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Abstract. As part of a research program related to enhance the agronomic effectiveness of P fertilizer,
in particular phosphate rock, several methods to assess P availability of phosphate fertilizers were evaluated. Soil
samples from pot experiments and a long-term field experiment in a Ferralsol from Ciego de Avila, Cuba, were
analyzed using 32P isotopic exchange kinetic method and five chemical methods (Oniani, Bray 1, Olsen, Mehlich
2 and resin-P). Oniani and Bray 1 methods were good descriptors of available phosphorus (P) in soil when water-
soluble P fertilizers were used. However, they only provided a static estimation of plant-available P. All the
chemical methods used in this paper to evaluate P availability in a Ferralsol amended with Trinidad
de Guedes phosphate rocks did not perform well because less than 10% of the P extracted was bioavailable.
The 32P isotopic exchange kinetic method provided more reliable and accurate information of various parameters
describing soil P status better than the soil P testing methods studied.

1. INTRODUCTION

Most of the phosphate fertilizers currently used worldwide are water-soluble, which is a constraint to
agricultural production in countries like Cuba, where economic limitations prevent sufficient fertilizer
importation. The use of local phosphate rock sources could be an alternative solution. The high level
of water-solubility of most phosphate fertilizers currently produced is not essential in tropical soils
froman agronomic point of view.

The ratio between the portion of available soil phosphate and the fraction of unavailable soil P
extracted by chemical soultions varies with soils and, for a given soil, with its fertilization history.
This explains why chemical methods of soil analysis are considered as rough methods to predict P
uptake by plants or the crop response to P fertilizers [1].

Common soil extractants do not necessarily remove the actual fraction of P in soil that is bioavailable;
they are also destructive due to chemical reactions, and correlations have to be established for
individual soil and environmental conditions [2]. The use of radioisotopes such as 32P as tracer
enables to measure the amount of soil P present in the labile or exchangeable form without using
chemical extractants [3]. Further problems arise in soils amended with phosphate rock due to the
presence of high quantities of calcium phosphates and other compounds, that are able to react with
acid extractants, such as Oniani's method (H2SO4 0.05 M) commonly used in Cuba.

Quantifying the availability of soils amended with P fertilizers is imperative for making
recommendation on the best type and rate of fertilizers to use to obtain maximum agronomic and
economic benefits. The ability of routine chemical methods to extract the "available" soil P, whatever
the method, can be tested, using the isotopic method as reference. The determination of their ability is
based on the fact that isotopically exchangeable soil phosphate is assumed to be the available soil P
[4]. The objective of the research was therefore, to evaluate the performance of routine chemical
methods and radioisotopic methods to assess available P for utilising them in a research program to
assess P availability of phosphate fertilizers, including phosphate rocks using isotopic techniques [2].
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2. MATERIALS AND METHODS

2.1. Soil characteristics

The soil used was a Ferralsol from Ciego de Avila, Cuba. The soil was air-dried and screened to 2
mm. The soil had pH 7.1, CEC of 13 cmol(+) kg""1, 5.9 mg Olsen P kg"1 and 2.7% organic matter.
A complete characterization of the soil is presented elsewhere [5].

2.2. Chemical and radioisotopic methods used

A radiochemical method, i.e. the 32P isotopic exchange kinetic method was used in order to determine
the different pools of available phosphate as affected by the application of P fertilizer [4]. A quantity,
R, of radioactivity, as carrier free 32P phosphate ions, is injected into a soil-water suspension (ratio
1:10) in a steady state. At selected times, the suspension was filtered on millipore filter. The
following data was determined: the concentration, Cp, of phosphate ions in the soil solution, the
fraction ri/R,
of the radioactivity applied, R, that remains in the soil solution after 1 minute of isotopic exchange
and a parameter, n, that quantifies, with time t, the decrease of the quantity of radioactivity, rt, in soil
solution. Cp was taken as intensity factor, Ei = 10 Cp R/ri as quantity factor and Ei/Cp = 1 0 R/ri
as capacity factor, CF. With the experimental values ri/R, n and Cp, other kinetic parameters were
calculated: the mean rate, Km, of exchange of phosphate ions between the soil and its solution
(Km = n / [ri/R]1/n), the mean sojourn time, Tm, of phosphate ions in soil solution (Tm = 1/Km)
and the mean flux, Fm, of exchange between the soil and the solution (Fm = 10 Cp Km) [6]. In addition
the determination of the size of P pools, which can move towards soil solution was realized. Pool A
corresponds to the quantity of phosphate which can be taken up by a given root zone, which can
actively take up P within 1 day. The size of this pool is: A = 10 Cp [R/riuo - R/ri]- Pool B is explored
during the time of root functioning of a short cycle crop. Its size is estimated as: B = 10 Cp [R/r1296oo -
R/r144o]. Pool C corresponds to the quantity of phosphate ions which can be released from soil into the
soil solution in less than 1 year: C = 10 Cp [R/r5i84oo - R/t"i296oo]- Pool D corresponds to very slowly
exchangeable P, which can be released into the solution over the years under the condition of zero P
fertilization. Its size is estimated by: D = 10 Cp [PT - R/r5184Oo], where PT is total soil P.

