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Abstract Phosphorus (P), a non-renewable resource,
needs to be used more efficiently in agriculture. This re-
quires using soil P tests. However, the P test threshold
values for fertilizer response depend on many soil prop-
erties, some of which may be useful to estimate these
threshold values, others not. Therefore, we searched here
which soil properties are useful to estimate P threshold
values. We calculated the threshold values for Olsen P
and 0.01 M CacCl, extractable P of 18 representative ag-
ricultural soils of the Mediterranean region of Spain. For
that, we performed a P starvation experiment in which
wheat and sunflower were alternatively pot-cropped.
Results show that Olsen P threshold values are negatively
correlated to P buffer capacity ( of —0.74, P lower than
0.001), clay content (—0.82, 0.001), pH (-0.76, 0.001),
and Fe oxide content (—0.55, 0.05). Multiple regression
models involving clay, pH or soil organic C, and phos-
phatase activity or organic hydrolysable P accounted for
as much as 87 % of the variance in calculated Olsen P
threshold values. In particular, there is a major effect of
organic P on Olsen P threshold values. Single models
based on routinely measured soil properties such as clay
content and pH made accurate predictions of Olsen P
threshold values with 7% of 0.81 and P lower than 0.001.
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1 Introduction

Agriculture depends on the use of phosphorus (P) fertilizers
obtained from phosphate rock, which is a non-renewable and
strategic resource (Keyzer 2010; Van Vuuren et al. 2010). The
demand of P fertilizers is expected to grow as the logical result
of the growing food needs of an increasing population, where-
as the production of PR is expected to peak in the next decades
(Schroder et al. 2011; Ryan et al. 2012). Expected future P
scarcity is thus emerging as a global challenge for humankind
(Cordell and Neset 2014). In addition, the use of P in agricul-
ture is globally very inefficient, in such a way that only 15 %
of P applied to agricultural soil goes into the food chain
(Cordell et al. 2009; Withers et al. 2014).

The former considerations point to the need of a more
efficient and sustainable use of P in agriculture. In particu-
lar, fertilization schemes should rely, among other factors,
on accurate distinction of P-responsive sites (Recena et al.
2015) in order to concentrate this resource on soils in which
the highest return of P fertilization is to be expected. This
distinction is usually assessed with the use of an “available
P test” or a “soil P test” that is correlated with plant P
uptake. There is not a universal soil P test valid for very
different soils, and only for Europe, 16 soil P tests have
been proposed (Neyroud and Lischer 2003; Delgado and
Scalenghe 2008). Commonly used soil P tests are based
on extraction with a chemical reagent, as is the case for
worldwide used Olsen P test (Olsen et al. 1954). The key
issue for their practical use is the definition of threshold
values below which yield response to fertilizer application
can be expected (Delgado and Scalenghe 2008; Tang et al.
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2009). However, although soil P tests are deemed to be
useful for assessing P fertilizer needs, they can be inaccu-
rate because the definition of their threshold values is not
always precise. In fact, actual threshold values for a given
test can range widely among those soils for which its use is
recommended, e.g., for Olsen P (Delgado et al. 2010;
Sanchez-Alcala et al. 2015). Thus, Olsen P is not always
well related to plant P uptake (Delgado and Torrent 1997;
Kulhanek et al. 2007; Tandy et al. 2011). In soils with very
similar properties, Delgado et al. (2010) observed a wide
range in threshold values for Olsen P, which clearly
depended on the soil P buffer capacity. Sanchez-Alcala
et al. (2014) reported that the threshold values of Olsen P
were affected by properties related to the P sorption capac-
ity of the soil such as carbonate and Fe oxides contents.
These threshold values were estimated considering that
plants can absorb sufficient P above a given P concentration
in solution. However, recent studies have revealed that P
concentration in soil solution for a sufficient P supply may
differ from one soil to another (Sanchez-Alcala et al. 2015).
There is not much information on soil properties controlling
this threshold P concentration in solution. In other plant
growth experiments, carbonate content and pH were the
soil properties affecting Olsen P threshold values
(Sanchez-Alcala et al. 2015). Recena et al. (2015) demon-
strated that the Olsen P predictive value for plant P uptake is
affected not only by those soil properties influencing the
equilibrium between inorganic phosphate in solution and
that in solid phase but also by factors related to organic P
dynamics. However, they did not provide evidence of how
threshold values for Olsen P were affected by all these soil
properties. In spite of all these contributions, there is not a
whole view of all potential soil factors affecting threshold
values for a given soil P test. It can be hypothesized that
there is a need of more precise methods to estimate P-
responsive sites. One possibility is the development of tests
based on more complex P extraction methods such as those
using resins (Delgado et al. 2010) or diffusive gradients thin
films (Tandy et al. 2011; Santner et al. 2015), which are
more sensitive to soil P buffer capacity. Another option is
the development of single models that are based on tradi-
tional soil P tests such as Olsen P in combination with soil
properties related to the dynamics of soil P. This would
mean that threshold values could be accurately estimated
on the basis of routinely determined soil properties. These
models should rely on a deeper knowledge on those soil
properties affecting the relationship between plant P uptake
and chemically extractable soil P. In this regard, the objec-
tives of the present study were as follows: (i) identification
of soil properties affecting threshold Olsen P values for
fertilizer response in a set of representative Mediterranean
soils where this test is usually recommended and (ii) to
develop simple models based on routinely determined soil
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properties to estimate accurate threshold values for use of
Olsen P as soil P test in these soils.

