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Abstract 

This study compared the validity of using the isotopically exchangeable phosphorus (P) as an accurate 
measurement of plant available P by comparing the specific activity of P, i.e. the 32P/31P ratio, in soil 
solution (Ss) against the specific activity of P in plants (Sp) growing in a loamy soil after applying a 
32P-labelled fertilizer (NaH,P0,2H,O) at different rates (F) and specific activities (Sf). Non-mycorrhiz- 
al and mycorrhizal (Glomus intraradices) plants of two species (soybean and barley) were grown in 
greenhouse experiments. Ss values were determined on 1: 10 soil suspension after periods of incubation 
ranged from 1 min to 35 d. At a given rate of P application, the Sp values of both non-mycorrhizal and 
mycorrhizal soybean and barley did not show significant difference although the plant P uptake varied 
18 fold for all the (crop species x mycorrhizal infection) treatments over soil solution P values ranging 
from 0.02 to 5.46 mg P L-l (0.6-176 pA4). Ss values decreased with time and reached a steady state 
after 35 d of equilibration period. Both SpiSf and Ss/Sf increased with applied P and there is a 1: 1 
correspondence between Sp/Sf and Ss/Sf values. The identity between the isotopic composition of both 
P in soil solution and in plant indicates that the isotopically exchangeable P (E = F(Sf/Ss-1)) is the only 
source of phosphate in solid soil phase which replenishes P of the soil solution after P has been removed 
by the plant, i.e. the only source of P which participates in plant nutrition. The isotopically 
exchangeable P of a loamy soil is the P available to growing plants and mycorrhizal fungi increases the P 
uptake giving plants wider access to isotopically exchangeable P in soil, and not making previously 
non-exchangeable P available. An immediate application of the 1: 1 correspondence between a soil 
parameter (Ss/Sf) and a plant parameter (Sp/Sf) concerns the agronomic evaluation of P fertilizers. 

Abbreviations: R - amount of 32P associated with the amount of 31P (F) in fertilizer, Rp - amount of 
32P taken up by plant, Rs - amount of 32P in soil solution, Qf - amount of 31P taken up by plant from 
the fertilizer (Qf = FRp/R), Qs - amount of 31P taken up by plant from the soil, Qt - total amount of 
31P taken up by plant (Qt = Qs + Qf), Wf - amount of 31P in soil solution derived from the fertilizer 
(Wf = FRs/R), Ws - amount of 31P in soil solution originated from the soil, Wt - total amount of 3*P in 
soil solution (Wt = Ws + Wf), Sf - specific activity of P in the applied fertilizer (Sf = R/F), Ss - specific 
activity of P in the soil solution (Ss = Rs/Wt), Sp - specific activity of P taken up by the plant 
(Sp = Rp/Qt). A value - FQs/Qf, L value - F(Sf/Sp-1), E value - F(Sf/Ss-1). 
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Introduction plant (Sp) is the same as the specific activity of P 
in the total (L+F) pool, i.e. 

The ability of soil to supply phosphorus (P) to 
plants, and the modification of this ability by 
agricultural practices, is usually assessed by cor- 
relating plant growth parameters such as yield or 
P uptake with extractable or isotopically ex- 
changeable soil P over a great range of soil- 
fertilizer-crop combinations (Kamprath and Wat- 
son, 1980). Three radiotracer methodologies 
have been used to quantify plant-available P. 

The first technique is based on the application 
of 32P labelled fertilizer to a small volume of soil. 
It is assumed that the availability of fertilizer P is 
the same as the availability of P from the soil P 
pool, i.e. that the coefficient of P uptake from 
fertilizer (QfiF) is the same as the coefficient of 
P uptake from soil available P (Qs/A). The 
amount of available P in soil (A value) can then 
be calculated with: 

Qf/F = Qs/A (1) 

where Qs is the P amount taken up by plant 
from the soil, Qf, the amount of fertilizer P 
taken up by plant and, F, the amount of fertilizer 
P supplied. As the total amount of P in the 
plants (Qt) is the sum of Qs and Qf, the original 
formulation of A value is obtained (Fried and 
Dean, 1952): 

A = F(l - y)/y where y = QfiQt (2) 

The calculation of A value is not based on the 
application of isotopic dilution principle. 

