in the q-i relationships were calculated using a split-line model
describing two linear relationships on either side of the threshold (McDowell
et al., 2001a). Below the threshold, ivaries with q according to:
i=a 1 xq+b

[2.8]

and above the threshold according to:
i=a 1 xq+Aax(q-CP) +b

[2.9]

where i is intensity (mg P L"1), q is quantity (mg P kg"1), CP is the threshold
(or change point), a^ is the slope of the linear relationship for values of q
below the CP, Aa is the difference in slopes above the threshold compared
to ai, and b is the intercept. The four parameters (a-\,Aa, CP, and b) were
estimated using the method of maximum likelihood (analogous to the leastsquares method) in Genstat 5, release 4.1. The slope of the linear
relationship after the threshold a2was calculated as a2= ai + Aa. A low ratio
of a2to ai is indicative of a small change in the increase of iwith q after the
threshold, or in other words, the relationship between q and i tends to
become linear. When the ratio of a2 to a-i is 1,then the relationship between
q and i is linear by definition. Hence, when the ratio of a2 to a-\is low, a
threshold is difficult to detect and uncertain.
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Results and discussion
Soil characteristics
The 151 soil samples represent the wide range in soil conditions found in
intensively managed agricultural sandy soils in the Netherlands. The
samples provide a wide range in soil P levels (Pw, Pi-test-extractable P, Pox,
and DPS) and soil chemical characteristics (organic matter, pH, [AI+Fe]0X,
Qmax, and K) (Schoumans et al., 1991; Chardon, unpublished). The range,
mean, and standard deviation of these parameters are presented in Table
2.1. The pH (KCl) of the soil samples taken from the study of Schoumans et
al. (1991) was a little lower than the pH (H2O) in the study of Chardon
(unpublished). Because the pH of the soil samples selected is higher than
the point of zero net charge, the pH in a high ionic strength medium (KCl) is
lower than the pH in a low ionic strength medium (water) (McBride, 1994).
Amounts of Pw- and Pi-test-extractable P were, on average, 3.4 and 19.5%
of Pox, respectively. Approximately 80% of the samples had Qmax and K
values that ranged from 150 to 500 mg P kg"1 and from 0.3 to 3.3 L mg"1,
respectively. These results are similar to data presented by van der Zee et
al. (1988).
Table 2.1.Measured data of organic matter (OM), pH, Pw, Pi-test, Pox, [AI+Fe]0X, and DPS
of the 151 soil samples from the Netherlands (Schoumans et al., 1991; Chardon,
unpublished), and estimated values of Qmax and Kcalculated according to Eq. [2.6] and Eq.
[2.7] inthis study.
Parameter

Range

OM (%)

Mean

Standard
deviation

2.1-15.5

5.1

±2.0

pH (KCI)f

3.7-6.2

4.7

±0.5

pH (H 2 0)t

5.3-6.8

6.2

±0.3

2-65

16

± 12

Pw (mg Pkg"1)
1

Pi-test (mg Pkg" )
Pox (mg Pkg"1)

11-313

92

±67

115-1211

485

±213

[AI+Fe]ox (mmol kg"1)

25-185

70

±23

DPS§ (%)

16-100

46

± 17

Qmax (mg P kg" )

103-775

292

±97

K (L mg"1)