2 Materials and methods
2.1 Soils

The set of soils used in this study was the same one as used by
Recena et al. (2015), with one additional soil included (18
soils in total). The soils were classed as Mollisols, Entisols,
Inceptisols, Alfisols, and Vertisols according to soil taxonomy
(Soil Survey Staff 2010). The agricultural use of these soils
was detailed in Recena et al. (2015), and the additional soil
considered was used for the typical biannual rain-fed crop
rotation in Spain, i.e., wheat—sunflower. The main properties
of'the 0-20-cm soil layer, from which samples were taken, are
described in Table 1.

Methods for soil sampling, processing, analysis of basic
properties, study of P and Fe forms, and P sorption capacity
from P sorption isotherms are described in Recena et al.
(2015). Iron forms included citrate-ascorbate extractable Fe
(Fe.,), mainly related to poorly crystalline Fe oxides, and
citrate-bicarbonate-dithionite extractable Fe (Fey), mainly re-
lated to crystalline Fe oxides. In addition, the concentration of
phytase hydrolysable P in the alkali (NaOH) and citrate-
bicarbonate extracts of the sequential fractionation scheme
described by Recena et al. (2015) to study P forms was also
determined. These extracts in the sequential fractionation
scheme are supposed to contain inorganic and organic P most-
ly adsorbed or precipitated as soluble metal phosphates
(Saavedra et al. 2007). The phytase hydrolysable P was esti-
mated as the increase in molybdate reactive P (Murphy and
Riley 1962) after 30 min of incubation of the extract with
phytase (Bio-Feed phytase L, Novozimes, Bagsvaerd,
Denmark) at 37 °C. To this end, the enzyme was added to
the soil extract in 0.2 ml of buffer solution prepared with
0.4 M C,H40, and 10 mM ethylenediaminetetraacetic acid
at pH 5.5 to a final activity of 10 nKat mI™' and the reaction
was stopped by adding 15 % trichloroacetic acid.

Phosphorus concentration in 0.01 M CaCl, extracts
(Pcacrz) was used as a proxy for the concentration of P in
the soil solution. This extraction was performed in dupli-
cate and at a soil:extractant ratio of 1:10 using 2 g of soil in
20 ml of extractant in polyethylene falcon tubes that were
end-over-end shaken at 2.5 s~ for 30 min. The extract was
centrifuged at 1000g for 10 min, and then a portion of 2 ml
centrifuged in Eppendorf tubes at 19,000g to remove soil
particles with a diameter >0.05 pm (Sanchez-Alcala et al.
2015). In the remaining solution, molybdate reactive P was
determined according to Murphy and Riley (1962). Olsen
P was determined as the molybdate reactive P in bicarbon-
ate extracts (Olsen et al. 1954).
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Mean, standard deviation (SD), and range of the properties of studied soils (n = 18), including initial Olsen P in high-P samples, citrate-ascorbate extractable Fe (Fe.,), citrate-bicarbonate-

