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Summary

Most soil tests for available phosphorus (P) perform rather poorly in predicting crop response. This study was
set up to compare different established soil tests in their capacity to predict crop response across contrasting
types of soil. Soil samples from long-term field experiments, the oldest >100 years old, were collected in five
European countries. The total number of soil samples (n = 218), which differed in cropping and P treatment, and
originated from 11 different soil types, were analysed with five tests: ammonium oxalate (Ox), ammonium lactate
(AL), Olsen P, 0.01 m CaCl2 and the diffusive gradient in thin film (DGT). The first three tests denote available P
quantity (Q), whereas the last two indicate P intensity (I) of the soil solution. All five tests were positively related
to the crop yield data (n = 317). The Q-tests generally outperformed I-tests when evaluated with goodness of fit
in Mitscherlich models, but critical P values of the I-tests varied the least among different types of soil. No test
was clearly superior to the others, except for the oxalate extraction, which was generally poor. The combination
of Q- and I-tests performed slightly better for predicting crop yield than any single soil P test. This Q+ I analysis
explains why recent successes with I-tests (e.g. DGT) were found for soils with larger P sorption than for those
in the present study. This systematic evaluation of soil tests using a unique compilation of established field trials
provides critical soil P values that are valid across Europe.

Highlights

• We compared soil P tests for predicting crop response across contrasting soil types.
• No test was clearly superior to the others except for the oxalate extraction, which was generally poor.
• This study suggests that intensity tests do not perform markedly better than quantity tests.
• The evaluation of soil P tests on this unique dataset provided critical soil P values across Europe.
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Introduction

Phosphorus (P) is an essential element for agricultural production.
In Europe, for many decades more P was added to agricultural soil
than was taken up by the plants, leading to an accumulation of soil
P (Sattari et al., 2012). The increased environmental concerns and
global P crisis in 2007–2008 (Cordell et al., 2009) have renewed
interest in more efficient use of P and have led to reduced P
fertilizer applications on agricultural soil. Across the EU-28, the
total average soil P balance is now approaching a steady state, and
with negative balances in some regions there is a need to re-evaluate
the quantification of soil available P because most soil P tests were
calibrated at times when soil P stocks were increasing and residual
P was still relatively young.

Soil available P refers to P present in the soil solution and
P that is reversibly adsorbed on the solid phase or present in
labile precipitates. The former is the directly available pool and its
concentration is denoted as the P intensity (I) (Beckett & White,
1964). The latter is the pool that buffers the soil solution P and
is denoted as the P quantity (Q). The combination of Q and I
is termed the potentially available pool. Mechanistic models of
nutrient uptake suggest that P uptake is generally more sensitive
to I than to Q when evaluated in a parameter sensitivity analysis
(Barber, 1984). This is because of the central role of P diffusion in P
uptake. The Q–I concepts disregard the complexity of rhizosphere
composition that alters the fate of P near the root surface and they
do not account for the role of P mineralization in P bioavailability.

In Europe, more than 10 different methods are routinely used
to quantify the plant available P in soil, all of them rooted in
local, historical and scientific backgrounds (Neyroud & Lischer,
2003; Jordan-Meille et al., 2012). None of these methods extract
the total plant available P, but are used as an indicator of the extent
of bioavailable P. Traditional soil P tests are based on chemical
extractions (e.g. alkaline extraction with NaHCO3 (Olsen) and acid
extraction with ammonium oxalate) that release large fractions of
soil P often associated with operational definitions, but generally
denoting the potentially available P pool. Chemical soil extrac-
tions offer practical advantages, and they can evaluate the avail-
ability of P on an empirical basis for field trials (Jordan-Meille
et al., 2012). However, chemical extractions are often questioned
because they do not mimic the entire process that controls plant
nutrient bioavailability, and they extract large amounts of P that are
not available for plant uptake because the pH and salt concentra-
tion of the extracts are not relevant to the root environment. As an
alternative to chemical extractions, ‘sink methods’ (e.g. resin mem-
branes and the diffusive gradient in thin film technique (DGT)) have
been introduced to quantify plant available P based on conceptual
grounds (i.e. imitating the root as a zero sink for P under P-deficient
conditions). Sink methods are applicable to all types of soil and
are conceptually more attractive than chemical extractions because
they do not involve strong chemical alteration or change of soil pH
(Van Raij, 1998).

All soil tests are based on a model for the plant nutrient uptake
process and must be evaluated in terms of their predictive power. Pot

experiments with European soils showed that the Olsen P extraction
was superior to the CaCl2 extraction when examined for their
ranges of critical P values (Sánchez-Alcalá et al., 2015) or for their
relation between dry matter production and soil tests (Humphreys
et al., 2001). Bomans et al. (2005) reported that no single chemical
extraction method can be considered clearly superior to others in all
circumstances for European soil types. The performance of DGT
was examined on tropical soils in a pot trial by Six et al. (2013)
and in a range of field trials on Australian soils by Mason et al.
(2010) and Speirs et al. (2013). These studies concluded that on
these strongly buffering tropical soils DGT was superior to other
soil P tests for predicting plant growth. The DGT has not yet been
compared with other Q- or I-tests on agricultural long-term field
trials in Europe.

This study was set up to compare different established soil P
tests systematically in their capacity to predict crop response to
soil P on contrasting types of soil in Europe, and to identify
the relative importance of Q and I for crop response. This study
was based on long-term field experiments, each with their own
historical background in which significant and large responses to
P have been established for years or decades. The soil samples
were taken from arable fields with various crops and soil properties.
The plant available soil P was measured by five established soil P
tests, including DGT, on all soil samples. The soil tests were first
compared in terms of analytical precision and then evaluated for
their capacity to explain crop yields across soils and crops.