0.1-6.2

1.5

±1.1

1

tSchoumans et al. (1991); n=67.
^Chardon (unpublished); n =84.
§DPS was calculated according to Eq. [2.5]. The DPS is calculated here for soil samples
from the 0-30 cm layer only, while van der Zee et al. (1990) apply the DPS to the soil profile
between the soil surface and the mean highest ground water level.
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Influence of soil to solution ratio on q-i relationship
Figure 2.1 shows the relationship between quantity (as T/g to give mg P kg"1
soil) and intensity (C in mg PL"1) calculated for soil to solution ratios of 1:0.3,
1:5, 1:10, and 1:50 (g to ml_) for a soil of Qmax= 300 mg P kg"1 and K= 1.5L
mg"1. According to Eq. [2.4], C may increase with T to infinity. However, P
will precipitate as the concentration of P in soil solution exceeds the solubility
product of the solid phase determining the solubility of P in soil. In acidic to
neutral soils, heavily enriched with P, Ca- and Mg-P compounds may exist as
metastablesolid phases.An extreme example of a P-enriched soilwas described
by Dantzman et al. (1983). They investigated a site which had been used as a
feedlot for 15years and showed that Paccumulated as Ca-P. Nair et al. (1995),
Sharpley and Smith (1995), and Lookman et al. (1997) also observed
accumulation of Ca-P on sites that received large amounts of animal manure.
Also, de Haan and van Riemsdijk (1986) found indications for the existence of
brushite (CaHP04-2H20) in heavily pig manured sandy soils.They measured a
maximum Pconcentration of approximately 90 mg P L"1, and therefore, in Fig.
2.1, we showed C in the 1:0.3 extract up to this P concentration. The P
concentration in the 1:0.3 extract shows a strong increase with T/g, and a
large change in slope, but as the soil to solution ratio of the P intensity
parameter widens, this increase lessens, and the slope of the relationship
between T/g and C changes less (Fig. 2.1). Thus, at a wide soil to solution
ratio, the relationship between T/g and C tends to become linear. To
calculate a threshold in these q-i relationships, we applied the split-line
model (Eq. [2.9]) (McDowell et al., 2001a), assuming that T/g ranges from 0
to 325 mg P kg"1 (T/g = 325 mg P kg"1 corresponds to C = 90 mg P L"1 in the
1:0.3 extract). In the 1:0.3 extract, a clear threshold is evident, however, as
the soil to solution ratio widens, the threshold and the ratio of a2 to ai
decreased (Table 2.2). Decreasing the T/g range, used for calculating the
threshold, from 0-325 mg P kg"1to 0-150 mg P kg"1 has the same effect; the
threshold and the ratio of a2 to ai decreased (Table 2.2). In both cases, the
corresponding Q and C values decreased as well. Summarizing, at a wider
soil to solution ratio and/or a decreasing T/g range, the increase of C with
T/g becomes smaller and the slope of the relationship between T/g and C
changes less (Fig. 2.1), and as a result, the threshold calculated by the splitline model decreases.
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Figure 2.1. Modeled data of the phosphorus intensity (C) versus P quantity (T/g) at four
different soil to solution ratios calculated using Eq. [2.4] (Qmax = 300 mg P kg"1 and K = 1.5
L mg"1).
Table 2.2. Modeled data of the threshold in T/g, calculated from the split-line model (Eq.
[2.9]), the corresponding amount of P adsorbed (Q) and P equilibrium concentration (C),
and the ratio of a2 to a-i calculated at different soil to solution ratios for a soil of Qmax = 300
mg P kg-1 and K = 1.5 L mg"1 (Fig. 2.1). T/g ranged from 0-325 mg P kg"1 and 0-150 mg P
kg"1, respectively.
Soil to solution
ratio

T/g
mg P kg"1

Threshold in T/g
mg P kg"

a2to ai ratio

C

Q
1

mg P kg"

1

mg PL"

1 0.3

0-325

293

288

16.1

110.3

15

0-325

246

234

2.4

11.4

1 10

0-325

227

211

1.6

7.1

1 50

0-325

187

152

0.7

2.7

1 0.3

0-150

87

87

0.3

2.1

15

0-150

87

86

0.3

2.0

1 10

0-150

87

84

0.3

1.9

1 50

0-150

85

74

0.2

1.6

Clearly, q-i relationships calculated are highly dependent upon the soil to
solution ratio used for determining the P intensity parameter and the total
range in STP. As a result, the threshold, calculated by the split-line model,
and the corresponding C value, are also affected by experimental conditions
and soil selection. At a wide soil to solution ratio and/or a narrow total range