Table 1

dithionite extractable Fe (Fey), phytase hydrolysable P in the NaOH (NaOHy,), and citrate-bicarbonate (CBy,) extracts of high-P samples; mean of the phosphatase activity in the four crops in high-P samples;

A » X®) in high-P samples; and P buffer capacity at three concentrations in solution equilibrium (¢), 0.2 mg P I}, and 1 mg P 1"

constants A and b in the Freundlich equation (Y + Yo

General soil properties

Feq pH Olsen P

Fec,

Active Ca carbonate equivalent

Ca carbonate equivalent

Soil organic C

Clay

mg kg™
24+ 10

gkg

78+0.5
6.5-8.3

5.52 +£3.05
2.04-13.24

1.02 + 0.74
0.17-2.44

81 + 67
0-178

270 + 234
0-723

10.6 + 3.8
5.5-20

288 + 155
48-640

Organic P-related properties

Mean + SD
Range

9.1-49.1

Phosphatase

CBy,

NaOH,

mgPNPkg ' h™'
142 + 18

mg kg™

7.0 £ 4.6
0-13.5

521 +£525
0.48-24.02
Properties related to P adsorption

Mean + SD
Range

105-172

Buffer capacity,

32+ 14
8.5-67

Buffer capacity, >

78 £ 35
18-151

Buffer capacity,
348 + 413
9-1480

222 +0.31
1.52-2.64

72 +£32

Mean + SD
Range

16-140
Threshold values for Olsen P and P concentration in CaCl2 extracts (Pc,cpp) and P values and R? for the Cate-Nelson model

R2

P values

Olsen P

P values

PCaClZ

mg kg™
92432
49-16.5

8.9

mg 1!

0.68 +0.19
0.38-0.96

0.69

0.0326 + 0.038

0-0.1065
0.0164

0.72 £ 0.14
0.47-0.96
0.74

0.0203 + 0.0240
0-0.0868
0.0117

0.025 + 0.043
0.002-0.175

0.006

Mean + SD
Range

Median

Subscripts for buffer capacity: e, estimated at equilibrium concentration; 0.2, estimated at 0.2 mg I-1 P in the solution; and 1, estimated at 1 mg 1-1 P in the solution

As described by Recena et al. (2015), from a collection of
soil sites in which the individual samples ranged widely in
Olsen P, those soil samples with the two extreme Olsen P
values were selected from each site and named “low-P”” and
“high-P” samples according to their P status. The high-P and
low-P samples were examined in order to check that they
differed by less than 5 % in the main soil properties. For the
experiment described below, soil was ground to <6 mm. Olsen
P levels in high-P samples were all well above threshold
values for fertilizer response according to the current stage
of knowledge, even in samples with the lowest values
(9 mg kg ) which were samples with a very high P buffer
capacity and thus with expected threshold values below
5 mg kg ' (Delgado et al. 2010). For most low-P samples,
Olsen P was assumed to be close to threshold values (data
not shown; means and range in Recena et al. 2015).

2.2 Experimental setup

An experiment intended to deplete soil P was conducted in a
growth chamber (Fig. 1) where durum wheat and sunflower
were grown until anthesis twice, whereby simulating a typical
rain-fed crop rotation, for both high-P and low-P samples.
Thus, for each type of sample of each soil, four successive
crops were grown. Polystyrene pots (5.5-cm diameter, 15-cm
high) filled with 300 g of soil were used. Seeds were pre-
germinated on a moistened Petri plate for 14 days and, after
that, germinated in trays with perlite as substrate and irrigated
with deionized water. After 16 days, seedlings were
transplanted. For each soil and sample, the number of pots
per depletion stage decreased from five in the first stage to
two in the last one because 300 g were removed after each
stage for further laboratory analysis. After transplanting, pots
were watered daily with 20 ml of a Hoagland-type nutrient solu-
tion without phosphorus at pH 6-6.5, sandwiching between three
irrigations and one with the same volume of deionized water to
avoid salinization of the soil. Plants were grown with a 14-h
photoperiod, a relative humidity of 45 % (day period) and
60 % (night period), and an active photosynthetic radia-
tion of 22 W m 2. The composition of the solution applied
was the following (all concentrations in mM I MgSO,4
(2), Ca(NO3), (5), KNO; (5), KCI (0.05), Fe-EDDHA
(0.01), H3BO3 (0.009), MnCl, (0.0023), CuSOy4
(0.0005), ZnSO4 (0.002), and HMoO4 (0.0005).