Materials and methods

Soil samples

Soil samples were collected from different long-term field experi-
ments in Europe (Tables 1, 2) based on the hypothesis that differ-
ences in growth response in the field were related only to differ-
ences in plant available P resulting from different P fertilization
regimes. The fertilizer history of each experiment is described in
detail in Appendix S1, Supporting Information. Some soil samples
were taken freshly from sites and dried, whereas others have been
archived for decades. Archiving might increase the fixation of P in
the soil and affect the amount of P measured as plant available P.
This will have the largest effect on the intensity tests.

A total of 218 soil samples from the plough layer were taken from
11 different sites in five different countries (the towns, countries
and coordinates of the sites are given in Table 1). The 218 soil
samples do not represent an equal number from each soil type,
and they varied in treatment and number of sampling years per
site (Table 1). For each soil sample, the corresponding yield data
were provided. For some sites, yield data of the sampling year
were supplemented with those of the adjacent years to include more
crops; the assumption was that soil P test values vary little over
adjacent years. This augmented the number of data points included
in this study from 218 to 317. In total, six crops were included in the
analysis: wheat (Triticum aestivum L.), barley (Hordeum vulgare
L.), potato (Solanum tuberosum L.), sugar beet (Beta vulgaris L.),
maize (Zea mays L.) and flax (Linum usitatissimum L.). Summer
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Table 1 Overview of the long-term P-response trials in Europe

Location Trials na

Soil

textureb Start

Number of rates of

P including control

Sampling

yearc Crop

Olsen P in

P0 / mg kg−1

Relative

yield

at P0 / %

Soil samples

n

Gembloux (Belgium)

50∘34′57′′N,4∘41′12′′E

5 Loam

(Luvisol with some

Regosol)

1967 3 2015

2014

2013

2012

2011

Wheat

Flax

Barley

Wheat

Sugar beet

16

16

16

16

16

95

49

91

98

88

18

Ath (Belgium)

50∘36′53′′N,3∘46′3′′E

8 Loam

(Abp)

1965 5 1982

1985

1980

1981

1983

1984

1986

1987

Wheat

Wheat

Barley

potato

Barley

Sugar beet

Barley

Sugar beet

27

27

27

27

27

27

27

27

95

96

90

58

95

93

84

98

9

Rostock (Germany)

54∘3′41′′N,12∘5′6′′E
2 Loamy sand

(Stagnic Cambisol)

1998 No compost: 2 2015 Maize 27 90 16

+ Compost: 2 35 106

Carcarès Sainte Croix

(France)

43∘52′N, 0∘44′W

1 Sand

(Arenosol)

1972 6 2004 Maize 21 92 24

Pierroton (France)

44∘44′N, 0∘46′E

1 Sand

(Podzol)

1995 5 2015 Maize 5.8 61 20

Toulouse (France)

43∘31′48′′N, 1∘30′20′′E

1 Loamy clay – clay

(Luvisol)

1968 4 2006 (Durum)

Wheatd
4.7 71 16

Peldone (UK)

51∘48′29′′N, 0∘52′43′′E

1 Silty clay loam

(Eutric Vertic

Stagnosol)

2009 18 2011 Wheat 9.7 69 18

Great Carltone (UK)

53∘20′47′′N, 0∘05′56′′E

1 Fine loam

(Eutric Albic Luvic

Stagnosol)

2009 18 2011 Wheat 9.1 81 18

Exhaustion Land (UK)f

51∘48′46′′N, −0∘22′29′′E

10 Sandy loam

(Chromic Luvisol)

1856
4 rates of P on 5 plots with

different NPK history
1999

2008

Wheat

Wheat

4.2

4.8

15–69

27–69

2× 20

Saxmundham (UK)g

52∘13′19′′N, 1∘28′5′′E

2 Sandy clay loam

(Eutric Luvic

Stagnosol)

1899 18 1978

1982

Wheat

Wheat

5.4

4.6

47

63

2× 18

Lanna (Sweden)

58∘20′52′′N, 13∘7′35′′E

1 Silty clay (Aquic

Haplocryept)

1936 3 2013 Wheat 8.1 73 3

Total number

11 33 6 218

A description of the experiments is given in the Supporting Information. Relative yield at P0 is calculated as the ratio of yield at P0 to that at the largest rate of P (Pmax). Olsen P for
P0 (measured in this study) is the mean value of all P0 plots, unless otherwise stated in the Supporting Information.
aNumber of crop–year combinations or plots with other treatments and fertilizer histories per location.
bSoil classification according to the World Reference Base for Soil Resources, except for the trial of Ath (Belgium), which has a soil classification of Abp according to the Belgian
classification system, and the soil of Lanna (Sweden), which is classified as a Aquic Haplocryept according to the USDA soil taxonomy.
cYear of paired soil and crop data; years in italics refer to year of crop sampling for which soil samples were not available and replaced by soil samples of the closest year given in
regular font.
dDurum wheat was analysed together with the other wheat data as one crop.
eMost of the 18 plots at this location were fertilized with P to a variable extent to obtain soil P values (Olsen) between 10 and 25 mg P kg−1 soil. No treatment replicates exist at this
location, and Olsen P in P0 is that of the plot with the smallest soil P value.
fFour P rates (P0, P1, P2 and P3) starting in 1986 on five different plots with different fertilization history; the P treatments were suspended in 1992. Starting from 2000, P was again
applied yearly as maintenance dressing (i.e. equivalent to crop P offtake) to all +P treatments. The P0 Olsen is the smallest P value among all treatments and the relative yields in the
control are given as a range for the five plots.
gSampling years differ in N fertilization: 1978 (120 kg N ha−1) and 1982 (160 kg N ha−1). Olsen P and relative yield are given for the plot with the smallest soil P value, because this
location does not have treatment replicates.
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Table 2 Soil characteristics of the long-term P-response experiments in Europe