Radioactivity in soil solution was determined using Cerenkov counting of the 32P in a liquid
scintillation counter. Counts were corrected for counting efficiency. Phosphate ion concentration in
soil solution was determined using a colorimetric method with malachite green oxalate as dye [7].

Available P was extracted by the following chemical methods: Oniani (H2SO4 0.05 M, 1:25
soil/solution ratio, shaking time 3 minutes), Bray 1, Olsen and Mehlich 2. The Morel and Fardeau [8]
method was also used. The soil of the pots coming from an incubation experiment described below,
was air-dried and 10 g was shaken with 99 ml of distilled water (1:10 soil solution ratio) for 24 hours
in plastic centrifuge tubes. Then 1 ml of 32P carrier free solution (0.3 MBq/ml) was added to each tube
and
the tubes were shaken for a time equal to the time recommended for different extraction methods
(Oniani, Bray 1, Olsen and Mehlich 2). The tubes were centrifuged and 32P activity (Cerenkov) and
total P were determined in the supernatant. The extracting solutions were then added to the
corresponding tubes in duplicate; the tubes were shaken, centrifuged and the 32P activity and total P
were determined
in the supernatant [7]. Specific activities (SA) in soil solution and in the extractants were calculated.

2.3. Evaluation of the bioavailable soil P by both, chemical and isotopic exchange kinetic
methods in a long-term field experiment

Soil samples (0-20 cm depth), from a long-term field experiment with different P fertilization and
crop rotation systems, were taken by the end of the seventh year of the experiment. The effect of the P
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fertilizer and crop rotation systems on bioavailable P was evaluated using chemical and radiochemical
methods.
In the field experiment four P fertilization systems were evaluated: A) No phosphorus (check),
B) P banded at planting of each crop in accordance with current P recommendations in Cuba,
C) Application of 100% of the P corresponding to the whole sequence broadcasted before the first
crop, and D) Application of 70% of treatment C broadcasted before the first crop. Phosphorus
fertilizer was applied as triple superphosphate using the following P rates (Table I). The available P
was extracted by Bray 1 and Oniani methods. The 32P isotopic exchange kinetic method, as described
by Fardeau was also used [4].

TABLE I. CROP ROTATIONS AND RATES OF P FERTILIZER (kg P2O5 ha"1)

Crop Rotation 1

Treatment Potato Soybean Plantain Maize Total P applied
(after 3 cycles)

A
B

C

D

0

180

367

257

0

100

0

0

0

52

0

0

0

35

0

0

0

1101

1101

771

Crop Rotation 2

Treatment Potato Maize Common bean Plantain Total P applied
(after 3 cycles)

A
B

C

D

0

180

360

252

0

35

0

0

0

93

0

0

0

52

0

0

0

1080

1080

756

Crop Rotation 3

Treatment Common bean Maize Plantain Total P applied
(after 3 cycles)