The second isotopic methodology requires the 
application of the isotopic dilution principle. The 
analysis of the soil phosphate by isotopic dilution 
consisted of (i) introduction into soil solution of 
a 32P labelled solution which the specific activity 

Sf = R/F (3) 

i.e. ratio of the amount of 32P (R) to the F 
amount, is known, and then (ii) the dilution of 
the 32P-labelled PO,-ions by the unknown 
amount of PO,-ions in the solution and the solid 
soil phases. Larsen (1952) determined the 
amount of available P in the soil (L value) by 
assuming the specific activity of P taken up by 

Sp = R/(L + F) (4) 

The L value is obtained by combining Eq. [3] 
and [4]: 

L = F(Sf/Sp - 1) (5) 

The calculation of the L value required to 
measure the amount of 32P taken up by the 
plants (Rp) and the total amount of P in the 
plants (Qt) to obtain Sp value. The third radio- 
tracer methodology was proposed by Russell et 
al. (1954) and determined the amount of the 
isotopically exchangeable P (E value) by assum- 
ing that the specific activity of P in soil solution 
(Ss) is the same as the specific activity of P in the 
total (E + F) pool, i.e. 

Ss = R/(E + F) (6) 

The E value is given by combining Eq. [3] and 
[61: 

E = F(Sf/Ss - 1) PI 

The calculation of E value required to measure 
the 32P amount in soil solution and the total 
amount of P in solution (Wt) to obtain Ss value. 

Many reports have shown that A, L and E 
values are highly correlated to plant P uptake, 
validating these three methods for evaluation of 
available soil P. But, although useful information 
was obtained, the methods often gave unsatisfac- 
tory predictions for other soil-plant-fertilizer 
combinations. The inconsistency can be ex- 
plained by factors related both to plant species 
and to methodologies used. 

A first source of variation of plant P uptake is 
the plant studied, since phosphorus requirements 
of plants differ widely with crop species. For 
instance, the external P requirement assessed by 
the P concentration in soil solution necessary to 
achieve 95% of the maximum yield (Fox, 1970), 
is about 10 fold higher for potatoes and several 
vegetable crops than for wheat (Memon and 
Fox, 1983). A second factor affecting the plant P 
uptake is presence of arbuscular mycorrhizal 
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infection, since the P uptake by a mycorrhizal 
plant can be up to 20 fold higher than by a 
non-mycorrhizal plant in sterilized soil. Level of 
P fertilization also changes plant P uptake. The 
synergistic and antagonistic interactions of these 
three factors on P uptake by plants add further 
complications since the phosphorus uptake by 
plants from soil varies with the rate and forms of 
P fertilizer and the variation depends on the 
level of plant P uptake from soil in the unfertil- 
ized P treatment (Morel and Fardeau, 1989; 
1990). 

The inconsistencies in the correlations be- 
tween plant P uptake and either the A, E or L 
values are also caused by methodological prob- 
lems. It has been shown that the basic hypothesis 
used to calculate A values, that the coefficients 
of P utilization from fertilizer and available P 
pool are identical, is not true (Fardeau and 
Guiraud, 1972; Morel and Fardeau, 1991). 
Furthermore, Ss in soil solution at steady-state is 
time-dependent indicating that both E and L 
values reflect changes in a multicompartmental 
system (Fardeau, 1993) whose size is defined by 
the time of isotopic exchange with P in soil 
solution. Therefore, these three isotopic pro- 
cedures did not permit the determination of a 
single quantity of available soil P but were 
limited to the characterization of specific soil- 
plant relationships in P nutrition by means of the 
Ss and Sp data (Fardeau and Jappe, 1976). Very 
few reports concerned the comparison of Sp 
values among crop species and when it is pos- 
sible to calculate Sp values from published data 
(Kalra and Soper, 1968; Kalra, 1971), the fertil- 
izer was applied in small soil volume. The 
localization of fertilizer changes the Sp value for 
a given crop species (Nelson et al., 1947; Welch 
et al., 1949); there is no data on the comparison 
of Sp values between crop species. 