Location
Fe-Ox /
mg kg−1

Al-Ox /
mg kg−1 pHa Soil texture

Clay /
%

Sand /
%

Silt /
%

Gravel /
%

OM /
% Reference

Gemblouxb 2511 742 5.9 Loam 18 4 78 – 1.7c Personal communication
Ath 2239 515 6.5 Loam – – – – – –
Rostock 2008 637 5.8 Loamy sand – – – – 2.5 Requejo &

Eichler-Löbermann, 2014
Carcarès Sainte Croix 1025 441 4.9 Sand 6 81 14 0 1.8 Pellerin et al., 2000
Pierroton 270 547 4.7 Sand 5 93 2 0 2.2 Denoroy et al., 2013;

personal communication
Toulouse 1374 656 6.9 Loamy clay–clay 27 35 38 – 0.9 Colomb et al., 2007
Peldon 3517 659 6.6 Silty clay loam 31 10 59 – 3.9 Knight et al., 2014; personal

communication
Great Carlton 2391 598 6.0 Fine loam 30 44 26 – 1.6 Knight et al., 2014; personal

communication
Exhaustion Land 3006 1038 7.1 Sandy loam 20 28 52 – – Personal communication
Saxmundham 1615 631 7.1 Sandy clay loam 25 50 25 – – Personal communication
Lanna 3718 1097 5.9 Silty clay 47 6 46 1.3 4.4 Bergström &

Shirmohammadi, 1999

aMean pH of soil samples measured in 0.01 m CaCl2; solid:liquid ratio= 1:10.
bParticle-size distribution determined on two plots out of the 54 from the experiment; an average value is reported.
c% C converted to % OM by multiplying by a factor of 1.6.
Oxalate extractable iron (Fe-Ox), oxalate extractable aluminium (Al-Ox) and pH (measured in 10−2 m CaCl2) were calculated as the average value of all soil
samples at a location (measured in this study). Other soil characteristics (particle-size distribution and organic carbon (OC)) were obtained from data reported
earlier in the literature to illustrate the varying soil characteristics, but therefore do not correspond to the year of the soil sample analysed in this study.

and spring crops were not analysed separately; soft wheat and
durum wheat (Toulouse, France) were both categorized as wheat.

The 317 data points were divided into 33 different trials. A trial
is defined as a year–crop combination, a different NPK fertilizer
history preceding the different P treatments and, at one location,
different organic matter treatments in addition to the P treatments
(Table 1). In all trials, crop growth was recorded at different rates of
P denoted as: P0 for no P input, P1 for a P input equivalent to annual
export, P2 for double P1, and so on. The largest rate of P application
will be denoted as Pmax. Other macro- and micro-nutrients had
been applied in sufficient amounts. In NPK factorial experiments,
only rates of P at adequate rates of N and K were selected.

Methods of soil P testing

Five tests were used: phosphorus extraction with ammonium
oxalate (Ox) (Schwertmann 1964), extraction with ammonium lac-
tate and acetate at pH 3.75 (AL) (Egnér et al., 1960), extraction
with 0.5 m NaHCO3 at pH 8.5 (Olsen) (Olsen et al., 1954), extrac-
tion with 0.01 m CaCl2 (CaCl2) (Houba et al., 2000) and the dif-
fusive gradient in thin film technique (DGT) (Zhang et al., 1998;
Degryse et al., 2009). Abbreviations for the measured concentra-
tions of P and testing methods are summarized in Table 3. More
detailed information about the analytical procedures is provided in
Appendix S1, Supporting Information. It is generally assumed that
Ox, AL and Olsen measure the Q+ I from the soil, which is the
potentially available P pool (further denoted as Q-tests), whereas
CaCl2 and DGT are indices of the P intensity (I) of the soil. The

oxalate extraction was included as an extreme Q-test, whereas the
other tests are used frequently in scientific studies or as official pro-
cedures to predict crop responses to soil P (Jordan-Meille et al.,
2012; Six et al., 2013; Speirs et al., 2013).

All soil P tests on the 218 soil samples of the field experiments
were analysed in the laboratory of the first author. The tests were
executed over several weeks and each batch of samples included two
blank samples, a duplicate sample and an internal control sample (in
duplicate) for quality control. A batch of samples was re-analysed
when the results of both duplicates of the internal control sample
deviated by more than 10% of the long-term average of that sample
result. Prior to the entire study, the analytical precision of all soil
P tests was evaluated with eight soil samples by a ‘round robin
test’ in three laboratories, each using the same methodology but
with shakers, centrifuges and ICP-OES instruments that varied.
Preliminary experiments to optimize the Olsen extraction are
described in Appendix S1, Supporting Information.

Data analysis

The yields at the largest rates of P (Pmax) varied among crop
species, locations and years. To enable a uniform comparison
between the different trials, crop yield data were standardized by
converting them to a yield index, namely relative yield (RY, %),
which is yield relative to the corresponding yield observed at Pmax
for a given trial (Equation (1)). The latter is referred to hereafter as
the maximal yield (100% RY) and was calculated as the average
yield of the replicates of Pmax, unless specified otherwise in the
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Table 3 Summary of the soil testing methodologies

Soil P test

Full name Abbreviation
P
measured

Extracting
solution

Solid:liquid
ratio / g:ml

Extraction time /
minutes Phase separation P analysis Reference

Ammonium
oxalate
extraction

Ox P-Ox 0.2 m (COONH4)2

0.14 m (COOH)2

± pH 3

1:20 120 2.5 μm filtration ICP-OES Schwertmann,
1964

Ammonium
lactate and
acetate
extraction

AL P-AL 0.1 m NH4-lactate
0.4 m acetic acid
pH 3.75

1:20 240 Centrifugationa ICP-OES Egnér et al., 1960;
Goetelen et al.,

2011

Sodium hydrogen
carbonate
extraction

Olsen P-Olsen 0.5 m NaHCO3

pH 8.5
1:20 30 Centrifugationa Colorimetry Olsen et al., 1954;