A

B

C

D

0

93

180

126

0

35

0

0

0

52

0

0

0

540

540

378

2.4. Incubation studies

Several laboratory experiments were carried out. The soil was incubated alone or with an addition
of 50-100 mg P kg"1 using different natural and modified rock phosphates of Cuba and overseas
as phosphate carrier. The sources tested were Trinidad de Guedes PR (TGPR, 12.1% total P),
Higuanojo PR (HPR, 1.2% total P), La Pimienta PR (LPPR, 5.6% total P) all of them from Cuba;
Baja California PR, Mexico (BCPR, 8.2% total P) Riecito PR, Venezuela (RPR, 12.6% total P), North
Carolina PR, USA (NCPR, 12.8% total P). After 1 to 9 months, the determination of available P using
different chemical methods was carried out in some experiments, whereas in another the soil from the
different treatments was analyzed following the experimental procedure described by Fardeau et al [6]
to assess the bioavailable soil P. In one experiment, after one-month incubation period, soil samples
were analyzed following the isotopic method of Morel and Fardeau [8].

119



3. RESULTS

The results from the isotopic characterization of the soil are presented in Table II. The low Cp and Ei
values show the low P fertility of this Ferralsol. The CF values, the different compartments of the
model of Fardeau and their kinetic parameters, are related to the high P sorption capacity of this type
of soil.

TABLE II. INITIAL ISOTOPIC CHARACTERIZATION OF
THE SOIL USED IN THE EXPERIMENTS

Parameter

PH

CpCmgPL-1)

ri/R

N

EKmgPkg-1)

CFCLkg-1)

Value

7.1

0.014

0.059

0.43

2.4

171

Parameter

A (mgPkg-1)

B (mgPkg"1)

C (mgPkg-1)

D (mgPkg-1)

Km (minf1)

Tm (min)

Fm (mg P kg"1 min"1)

Value

46

159

68

185

310

3xlO~3

43

3.1. Evaluation of the bioavailable soil P by both, chemical and isotopic exchange kinetic
methods in a long-term field experiment

After seven years of continuous cropping there is an increase in soil P content of the fertilized
treatments, as shown by either Oniani or Bray I methods (Tables III and IV respectively).

The largest increases occurred in crop rotations 1 and 2, where the largest P quantities were applied
because a potato crop was included. Generally, higher values are reported for treatment B, which was
the one that received fresh-banded P fertilizer before each crop. Oniani and Bray 1 methods were
good descriptors of soil available P when water-soluble P fertilizers were used, but only provided a
static estimation of plant available P. Both chemical methods had a good behavior in similar
conditions [9].

The isotopically exchangeable P content, E^ (Table V), depended on the method of fertilizer
application and, to a lesser extent, on the P rate. Higher E values were obtained when banded P was
applied to each crop in the rotation. This may be due to a shorter time in P ageing, showing that a
fraction of the applied P remains available after the harvest of the crops, which received fresh
fertilizer applications. The correlation coefficient between Bray 1 and Ei was 0.4755 , and between
Oniani and Ei was 0.6342***.

TABLE IE. ONIANI P (mg kg"1) AFTER SEVEN YEARS OF CROPPING

Treatments

A

B

C

D

Rotation 1

21.3 b1

32.2 a

35.4 a

22.9 b

Rotation 2

16.9 c

32.7 a

31.6 a

24.0 b

Rotation 3

21.8 b

26.7 a

22.9 b

25.6 a

1 Means with the same letters do not differ significantly (p=0.05) according to Duncan's test.
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TABLE IV. BRAY 1 P (mg kg1) AFTER SEVEN YEARS OF CROPPING

Treatment

A

B

C

D

Rotation 1

0.7 b1

1.1a

1.0 a

0.9 ab

Rotation 2

0.7 b

1.1a

1.0 a

0.9 ab

Rotation 3

0.9 ab

1.0 a

1.1a

0.8 b

1 Means with the same letters do not differ significantly (p=0.05) according to Duncan's test.

TABLE V. E VALUE AFTER 1 MINUTE OF ISOTOPIC EXCHANGE
AFFECTED BY P FERTILIZATION TREATMENTS

Total P rate after 3 cycles

Banded P Broadcasted P

378 1.5 d

540 4.2 bc] 2.0 cd

756 2.9 cd

771 2.0 cd

1080 6.0 ab 3.4 cd

1101 7.0 a 3.2 cd

1 Means with the same letters do not differ significantly (p=0.05) according to Duncan's test.

TABLE VI. SOIL SOLUTION P CONCENTRATION (CP)
AFFECTED BY P FERTILIZATION TREATMENTS

Total P rate after 3 cycles (kg P2O5

ha"1)