2.3 Plant and soil analysis after cropping

After each cropping, plant shoots and roots were carefully
separated, washed, and finally dried in a forced air oven
until constant weight at 65 °C for at least 48 h. Root and
shoot dry matter was then measured. After each cropping
step, soil from all the replications for each soil and type of
sample was mixed and processed by drying and grounding
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to 6 mm; 300 g of soil was withdrawn for chemical anal-
ysis and ground to pass a 2-mm sieve. In these samples,
molybdate reactive P in bicarbonate and 0.01 M CaCl,
extracts was determined as described previously.

2.4 Data analysis

Data from high- and low-P samples were analyzed as a unique
set of data for each soil. Dry matter yield for wheat and sun-
flower was expressed on a relative basis considering as the
maximum Yyield the average dry matter obtained in high-P
samples for wheat and sunflower in their first crop. Because
Olsen P values were generally above 12 mg kg ' before the
first sunflower crop (data not shown), and sunflower is very
efficient in extracting P (Delgado and Torrent 1997), sunflow-
er dry matter yield was not restricted; only two soils showed
lower Olsen P values before sunflower (6 and 9) which were
considered non-limiting due to the high P buffer capacity of
the soil (Delgado et al. 2010). Threshold values for Olsen P
and Pc,cpp, were estimated according to the Cate and Nelson
method (1971). This method provides threshold values for
each P extraction below which the yield significantly de-
creased from the maximum relative yield defined for each soil
and seems more accurate to define threshold values for soil P
test than other methods such as the linear or quadratic plateau
fittings or the Mitscherlich-type equations (Mallarino and
Blackmer 1992). The critical level for the Cate-Nelson model
was estimated as that value of the soil P test (Pc,cp, or Olsen
P) that maximized the sum of squares between two popula-
tions of soil P test values, i.e., above and below threshold
values (Geng et al. 2014), using the ANOVA option of
Statgraphics 5.1.

3 Results and discussion

The set of soils used in this study ranged widely in properties
related to P dynamics (Table 1). Regarding phytase hydrolys-
able P, this can be assumed to be mainly monoesters which
can be potentially hydrolyzed by the action of rhizosphere
enzymes and can potentially contribute to P uptake by plants.
On average, amounts of these monoesters adsorbed or precip-
itated as soluble metal phosphates were not negligible since
they were equivalent to half of the bicarbonate extractable
inorganic P in soil (Olsen P, Table 1). As expected, the soil
P buffer capacity was positively correlated to clay content
(Shirvani et al. 2005) and the content of Fe related to Fe oxides
in soil (Fe, + Feq). On the contrary, soil P buffer capacity was
negatively correlated with the ratio of Fe in poorly crystalline
oxides to that in crystalline oxides (Fe.,/Feq) (Table 2 shows P
buffer capacity at 1 mg 17"). This negative correlation is ex-
plained by the usual lower affinity of P for poorly relative to
highly crystalline Fe oxides (Colombo et al. 1994). Tron in Fe
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oxides and the Fe.,/Feq ratio were correlated with clay content
(Table 2) thus revealing that oxides are part of the clay fraction
but also that the ratio of poorly crystalline to crystalline Fe
oxides increased with decreased clay content in soil. On the
other hand, the Fe in Fe oxides was negatively correlated with
the active calcium carbonate equivalent, evidencing that min-
eral weathering and subsequent precipitation of oxides during
soil genesis is inhibited when soil pH is buffered by carbonate.