Watanabe &
Olsen, 1965

Calcium chloride
extraction

CaCl2 P-CaCl2 0.01 m CaCl2 1:10 120 Centrifugationa ICP-MS Houba et al., 2000

Diffusive gradient
in thin film
technique

DGT P-DGT Ferrihydrite-based
binding gel

Saturation 2–48 hours Diffusion through
a 0.45-μm filter
membrane

ICP-MS Zhang et al.,
1998, Mason
et al., 2005

a10 minutes at 1830 g

description of the long-term field experiments in Appendix S1,
Supporting Information:

RY (%) =
yield

maximal yield
× 100. (1)

Data analysis was carried out with the statistical program JMP
Pro 12.2.0 (SAS, Cary, NC, USA). The data included all treat-
ments from P0 to Pmax. The RY was plotted against the soil
available P determined for each of the five soil P tests (Ptest). A
Mitscherlich model was fitted by nonlinear regression using the data
(Equation (2)):

RY (%) = b0 + (100 − b0) × (1 − exp (−b1 × Ptest)) , (2)

where b0 is the RY at Ptest= 0 and b1 is the slope of the
model. The maximum yield (100%) is approached asymptoti-
cally with increasing P concentration; at Ptest= 1/b1, the RY is
b0+ 0.63× (100− b0). The underlying assumption in this model
is that the yields at the largest rate of P in each trial (RY= 100,
by definition) are at the plateau. The White test (P > 0.05) (White,
1980) confirmed that the residuals from the regression model were
homoscedastic for each soil P test. The analysis was first performed
for the complete dataset with all crops (317 data points, 33 tri-
als). The R2 of the fit was determined by plotting the predicted RY
against the observed RY. Critical soil P values (Pcrit) (i.e. the soil P
value at an RY of 95%; the latter is the arbitrarily defined cut-off
indicating P deficiency in this study) were determined for each soil
P test using an inverse prediction of Equation (2).

In addition, the effect of the qualitative variable crop on Pcrit

was studied by adding dummy variables (0 and 1) to the model.
Assuming that the effect of the crop on the intercept (b0) is
negligible, the crop affects only the slope (b1) of the model, which

can be coded with dummy variables (Equation (3)). The resulting
model is:

RY (%) = b0 + (100 − b0) × (1 − exp
(
−b1av

×
(
1 + b1w × dw + b1b × db + b1p × dp + b1s × ds

+b1m × dm + b1f × df

)
× Ptest

)
, (3)

where b0 is the intercept, b1av is the average slope, b1x is the slope
specific for crop x, dx is the dummy variable specific for crop x,
w is wheat, b is barley, p is potato, s is sugar beet, m is maize and
f is flax. This approach enabled the overall Pcrit value per crop to
be determined for each soil test, except for potato and flax, which
were cultivated in one trial only. Moreover, Pcrit was determined
for each trial separately. This was successful for the trials with an
average RY< 95% at P0 (26 trials out of 33). For seven trials with an
RY≥ 95% at P0, the Mitscherlich curves could not be fitted (slope
not significant); therefore, Pcrit was not detected and these trials
were considered to be non-responsive because of a large extractable
P concentration at P0.

For several purposes in the data analysis, coefficients of variation
(CVX: standard deviation/X) were determined. The variation of
soil P values per test (CVtest) indicates the distinctive potential
of a test (i.e. the potential to distinguish between soil samples).
This inherent variability is essential for the evaluation of the soil
P tests.

Evaluation of the single soil P tests

The single soil P tests were evaluated by three parameters. Parame-
ters 2 and 3 below, the uncertainties, were developed by the authors
to correct for the inherent variability of the soil P tests (CVtest):

© 2017 British Society of Soil Science, European Journal of Soil Science, 68, 873–885
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1 The R2-value of the relation between the observed and predicted
RY.

2 The statistical uncertainty (SU) measures the uncertainty on
the general Pcrit value. Soil P tests with a large CVtest have
larger confidence limits around Pcrit. To correct for this inherent
variability, the SU is calculated, which is defined as the relative
width of the 95% confidence interval of Pcrit divided by CVtest.

3 The crop-specific relative uncertainty (RU) is a measure of
the variation in Pcrit per crop (CVPcrit) among different tri-
als after fitting a Mitscherlich model for each individual field
trial. This RU is defined as the ratio of CVPcrit and CVtest.
This calculation was limited to the wheat data because this
crop had the largest number of trials with an RY< 95%
at P0 for which a trial-specific critical P value could be
determined (n = 16). Trial-specific critical P values for other
crops could be determined for a maximum of three trials per
crop only.

Results

Soil properties

The 11 experiments are on substantially different types of soil
in Europe; they cover a wide range of texture (sand–clay), pH,
Fe-Ox, Al-Ox and Ca (Table 2). The pH ranges from 4.4 to
7.4 (measured in CaCl2), which corresponds to the 10th to 95th
percentile of the pH values measured in the GEMAS dataset on
2108 European agricultural soils (Reimann et al., 2014). The range
of oxalate extractable Fe, Al and calcium carbonate (CaCO3)
concentrations was compared with that of a subset of 500 samples
of the GEMAS dataset (Janik et al., 2015). Oxalate extractable Fe in
our samples ranges from 150 to 3884 mg kg−1, which covers the 5th
to 65th percentile of the European Fe-Ox data, and Al-Ox ranges
between 192 and 1202 mg kg−1, which covers the 5th to the 50th
percentile of the European Al-Ox data. The largest concentration of
Fe-Ox+Al-Ox (on a molar basis) in the dataset studied occurred
in Lanna (Sweden) and the smallest concentration in Pierroton
(France) and Carcarès Sainte Croix (France). Data for CaCO3

concentration were available only for the heterogeneous soil of
Toulouse, which is crossed by a calcareous band. Concentrations
of CaCO3 in this field varied from 0 to 2% in the sampling year
(2006), which applies to 65% of the soil samples in the European
dataset. Therefore, the soil samples used in this study cover a wide
range of soil properties, but samples with large P buffer capacities,
such as soil with large Ca, Fe and Al concentrations, were somewhat
under-represented.