378

540

756

771

1080

1101

Banded P

0.020 cde

0.027 bed

0.040 ab

CpfmaPkp-1)

Broadcasted P

0.008 e1

0.012 cde

0.011 de

0.016 cde

0.016 cde

0.020 cde

1 Means with the same letters do not differ significantly (p=0.05) according to
Duncan's test.

Irrespective of the P fertilization, very low P concentrations were detected for all treatments. This
similar behavior of the P concentration in soil solution (Intensity factor, Cp) confirms the high P
retention capacity of the Ferralsol (Table VI). Taking into account the criteria of Tran et al [10] and
Barber [11] who classified soils with Ei<5 mg kg"1 and Cp<0.02 mg L"1, as P-depleted soils, only
fresh P fertilizer treatment is able to maintain adequate levels of P for crop nutrition. The values are
lower than those reported for Vietnamese soils [12], The correlation coefficients between Bray 1 and
Cp was 0.4478 , and between Oniani and Cp was 0.6344 .
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Banded applications of water-soluble P fertilizer were better than broadcasted ones in these high
P-fixing soils. Nevertheless, no specific fertilizer treatment was able to diminish the phosphate fixing
capacity (ri/R) and the capacity factor (Ei/Cp) of the soil (data not shown). The values of these two
parameters were always lower than 0.1 and higher than 100, respectively. It has been recently reported
that the number of P sinks in soil particles is infinitely greater than the quantity of P that can be
applied in soils [13]. Therefore, it is very difficult to modify the P fertility of this Ferralsol using only
mineral fertilizers. A potential approach could be the recycling of organic matter residues as much as
possible to modify the strength of the bonds of P ions in the soil. The P ions linked to organic matter
components with Ca seem more labile than P ions linked by other mechanisms [14].

3.2. Assessment of soil P fertility in soils amended with rock phosphate

In one incubation experiment (Table VII), the Oniani and Bray 1 methods were able to detect
differences in available P in the soil amended with different PR sources and TSP. However, the
Oniani method overestimated the effect of PR on the level of the available soil P. The overestimation
of available P was not apparent with Riecito PR, where P is more readily available. The Oniani
extracting solution dissolves considerable amounts of PR residues, which may not be solubilised
during a growing season under field conditions. Similar results using adsorption isotherms have been
reported [15], which indicates that Oniani's method overestimates available soil phosphate in soils-
amended with rock phosphate.

Comparing these methods with resin-P in soil samples taken after harvest of a. field experiment
(Table VIII), the Oniani and Bray 1 methods were not able to detect any significant difference
between treatments, although the variability was very high.

Higher levels of available P were detected for the TSP treatment with the three methods. An
exception was Oniani, which overestimated the available P when TGPR was used. There was no
significant correlation between the soil test methods.

TABLE VH. SOIL AVAILABLE P AND pH FOLLOWING INCUBATION
FOR ONE MONTH AT 50 mg P kg""1

Treatment

Check

La Pimienta PR

Trinidad de Guedes PR

Baja California PR

North Carolina PR

Riecito PR

Riecito cogranulated

Riecito PAPR

TSP

Standard error

pH(H2O)

7.68

7.71

7.62

7.69

7.62

7.62

7.60

7.62

7.57

0.01

Available P

Oniani

4.46

17.70

16.70

18.20

19.70

15.27

7.63

3.90

8.94

0.36

(me/100 g)

Bray I

1.68

1.81

1.91

3.43

3.22

2.57

2.36

3.22

3.22

0.21
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TABLE Vm. AVAILABLE SOIL P BY ONIANI, BRAY I AND RESIN-P METHODS

Oniani P (mg Bray 1 P (mg Resin P (mg P
P source1 P.kg'!) Pkg"1) kg"1)

Check

TGPR

SA-60

TSP

Standard error

21.0

26.0

23.0

25.5

0.4

6.95

6.74

8.82

8.91

0.44

30 c2

34 b

33 be

38 a

1

'TGPR: Trinidad de Guedes Phosphate Rock; SA-60: Trinidad de Guedes partially acidulated (60%)
Phosphate Rock; TSP: Triple Superphosphate. All the sources were applied at a rate of 50 kg
PaOsha'1.
2 Means with the same letters do not differ significantly (p=0.05) according to Duncan's test.