Overall, the Cate-Nelson model provided reasonable esti-
mates of threshold values for both soil P tests: median values
for the portion of variance explained was 69 % for Olsen P and
74 % for Pc,cpp (Table 1). Threshold values for Olsen P were
in the range usually observed in field experiments (Colomb
etal. 2007; Bai et al. 2013) and were similar to those described
by Delgado et al. (2010) in pot experiments using a similar
amount of soil. Observed threshold values for this soil P test
ranged widely between soils (Table 1). Such a degree of var-
iability in threshold values for Olsen P was observed by
Delgado et al. (2010) in a group of clay soils with a narrow
range of variation in soil properties. Sanchez-Alcala et al.
(2015) also observed a wide range for Olsen P and Pcucpp
threshold values in a group of soils which, in that case, ranged
widely in their properties.

Threshold values for both indices were positively correlat-
ed, and for both tests, threshold values were negatively corre-
lated with clay (Table 2). In addition to clay, soil properties
with which Olsen P threshold values were correlated were the
following: pH, P buffer capacity, and Fe in Fe oxides; these
correlations being also negative (Table 2). Negative correla-
tion with clay and Fe in Fe oxides reveals that threshold values
decreased with increased P sorption capacity of the soil. Since
clay and Fe oxide content were positively correlated in the
group of soils studied (Table 2), the relative contribution of
clay and Fe oxides to the P dynamics is difficult to assess. For
the same P concentration in solution, P buffer capacity usually
increases with increasing P sorption capacity. This contributes
to explain the correlation of clay and Fe in oxides with soil P
buffer capacity (Table 2), which may explain at least in part
the observed negative correlation of threshold values with clay
and Fe oxides.

As reported by Delgado et al. (2010), P buffer capacity
seems to account for more variation of the Olsen P threshold
values when it is measured at relatively high P concentration
in solution (1 mg 171) rather than at low concentration (data
not shown). Although the correlation of pH with P buffer
capacity and clay makes it difficult to extract clear-cut con-
clusions, the effect of pH can be also ascribed not only to its
influence on soil P dynamics but also by its correlation with
other mineralogical properties, such as sorbent surface type,
also affecting availability to plants (Delgado and Torrent
1997). Threshold values for Olsen P can be accurately pre-
dicted in our soils from multiple regressions involving differ-
ent soil properties. Clay content, pH, and phosphatase activity
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Table2 Correlation coefficients between different properties of studied
soils: threshold values (TV) of Olsen P and P in 0.01 M CaCl, extracts
(Pcacn)s clay, pH, mean of the phosphatase activity in the four crops in
high-P samples, organic C, active Ca carbonate equivalent (ACCE), Fe in
Fe oxides (Feca + Fed), ratio of citrate-ascorbate to citrate-bicarbonate-

dithionite extractable Fe (Fe.,/Feq), P buffer capacity at 1 mg P !
(PBC,), phytase hydrolysable P in citrate-bicarbonate extracts (CBy,),
and the sum of phytase hydrolysable P in NaOH and citrate-bicarbonate
extracts ( NaOHj, + CBy) in high-P samples

Pcacip TV Clay pH Phosphatase Organic C ACCE  Feca + Fed Feca/Fed PBC; CB, NaOH,, + CBy,

Olsen P TV 0.63%**  —(.82%** —(.76*** (.26 ns 0.11 ns —0.31ns —0.55% 042ns —0.74*** 0.11ns 0.32ns
Pcacp TV —0.80*** —0.61*%* —0.33 ns —0.18 ns  —0.54*  0.28 ns 0.68%*  —0.67** 025ns  0.77%%*
Clay —0.60%*  0.52%* —-031ns —044ns 0.52% —0.66** 0.85%** —0.25ns 0.69%**
pH 041 ns 0.17 ns 0.71%*  0.19 ns —0.73%*%  0.57* 027ns 0.2ns
Phosphatase 0.39 ns 028ns 0.23 ns 029ns  0.52% —0.36ns —0.48*
Organic C —0.14ns 0.1 ns 0.12ns —023ns 023ns 0.17ns
ACCE —0.59%%* -0.70** 034ns —0.02ns —0.35ns
Feca + Fed —0.35ns 0.50* 023ns 044 ns
Feca/Fed —0.46* —0.24ns 0.55%
PBC, 0.13ns -042ns
CBy, 0.77%#%%*