The target soil P index described in the UK Fertiliser Manual
(RB209) (Defra, 2010) is 16–25 mg l−1 (measured as P-Olsen),
which can be converted to 12–19 mg kg−1 when an average bulk
density of 1.3 kg l−1 is assumed. The P-Olsen value at P0 was small-
est (< 6 mg P kg−1 soil) for the trials in Pierroton, Toulouse, Exhaus-
tion Land and Saxmundham, followed by the trials in Lanna, Great
Carlton and Peldon (8–10 mg P kg−1 soil) (Table 1). These P values
indicate a suboptimal amount of P because they were well below

Table 4 The analytical precision of the soil tests in a ‘round robin test’ with
eight samples in three laboratories that used similar methodologies

CV / %

Soil P test Minimum Maximum Mean

Ox 2 20 9
AL 2 15 7
Olsen 7 28 14
CaCl2 5 15 11
DGT 5 18 10

The variance is expressed as the coefficient of variation (CV) of the mean test
result for each soil sample among the laboratories. Ox, ammonium oxalate;
AL, ammonium lactate and acetate; DGT, diffusive gradient in thin film.

the target soil index. Their corresponding relative yields at P0 var-
ied between 15 and 81%. The trials at Gembloux (16 mg kg−1) and
Carcarès Sainte Croix (21 mg kg−1) have slightly larger concentra-
tions of P at P0; these values were in the recommended range from
the UK Fertiliser Manual. The trials of Rostock and Ath have ade-
quate soil P concentrations at P0 according to this Fertiliser Manual.
This is also reflected by the large relative yields at P0 (≥ 84% except
for potato).

Soil P tests

The CVroundrobin for the five soil P tests among the mean laboratory
values reported was largest for Olsen (14%) and smallest for AL
(7%) (Table 4).

Mean soil P values for each soil test across all samples
are presented in Table 5. The mean ratios of extracted soil P
values expressed relative to P-Olsen decreased in the order
P-Ox 8.1> P-AL 3.2> P-Olsen 1> P-CaCl2 0.096. For DGT, no
such ratio can be derived unequivocally because the quantity of
soil from which the DGT samples P varies with soil properties
and is a theoretical value. Assuming that for the European soils
studied, mean P sampling depth during DGT analysis was 2 mm
(Degryse et al., 2009), and the average contact time was 24 hours,
then the estimated mean P-DGT value of 3.8 mg kg−1 is slightly
larger than the mean P-CaCl2 value of 3.0 mg kg−1, and the value
is 0.12 relative to P-Olsen.

The soil P values per test vary widely among field experiments
and treatments, and the relative range expressed by the CVtest is
strikingly different among soil tests; some soil tests have more
potential to produce different results for different soil samples. The
CVtest decreased in the order of DGT>CaCl2 >Olsen>AL>Ox
(Table 5, left), which is the reverse of the extracted quantities.
This means that DGT gives the largest distinctive potential and
P-Ox the smallest. The Pearson correlation coefficients among
the soil tests were strongest between CaCl2 and DGT (r = 0.98,
both I-tests), and between AL and Olsen (r = 0.96, both Q-tests)
(Table S1, Supporting Information). The smallest coefficients were
observed between the oxalate extraction and intensity tests (poor
Q–I correlation).
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Table 5 Results of soil P tests from soils used in the data analysis (left) and the critical P values (Pcrit) defined as the soil P value associated with 95% relative
yield, modelled with the Mitscherlich curve on data for all crops, locations and years (right)

Critical value Pcrit (at 95% relative yield)

Soil P test values in soil collection 95% confidence interval

Soil P test Mean Range CVtest / %= A Mean Pcrit Range
Width of interval
relative to Pcrit / % = B

Statistical uncertainty
(SU) (= B/A) / %

Ox / mg kg−1 250 23–700 45 310 260–360 32 71
AL / mg kg−1 100 6.2–320 69 73 64–81 23 33
Olsen / mg kg−1 31 3.3–100 70 19 17–22 26 37
CaCl2 / mg kg−1 3.0 0.4–19 120 1.7 1.5–1.9 24 20
DGT / μg l−1 200 3.6–1800 190 33 27–38 33 17

The relative range of soil P values is expressed by CVtest. The relative width of the 95% confidence interval of the critical value of a test (∼uncertainty) depends
on CVtest (∼variability). The statistical uncertainty accounts for this inherent variability and is smallest for DGT (underlined). Ox, ammonium oxalate; AL,
ammonium lactate and acetate; DGT, diffusive gradient in thin film.

Relative yield as a function of soil P tests

The response of crop yield to each soil P test was modelled with
the Mitscherlich equation (Figure 1). Relative yield increased with
increasing P values. To represent the crop response better at the
smaller values, the soil P test values are plotted on a log10 scale
(Figure S1, Supporting Information). The Olsen (R2 = 0.49) and
AL (R2 = 0.46) extractions explained the crop response best. On a
normal scale, CaCl2 and DGT appear to fit adequately, but on the
log10 scale the data are more scattered at the smaller concentrations,
which explains the smaller R2 values (Figure 1).

The mean critical soil P value (Pcrit) and the width of the 95%
confidence interval relative to Pcrit for each soil P test are listed
in Table 5. This relative width was largest for DGT and smallest
for Olsen. However, it can be argued that this relative width must
be contrasted with the inherent variability of the soil P test. The
statistical uncertainty (SU, see Evaluation) accounts for this and was
smallest for DGT followed by CaCl2 (Table 5, right).