TABLE DC. ISOTOPIC PARAMETERS AFTER SOIL INCUBATION
FOR ONE MONTH WITH HIGUANOJO PHOSPHATE ROCK AND TSP

Parameters

PH

Cp (nagPIT1)

Ti/R

N

E^mgPkg"1)

CFtLkg"1)

Km (mhT1)

Tm(minxio-4)

Fm (mg P kg"1 min"1)

Pdff%

Check

7.0

0.011

0.045

0.32

2.4

218

5174

1.93

569

-

Higuanojo PR

7.5

0.013

0.083

0.29

1.6

123

1548

6.46

201

0

TSP

7.1

0.048

0.057

0.29

6.2

129

2005

4.98

962

61

3.3. Isotopic techniques for evaluating P bioavailability in soils amended with PR

In an incubation study, the rock phosphate from Higuanojo (a hard and low reactive ore) promoted
an increase in soil pH and a decrease in P fertility (Table DC). Only a small fraction (7.6%, expressed
as the ratio (E^SPJ - Ei[check])/P applied) of the P applied as TSP, remained directly available due to
the high P fixing capacity of the soil (ri/R<0.2) [10].

The capacity factor was high, indicating the difficulty for modifying the soil fertility. The mobility of
phosphate ions in the soil expressed through the kinetic parameters (Km, Tm and Fm) is not a limiting
factor for the P nutrition of crops. The P isotopic exchange kinetic method provides more reliable
and accurate information of the soil P dynamics.
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In another experiment, testing four chemical methods with a radioisotopic method [8], large
differences in specific activities (SA) (Table X) were observed comparing soil solution and the
extractant for allthe methods tested. SA in the extractants was lower than SA in the soil solution.

Mehlich 2 soil test extracts almost half the bioavailable P of the check soil. The effectiveness of the
different methods in measuring the P availability in the soil amended with rock phosphate is very poor
(less than 10% of the P extracted is bioavailable) due to an overestimation of the available P content.
Therefore, all the chemical methods tested are inadequate to predict bioavailable soil P when PR is
used in this Ferralsol. Other authors [2, 16] have reported that Olsen and Bray 1 performed in a
different way for different soils therefore, it is not possible to use a unique P extraction method in all
soil types.

TABLE X. COMPARISON OF DIFFERENT EXTRACTION METHODS1

Treatment

Check

TSP

TGPR

Method

Oniani

Bray 1

Olsen

Mehlich 2

Oniani

Bray 1

Olsen

Mehlich 2

Oniani

Bray 1

Olsen

Mehlich 2

SAss2 (ug P SAe2

g")

213.1

69.8

38.1

91.3

102.8

26.5

46.4

26.6

113.9

40.8

35.2

39.3

(tig
g"1)

9.9

26.0

12.4

42.7

4.7

2.0

1.2

10.4

0.6

0.4

1.9

1.1

P Available P in the
extractants3 (%)

4.8

37.3

33.3

48.1

4.7

7.8

3.3

39.3

0.5

1.0

5.6

2.8

1 Soil samples coming from an incubation experiment with 100 mg P kg"1 for two months.
2 Specific Activity in the soil solution or in the extract.
3 The percentage of the available P extracted by soil test methods was obtained from the ratio of SAe/Sass.

4. CONCLUSIONS

Broadcasted applications of water-soluble P fertilizers where less effective than banding the fertilizer
at planting each crop of the crop rotation, as assessed with chemical or radioisotopic methods. Oniani
and Bray 1 methods were good descriptors of the available P in the Ferralsol, when water-soluble P
fertilizers were used but only provided a static estimation of the plant-available P. The Oniani method
was not suitable to determine available P in Ferralsols amended with phosphate rock. All the chemical
methods used in this study to evaluate P availability in soils traditionally fertilized with water-soluble
P fertilizers did not perform well when PR was applied. The 32P isotopic exchange kinetic method
provided more reliable and accurate information describing various parameters of soil P dynamics.