26

So/7phosphorus quantity-intensityrelationships
in STP, the relationship between T/g and C tends towards linearity, and thus,
a threshold may be difficult to detect.
Influence of soil chemical characteristics on q-i relationship
Figure 2.2 shows the relationships between T/g and C for a soil to solution
ratio of 1:0.3, Qmax = 150 and 500 mg P kg"1, and K = 0.3 and 3.3 L mg"1.
Similar to Fig. 2.1,C is shown up to a maximum of 90 mg P L"1. Increasing
Qmaxand/or K has the effect of increasing the range in T/g before the slope
of the relationship between T/g and C changes. Applying the split-line model
to the data presented in Fig. 2.2 shows that at higher values of either Qmax or
K, both the threshold and the ratio of a2 to ai increase (Table 2.3).
Conversely, widening the soil to solution ratio of the P intensity parameter to
1:50 caused the threshold and the ratio of a2 to ai to decrease (Table 2.3).
Thus, in theory, q-i relationships are highly dependent upon Qmax and K of
the soil. As a result, the threshold and the corresponding C value are also
affected by the selection of soils. For example, in sandy soils with a low
adsorption strength, the threshold may be difficult to detect, especially at a
wide soil to solution ratio used for determining the Pintensity parameter.
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Figure 2.2. Modeled data of the phosphorus intensity (C) in a 1:0.3 extract versus P
quantity (T/g) at two different P adsorption maxima (Qmax) and strengths (K) calculated
using Eq. [2.4].
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Table 2.3. Modeled data of the threshold in T/g, calculated from the split-line model (Eq.
[2.9]), and ratio of a2 to a-icalculated at a soil to solution ratio of 1:0.3 (Fig. 2.2) and 1:50 for
different values of Qmax (150 or 500 mg P kg"1) and K (0.3 and 3.3 L mg" ). T/g ranged from
0 mg P kg"1 to the value required to obtain C = 90 mg PL"1 in the 1:0.3 extract.
Soil to
solution ratio

K

Umax
1

1

T/g
mg P kg"1

Threshold in T/g
1

mg P kg"

Lmg"

150

0.3

1:0.3

0-172

135

150

3.3

1:0.3

0-176

500

0.3

1:0.3

500

3.3

1:0.3

150

0.3

150

mg P kg"

a2to ai ratio

C

Q
1

mg P kg"

1

mg PL"

129

20.6

20.0

147

145

8.2

169.6

0-509

444

437

23.0

30.6

0-525

493

489

13.8

323.7

1:50

0-172

84

34

1.0

1.2

3.3

1:50

0-176

105

85

0.4

3.1

500

0.3

1:50

0-509

264

175

1.8

1.6

500

3.3

1:50

0-525

358

329

0.6

5.4

Examples inthe literature
Many examples exist in the literature to demonstrate our theory. In a study
by Hesketh and Brookes (2000), Olsen Pwas related to P loss in subsurface
drainage waters from experimental columns containing soils of different P
contents. They noted a threshold in Olsen P, above which P loss in
subsurface drainage waters increased. This was mimicked by a plot of P
extracted by 0.01 M CaCI2 versus Olsen P (Fig. 2.3, adapted from Hesketh
and Brookes [2000]). Widening the soil to solution ratio of the 0.01 M CaCI2
extraction method caused the slope of the relationship between Olsen P and
0.01 M CaCI2-extractable P above the threshold to decrease. They used this
phenomenon to explain why plots of Olsen P from topsoils of the Broadbalk
Continuous Wheat experiment (Rothamsted, Harpenden, UK) versus the P
concentration in subsurface drainage waters yielded by approximation the
same thresholds, but different slopes of the relationships between Olsen P
and the Pconcentration in drainage waters, for rainfall events with a different
intensity. The different volume of rainfall caused the soil to solution ratio to
change and, thus, the slope of the q-i relationship. These results agree with
our data presented in Fig.2.1 and Table 2.2.
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