ns not significant
*P < 0.05; **P < 0.01; ***P < 0.001

in the rhizosphere explained near 90 % of variation in Olsen P
threshold values (Fig. 2a). In addition, clay, soil organic carbon,
and the phytase hydrolysable P in the citrate-bicarbonate fraction
explained 75 % of variation in threshold values for Olsen P
(Fig. 2b). These relationships reveal that threshold values for
this soil P test was influenced not only by those factors affecting
the equilibrium of inorganic phosphate between the solid and
liquid phases of soil, such as P buffer capacity, but also by
factors related to organic P dynamics, such as the amount of
hydrolysable organic P or the phosphatase activity in the rhizo-
sphere. Overall, lower threshold values can be expected with
increased contents of hydrolysable organic P (Fig. 2b) due to
the contribution of the organic P to plant supply. This contribu-
tion is not taken into account in usual soil P test which are

based on the determination of inorganic P (usually molybdate
reactive) in soil extracts.

The wide range of P, threshold values observed supports
the contention that the P concentration in soil solution above
which there is a sufficient P uptake by plants varies widely de-
pending on soil properties, consistent with previous results
(Sanchez-Alcala et al. 2015). These values were affected nega-
tively by active calcium carbonate, and positively by Fe.,/Feg,
and hydrolysable organic P in NaOH and citrate-bicarbonate
extracts (Table 2; Fig. 3). This reveals the potential contribution
of organic P to P supply to plants. The effect of the ratio Fe../Feq
on threshold Pc,cp, can be explained by the lower affinity of P for
poorly relative to highly crystalline Fe oxides. This implies that a
higher P concentration in solution can be in equilibrium with the

Fig. 1 Pot starvation experiment:
a sunflower in growing chamber
with b incipient P deficiency
symptoms and ¢ clear deficiency
symptoms and d wheat with e P
deficiency symptoms

SCIENCE & IMPACT
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Threshold values for Olsen P (mg kg'1)
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Threshold values for Olsen P (mg kg")
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Estimated threshold values for Olsen P (mg kg")

Fig. 2 Estimation threshold Olsen P values for fertilizer response as a
function of a clay, pH, and mean phosphatase activity in the rhizosphere
(mean of the four crops in high-P samples); Y =32 — 0.015 clay — 3.26
pH + 0.05 phosphatase; R* = 0.87; P < 0.001; and coefficients for each
explicative variable significant at P < 0.05 in the least significant case and
b clay, soil organic carbon (SOC), and phytase hydrolysable P in CB
extracts of high-P samples (CBy); Y = 14 + 2.05 SOC — 0.22
CBh — 0.02 clay; R? = 0.75; P < 0.001; and coefficients for each
explicative variable significant at P < 0.1 in the least significant case.
Threshold value can be estimated also as a function of clay and pH 36—
0.012 clay—3.02 pH; R?>=0.81; P < 0.001; and coefficients for each
explicative variable significant at P < 0.01 in the least significant case and
mean absolute error = 1.12

solid phase at the same amount of sorbed P with increasing ratio
of poorly to highly crystalline Fe oxides. Thus, the type of sor-
bent surfaces was also a relevant property affecting threshold
values.

Phosphorus buffer capacity estimated at 1 mg I”' seems a
crucial property explaining variability in threshold values for
Olsen P and Pc,cp. This is in agreement with the current stage
of knowledge (Holford 1980; Bolland et al. 1994; Ehlert et al.
2003). Significance of soil P buffer capacity in our long-term
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Threshold values for P, (mg L")
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Threshold value for P,,,, (mg L")
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-1,5 1
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-2,5 1

'3,0 T T T T
-2,5 -2,0 -1,5 -1,0

Estimated threshold value for P, (mg L")