The overall Pcrit value per crop is given in Table 6, and Pcrit val-
ues per trial are given in Table S2 in the Supporting Information.
For some crops and soil P tests, there was a significant effect of
crop (P< 0.05) on the Mitscherlich slope and, therefore, on the Pcrit

values. In general, crop-specific Pcrit values decreased in the follow-
ing order: potato> flax> barley∼ sugar beet∼wheat>maize. The
overall crop-specific Pcrit values should be treated with caution. For
example, the overall crop-specific critical P-Olsen for maize was
18 mg kg−1, which is smaller than the mean Pcrit of the individual
trials (31, 30 and 19 mg kg−1; one additional set was unresponsive,
Table S2, Supporting Information). This difference is explained by
the statistical analysis. One trial only had a pronounced response at
P0 and outweighs the Mitscherlich curve (Equation (3)), and there-
fore determined the overall crop-specific critical P value.

A robust soil P test can be defined as one for which Pcrit varies the
least among trials (i.e. among soil types and years of the trial). This
variation is expressed by the relative uncertainty (RU, see Evalu-
ation) (Table 7). The smallest variation in Pcrit values among soils
for the wheat data (n = 16) was observed for P-CaCl2. Table S3 in
the Supporting Information gives the RU values for other crops.

Discussion

The crop dependence of Pcrit

Results from the long-term field experiments suggested that wheat
was the least responsive crop to P, whereas potato and flax were
the most responsive to P measured in the plough layer (Table 1).
The latter is confirmed in this study by the Pcrit values determined
for each crop (Table 6). For all soil P tests, potato needs larger soil
P values to obtain an RY of 95%. Potato plants have a shallower
root system; therefore, their uptake efficiency of nutrients is small,
especially at small concentrations of P (Dechassa et al., 2003). This
contrasts with deep rooting crops that can use P from deeper soil
layers, which leads to a different sensitivity to topsoil P availability.
In the present study, maize was the least responsive to P (smallest
Pcrit values). It should be noted that crop-specific Pcrit values might
not have much practical relevance for agricultural fields with crop
rotation because an adequate value of P for the whole rotation needs
to be maintained.

Soil P tests

The largest amount of P was extracted by Ox, which is a only frac-
tion of the total P in soil. Total soil P was not analysed, but other
studies of mineral soils have shown that the ammonium oxalate
test extracts more than half of total soil P: about 50% in Neyroud
& Lischer (2003), about 70% in Stutter et al. (2015) and up to 90%
in Koopmans et al. (2004). Previous isotope dilution studies have
shown that the oxalate test extracts fractions of soil P that are not
plant available (Six et al., 2012) because of the dissolution of amor-
phous Fe and Al oxides. The AL and Olsen extractions are milder
procedures and correlate strongly (r = 0.96) with each other. This
is remarkable given their contrasting pH values of extraction (acid
versus alkaline) and with about three-fold more P-AL than P-Olsen
extracted. Otabbong et al. (2009) showed that P-AL can be inter-
converted to P-Olsen, and vice versa, when pH and clay content are
included. Data here confirm that pH and texture class contribute
significantly (P < 0.0001) to the conversion of AL to Olsen data, but
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Figure 1 Relative yield as a function of soil P values measured by the different soil P tests: (a) P-Ox, (b) P-AL, (c) P-Olsen, (d) P-CaCl2, (e) P-DGT. The
points are individual observations; lines are predicted with the Mitscherlich model. The same plots with x-axes on a log10 scale are presented in the Supporting
Information (Figure S1). Ox, ammonium oxalate; AL, ammonium lactate and acetate; DGT, diffusive gradient in thin film.

the proportion of variance explained (%) was small and a constant
conversion factor of 3.2 can be advocated (details not shown).

More than 90% of soil solution P concentrations typically range
from 0.02 to 0.05 mg P l−1 (Barber, 1984). At a gravimetric water
content of 30%, this is equivalent to 0.006–0.015 mg P kg−1 soil
only. The 0.01 m CaCl2 extracts a larger fraction than this, but
merely as the result of the larger liquid:solid ratio (10 l kg−1)
than in soil (0.3 l kg−1) (i.e. the larger buffer power of P in the
soil replenishes the liquid P). The DGT and CaCl2 tests correlate
remarkably strongly (r = 0.98), confirming earlier analyses (Moody
et al., 2013). At large P concentrations, the absolute concentrations
in the CaCl2 soil extract were close to those measured by DGT. A

log–log regression showed that the slope of P-CaCl2 (in mg P l−1)
to P-DGT (in mg P l−1) was 0.89 (i.e. the data were near the 1:1 line
when limited to data > 0.1 mg P l−1 of P-DGT). However, at smaller
P-DGT concentrations, the P-CaCl2 data were up to 10 times as
large as P-DGT. This might result from an incomplete desorption
of soil P during the small exposure times between the DGT and
the soil or, conversely, to an extraction of colloidal P in the CaCl2

extract of soil with small P concentrations, overestimating true
ionic PO4.

Comparison of the P values of I-based tests with those of Q-based
tests indicates the importance of sorption for the mobility of P in
soil, which is largely influenced by soil properties. For example,
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Table 6 Crop-dependent critical P values (Pcrit) and mean values for all crops per test among locations and years combined

Critical P value (at 95% relative yield)

Soil P test Mean Wheata Flaxb Potatob Sugar beeta Barleya Maizea

Ox / mg kg−1 310 310 340 400 280 310 120
AL / mg kg−1 73 69 140 200 77 75 46
Olsen / mg kg−1 19 18 40 76 23 22 18
CaCl2 / mg kg−1 1.7 1.7 2.3 7.8 1.2 1.2 1.2
DGT / μg l−1 33 28 134 940 44 38 32

Nobs 317 176 18 4 28 31 60
Ntrial 33 23 1 1 2 3 3

aSignificant differences were determined from the 95% confidence interval of the crop-specific dummy variables.
bCritical values determined without the crop-specific dummy variables. The values are the trial-specific critical soil P values because both flax and potato were
cultivated in one trial only (see Table S2, Supporting Information). Significant differences of Pcrit between potato or flax and the mean response were determined
from the 95% confidence interval of both critical values.
Values in bold denote that the crop has a significantly different critical value compared with the mean response.
Nobs, number of individual observations included per crop; Ntrial, number of trials included per crop. Ox, ammonium oxalate; AL, ammonium lactate and
acetate; DGT, diffusive gradient in thin film.