124



ACKNOWLEDGEMENTS

Financial and technical support of the International Atomic Energy Agency (IAEA) under research
contract CUB-7501 is greatly acknowledged. The authors are grateful to Dr. Takashi Muraoka, who
kindly conducted resin P determinations.

REFERENCES

[I] BOLLAND, M.D.A., GILKES, R.J., Evaluation of the Bray I, Calcium Acetate Lactate (CAL),
Truog and Colwell soil tests as predictors of triticale grain production on soil fertilized with
superphosphate and rock phosphate, Fert Res 31 (1992) 363-372.

[2] ZAPATA, F., CASANOVA, E., SALAS, A.M, PINO, I., Dynamics of phosphorus in soils
and phosphate fertilizer management in different cropping systems through the use of isotopic
techniques. Proc. 15th World Congress of Soil Science, Acapulco, Mexico, (1994) 451-466.

[3] IAEA, Tracer manual on crops and soils, Technical reports series No. 171. STI/DOC/10/171.
International atomic Energy Agency, Vienna, (1976).

[4] FARDEAU, J.C., Dynamics of phosphate in soils. An isotopic outlook, Fert Res 45 (1996)
91-100.

[5] MONTANGE, D., Chemical characterization of soils used for experiments by contractors of
the RCM. Methods of analysis. Comparison of available P measurements methods. Final
Research Coordination Meeting of the FAO/IAEA Coordinate Research Program "The use of
nuclear and related techniques for evaluating the agronomic effectiveness of phosphate
fertilizers, in particular, rock phosphates", 16-20 Nov, Vienna (1998).

[6] FARDEAU, J.C., MOREL, C, BONIFACE, R., Cinetiques de transfert des ions phosphate
du sol vers la solution du sol: parametres caracteristiques, Agronomie 11 (1991) 787-797.

[7] NOVOZAMSKI, I., VAN DIJK, D., VAN DER LEE, J.J., HOUBA, V.G.J., Automated
determination of traced amounts of phosphate in soil extracts using malachite green, Commun.
Soil Sci. Plant Anal. 24 (9,10), (1993) 1065-1076.

[8] MOREL, C, FARDEAU, J.C., Le phosphore assimilable des sols intertropicaux: ses relations
avec le phosphore extrait par deux methodes chimiques.Agronomie Tropicale 42 (4) (1987)
248-257.

[9] BALLBE, A., HERRERA, J.A., PERALTA, H., RODRIGUEZ, M., Metodos quimicos para
controlar la fertilizacion fosforica de la papa. Centro Agricola v. XTV. 12 (1987) 82-87.

[10] TRAN, S.T., FARDEAU, J.C., GIROUX, M., Effect of soil properties on plant available
phosphorus determined by isotopic dilution phosphorus method, Soil Sci Soc Am J. 52 (1988)
1383-1390.

[II] BARBER, S.A., Soil nutrient bioavailability. A mechanistic approach. Wiley Interscience and
Sons. New York. (1995).

[12] DOAN SAT, CONG, Studies of the dynamics of soil phosphorus and agronomic effectiveness
of phosphate fertilizers in particular PR in three main soil types of South Viet Nam. Second
RCM of a FAO/IAEA CRP, Montpellier, France (1995).

[13] FARDEAU, J.C., Soil P fertility replenishment and liming using phosphate rocks in soils with
a low pH and developed under tropical climates. Presented at the Third Research Coordination
Meeting of a FAO/IAEA Coordinated Research Program, IAEA, Vienna, Austria, (1997).

[14] OBERSON, A., FARDEAU, J.C., BESSON, J.M., STICHER, H., Soil phosphorus dynamics in
cropping systems managed according to conventional and biological agricultural methods, Biol
Fertil Soils 16 (1993) 111-117.

[15] Peralta, H., Sistemas de fertilizacion fosforica de la papa en una secuencia de cultivos papa-
maiz en suelos ferraliticos rojos. Ph.D. Thesis, Cuba, (1991).

[16] FARDEAU, J.C., MOREL, C, BONIFACE, R, Pourquoi choisir la methode Olsen pour estimer
le phosphore assimilable des sols? Agronomie 8 (7) (1988) 577-584.

125