Fig. 3 Estimation of the logarithm of the threshold Pc,cp, values for
fertilizer response as a function of a clay and the ratio of Fe., to Feg,
Y =2.02 — 0.0018 clay + 2.92 Fe./Feq, R = 0.57, P < 0.001, and
coefficients for each explicative variable significant at £ < 0.05 in both
cases and b pH and the sum of phytase hydrolysable in NaOH and CB
extracts, Y = 2.38 — 0.62 pH + 0.034 (NaOH,, + CBy,), R* = 0.54,
P < 0.01, and coefficients for each explicative variable significant at
P < 0.05 in both cases. Threshold value can be also estimated as a
function of clay and active Ca carbonate equivalent (ACCE),
=—1.13 = 0.039 ACCE — 0.002 clay. R* = 0.56, P < 0.01, and
coefficients for each explicative variable significant at P < 0.05

depletion experiment for explaining threshold values for
Olsen P was much greater than that observed by Recena
et al. (2015) for explaining the ratio of plant P uptake to
Olsen P when P availability in growing media was scarce.
This reveals that P buffer capacity may be crucial to point to
the level of P in soil at which there is not limitation in P uptake
by plants, but not so relevant in explaining the P uptake by
plants below this level.

Phytase hydrolysable P in NaOH and citrate-
bicarbonate extracts was significant in explaining the
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threshold values for both soil P tests when the value considered
was that at the beginning of the depletion experiment for the
high-P samples (Fig. 2b and Fig. 3b). In addition, phosphatase
was significant explaining Olsen P threshold values when the
mean activity for the four depletion steps involving high-P sam-
ples was taken into account. This contribution of organic P to P
supply to plants was previously evidenced by Recena et al.
(2015) when the available P in the growing media was very
low in a short-term P depletion experiment. However, our
long-term P depletion experiment revealed that organic P also
affects the soil P test value above which plants can take up P
without decrease in yield. The present results reveal that the
significant influence of organic P-related factors on threshold
values for practical use of Olsen P as soil P test in assessing P
fertilization. Moreover, the contribution of organic P to P uptake
by plants was not restricted to starvation in inorganic available P
as previously observed (Recena et al. 2015); it seemed to be more
related to organic P forms available to enzymatic hydrolysis in
the rhizosphere.

Organic carbon in soil also seems to contribute to
explain Olsen P threshold values (Fig. 2b). It is well
known that dissolved organic matter affects the equilib-
rium of P in soil through competition with phosphate
for the sorbent surfaces and inhibition of metal phos-
phate precipitation (Delgado et al. 2002; Saavedra
et al. 2007). In addition, increased organic carbon in
soils resulting from organic matter addition can promote
a decrease in soil P buffer capacity (Sui and Thompson
2000) which also contributes to explain potential effects
of soil organic carbon on soil P test threshold values.

When compared with the current stage of knowledge,
the present work provides a more complete view of soil
factors affecting the definition of threshold values for
Olsen P and P in soil solution, as estimated, e.g., by ex-
traction with 0.01 M CaCl,. This was achieved by a deep
analysis of the soil properties involved in P dynamics.
From these results, new single models to estimate thresh-
old values based on routinely determined soil properties
can be proposed. In the case of Olsen P, a model based on
clay and pH explains 81 % of the variation with an esti-
mated mean absolute error of 1.12. This in practical terms
does not have a relevant economical impact in assessing P
fertilization. Development of these models should be per-
formed, for practical recommendations, at field scale and
for different crops because factors affecting root develop-
ment and the potential contribution of subsurface horizons
are relevant for the supply of P to crops. Our results go
beyond the previous ones of Recena et al. (2015), who
described the relevant role of properties related to organic
P on P uptake by plants. In our case, organic P-related
properties affect the level of P in soil above which the
supply of P to the plant is assured, contributing thus to
define threshold values for both soil P tests.

4 Conclusions

Factors related with the soil P buffer capacity stand as the most
relevant to explain the threshold values for both soil P tests.
However, factors related to organic P dynamics are also influ-
ential on the value of soil P test in soil above which there is a
sufficient P supply to plants thus contributing to define thresh-
old values for both soil P tests. In practice, definition of accu-
rate threshold values for Olsen P in soils of Mediterranean
regions should profit from two basic soil properties, namely,
clay content and pH. In a simple manner, this could be
achieved by defining different ranges of threshold values de-
pending on the clay content and pH of soil.
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