Table 7 Critical soil P values for wheat yield from 16 trials (different locations, fertilizer histories or years) and coefficient of variation (CV) among soils
sorted by soil test

Ox
/ mg kg-1

AL
/ mg kg-1

Olsen
/ mg kg-1

CaCl2
/ mg kg-1

DGT
/ μg l−1

Pcrit, range 150–290 27–120 8.3–46 0.8–2.7 6.1–110
Pcrit, CV / % (= C) 20 45 56 44 106
Soil tests, CV (Table 5) / % (= A) 45 69 70 120 190
Pcrit, , relative uncertainty (= C/A× 100) 45 65 80 37 56

The relative uncertainty is calculated per soil P test as the ratio of CV Pcrit for each soil test to the general CV of the test values (Table 5). The smallest value
(most consistent value) is underlined. Detailed critical soil P values per trial are given in Table S2 in the Supporting Information. Results for crops other
than wheat are listed in Table S3 in the Supporting Information because three or fewer trials only were included in the analysis. Ox, ammonium oxalate; AL,
ammonium lactate and acetate; DGT, diffusive gradient in thin film.

the ratio of P-CaCl2 (so-called mobile P) to P-Ox (closest to total
P) indicates the fraction of (near) total P that is soluble. This
fraction decreases by a factor of about 18 when the concentration of
(Fe+Al)ox (on a molar basis) increases by a factor of about 10. This
fraction (mobile P to total P) is largest in soil with a sandy texture.
Similar, but weaker, trends occur for the ratio of P-Olsen to P-Ox,
and the trends are even weaker when P-AL to P-Ox is evaluated
(details not shown).

Single soil P tests indicating crop responses

The goal of this study was to compare the five soil tests for predict-
ing crop response to soil P. This was evaluated by several criteria,
excluding the practical aspects discussed below. First, the graphical
analysis suggests that the oxalate extraction only ranks poorly,
whereas all other soil tests show an association with crop response;
no soil P test, however, stands out clearly as the best (Figures 1 and
S1). This is confirmed by the goodness of fit of the Mitscherlich
model; the largest R2 values are for the Olsen and AL extractions.
Second, the statistical uncertainty of the 95% confidence interval
of critical soil P values derived from the Mitscherlich curve was

smallest, therefore, most optimal for DGT and weakest for Ox
(Table 5). Despite the variability in the samples, the 95% confi-
dence interval was rather small for any soil P test (< 40% of the
mean) because of the large number of data in the analysis. More-
over, the statistical uncertainties are not largely different among the
tests (< factor 2, except for Ox). This means that this criterion is not
relevant for the evaluation of the soil P tests because it has a similar
value for all tests. In contrast, the third criterion for the evaluation
of the soil P tests, the variability of Pcrit per crop among different
trials, is more informative (Table 7). Restricting the discussion to
the wheat data only, the Olsen extraction appears to perform the
worst. The Pcrit values vary between 8 and 46 mg P kg−1 depending
on year and soil, and this range covers almost the entire spectrum of
P-Olsen values in soils from this study. The CaCl2 extraction is the
most robust soil test in this respect because Pcrit values vary within
a factor of three and this is a small fraction of the spectrum of
possible values (Table 7). Therefore, this soil test discriminates the
deficient from adequate soil P fertility most consistently between
years and soils. The same calculations were performed for other
crops (Table S3), which might be of importance for deep rooting
crops; they were not taken into account because a few trials only
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were included. In general, Pcrit depended more on soil location
than on crop (data not shown). Finally, two additional criteria were
analysed (Table S4, Supporting Information): the rate of success in
predicting responsiveness correctly and the rate of failure to predict
lack of P responsiveness. Differences between soil P tests were
marginal, but the Q-tests performed best.

Overall, the oxalate extraction performed most poorly of all
tests, which may be related to the lack of P mobility that affects
bioavailability. Among the other four tests, the evaluation for
predicting crop response does not provide a clear result. The Q-tests,
AL and Olsen, are better than the I-tests in criterion 1 (fitting
responsiveness), whereas the I-tests are better in criteria 2 and 3
(uncertainties surrounding the thresholds). It is important to note
that some of the soils analysed in this study were from archived
samples, and soils that strongly sorb P with large Fe, Al and Ca
concentrations were under-represented. This might have influenced
the results. Overall, none of the single tests evaluated is clearly
superior to another. This is in contrast to recent studies on strongly
P buffering tropical and Australian soils for which I-tests such as
DGT outperformed traditional chemical extractions (Mason et al.,
2010; Six et al., 2013; Speirs et al., 2013). This suggests that I-tests
become increasingly important for soil that sorbs P more strongly
than the soils in this study. This can be predicted by soil mechanistic
modelling (e.g. the Barber–Cushman model; Barber, 1984), which
also shows that the combination of I and the P buffer capacity
(PBC) explains P bioavailability most sensitively. Predictions of
single soil test extractions have been improved previously by a
combined model with Q- and I-tests (Van Rotterdam et al., 2012)
or by combining I or Q with the PBC (Shirvani et al., 2005). The
former is examined in the next section.

Combination of soil P tests

A Mitscherlich model can be proposed that uses both Q- and I-tests
i.e. a non-linear response surface model based on two contrasting
soil tests (Equation (4)):

RY (%) = b0 + (100 − b0) ×
(
1 − exp

(
−b1 × Ptest1

))

×
(
1 − exp

(
−b2 × Ptest2

))
, (4)

in which b0 is the intercept of the model, and b1 and b2 are param-
eters corresponding to PtestQ and PtestI, respectively. This model
was fitted successfully on the Olsen and the CaCl2 extractions as
indices for Q and I, respectively. Other Q–I combinations were
tested, but the best fitting model was obtained for the combination
discussed. Significant values of b1 and b2 were obtained (based
on their 95% confidence intervals) and R2 of the combined model
(0.50) is marginally larger than that of the P-Olsen (0.49) or
P-CaCl2 models (0.31). A response surface model is shown in 2-D
in Figure 2, with the contour lines of predictions and with RY of 95,
80 and 60%. The black line represents a theoretical ratio of 30 for
the P-Olsen to P-CaCl2 ratio. Figure 2 illustrates that two markedly
different zones affect RY. In the upper left part, a yield increase
is possible only if P-Olsen increases; the yield is controlled by
the quantity of P in the soil. Conversely, in the lower right part of
the figure yield is controlled by I. A minor transition zone can be
distinguished near the P-Olsen/P-CaCl2 ratio of 30, where yield
is controlled by both I and Q. Most soil P values of P-deficient
soils (RY< 80%) from this study are in the Q-controlled part with
a P-Olsen/P-CaCl2 ratio ≤ 20. The largest ratio in the soils of this

Figure 2 Results of response-surface analysis of the relative yield data. The Mitscherlich response surface (Equation (4)) of the relative yield (RY) was fitted
to a combination of results from two soil tests (Olsen and CaCl2 extraction) to give a model with R2 = 0.50. Data are not shown and contour lines of relative
yields are given as a function of two different soil P values. The black line represents a theoretical ratio of P-Olsen to P-CaCl2 of 30. Below that line, P is more
strongly sorbed and the crop response is controlled fully by P intensity (P-CaCl2). The black circle is the average (error bars denote standard error) of the mean
values of European soil samples from this study with RY< 80%. The red circle is the corresponding value of tropical soils (Six et al., 2013).
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study was for the loamy soil of Gembloux (Belgium), whereas the
smallest was for the sandy soils of Carcarès Sainte Croix (France)
(P-Olsen/P-CaCl2 = 7). In contrast, that ratio in the tropical soils
(RY< 80%) studied by Six et al. (2013) was about 60, which is well
above the threshold of 30 and is in the I-controlled part of the graph.
In the study by Six et al. (2013), DGT was markedly superior to
Q-tests. This difference can be explained by soil properties: not only
the smaller soil P values but also larger Al concentration, smaller
organic matter content and lower pH. In summary, our analysis
suggests that P bioavailability in European soils is affected more by
the quantity than the intensity of P, which justifies the continued use
of the Olsen and AL extractions as standard tests. The same conclu-
sion was made when a combined model of P-AL and P-DGT was
analysed.

Practical aspects

Intensity tests are less popular in routine analysis than Q-tests
because of smaller concentrations in the extracts, leading to detec-
tion limit issues (Van Raij, 1998). With detection limits of cur-
rent ICP-OES near 0.01 mg P l−1, the I-tests are now within reach
of commercial laboratories provided that procedural blank con-
centrations stay small. Despite the fact that the DGT technique
is rather new, the consistency in inter-laboratory measurements
was large (mean CVroundrobin = 10%, Table 4), which is better than
for Olsen (mean CVroundrobin = 14%) but worse than for AL (mean
CVroundrobin = 7%). Kleinman et al. (2001) observed a larger CV
(22%) for the Olsen extraction than the CVroundrobin in this study
when 24 samples were analysed by nine laboratories. If the Olsen
test is applied to soil with more organic matter the results are
often inconsistent because of background colour of the alkaline
soil extract, which requires additional steps in the analyses. This
analytical factor, together with the more labour-intensive colori-
metric procedure than for low-cost ICP-OES, makes the Olsen test
less desirable than, for example, the AL test, which predicted crop
responses similarly. A Q–I combination only marginally improved
the goodness of fit, suggesting that there is little added value in using
two soil tests.

Conclusion

Our study has shown that no single soil test used in commercial
laboratories can provide a single critical value across field trials
for P (i.e. there is considerable residual uncertainty). Among the
established tests, none consistently outperformed the others, except
that the oxalate extraction was inferior to all others. This accords
with earlier studies on European soils. Overall, this study suggests
that the I-tests, including DGT, do not perform markedly better than
Q-tests because the retention of P in European soils is not as large
as in strongly P-deficient and highly weathered soils. This unique
database merged, for the first time, several key long-term trials on P
in Europe, and the systematic evaluation of soil tests on this dataset
provides critical values of soil P that are valid across Europe.

Supporting Information

The following supporting information is available in the online
version of this article:
Appendix S1.
Description of the long-term field trials.
Methods of soil P testing.
Optimization of the Olsen extraction: preliminary experiments.
Evaluation of the single soil P tests.
Table S1. Pearson correlation coefficients for all soil P tests.
Table S2. Critical P values sorted per crop for all trials.
Table S3. The range of critical soil P values observed in different
trials (different locations or years) and its coefficient of variation
(CV) among soils sorted by crop and soil tests.
Table S4. Success rate of predicting P fertilizer responsiveness
correctly in soils with soil P test values below the critical values, and
in contrast overall rate of failure to predict lack of P responsiveness
in soils with soil P values above (or equal to) the critical values.
Figure S1. Relative yield as a function of soil P values measured
by the five soil P tests on a log10 scale.
Figure S2. Schematic representation of criteria used to evaluate
adequacy of soil P tests to predict available P in soil.
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