Accordingly, for a given soil type (loamy soil) 
which is representative of soils in France and in 
temperate areas, the objective of this study were 
fivefold: (i) to compare the specific activity of P 
taken up (Sp) by 2 crop species with contrasting 
P requirements; (ii) to study the influence of 
arbuscular mycorrhizal (AM) infection on Sp 
values; (iii) to evaluate the variation in Sp over a 
wide range of P fertilization; (iv) to measure the 

time-dependent changes of the specific activity of 
P in soil solution (Ss) after applying 32P labelled 
fertilizer; and (v) to compare Sp and Ss values. 

Material and methods 

Soil sample 

A soil sample was collected from the upper 
30 cm layer of a permanent pasture which had 
not received P fertilizer for at least 40 years, 
located near Chalons-sur-Marne (51), France. 
The soil is classified as an eluviated brown soil 
according to the French classification and as a 
loamy Luvisol with a depth > 1 m in the FAO 
soil taxonomy. The sample was air-dried, sieved 
at 2 mm and sterilized by gamma-irradiation 
(10 KGy). Its main physico-chemical characteris- 
tics were: pH in water 6.1; total C content 
1.92%; P extractibility in 0.5 M NaHCO,, pH = 
8.5 (Olsen, 1954) was 7.9mg P kg-‘. 

Experimental determination of the L value 

The L values were measured by a pot experi- 
ment which was a factorial combination of 3 
factors: 10 P levels of fertilizer applied as 32P- 
labelled (0.1 to 10 MBqimgP) NaH,PO,; 2 plant 
species [barley, Hordeum w&are L. var. Vodka 
and soybean, Glycine max (L.) Merr var. Maple 
Arrow]; and presence or absence of arbuscular 
mycorrhizal inoculation (Glomus intraradices) 
(AM). There were 4 replicates for each treat- 
ment. 

Seeds of barley and soybean were germinated 
in petri dishes. One 6-day old barley or soybean 
plantlet was transplanted into each pot contain- 
ing 0.5 kg of sterilized fertilized soil. Half of the 
pots were inoculated by adding 1 g of mycorrhiz- 
al inoculum to the transplanting hole. The in- 
oculum used was pieces (about 0.5 cm long) of 
surface disinfected (ultrasonic treatment for 10 
min in a 2% Chloramine T and 10% Mercryl 
solution) fresh leek (AZ&m porrum L. var. 
Olaf) roots infected by Glomus intraradices. The 
same weight of non-mycorrhizal and surface 
sterilized roots of leek was added to non-mycor- 
rhizal treatments. The plants were grown until 
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maturity (about 80 d and 95 d for barley and 
soybean, respectively) in a glasshouse maintain- 
ing the water content of soil near the field 
capacity. A complete liquid basal fertilizer mix- 
ture (Long Ashton solution (Hewitt, 1966)), 
without P for barley, and without N and P for 
soybean which were inoculated with Rhizobium 
(2.5 mL/pot of lo7 Rhizobium japonicumlmL), 
were applied every week. The pots were ran- 
domized weekly to minimize for possible varia- 
tions within the glasshouse. 

At harvest the dry weights of seed were 
recorded. Then each seed sample was calcined at 
600 “C. Ashes were then dissolved in 10% HNO, 
and analysed for 31P (Qt) by the calorimetric 
method of John (1970). Content of 32P (Rp/R) 
was determined by Cerenkov counting in a liquid 
scintillation counter to calculate L = F[(RIF)/ 
(RpiQt) - 11. Roots were washed from soil to 
assess mycorrhizal infection by the gridlines 
intersect method (Giovanetti and Mosse, 1980) 
which yields the percentage of root length infec- 
ted by mycorrhizal fungus. 

Experimental determination of the E value 

Because the amount of radioactivity in soil 
solution (Rs) (Morel and Fardeau, 1991) and the 
total amount of P in the soil solution (Wt) 
(Barrow and Shaw, 1975) are time-dependent, 
the specific activity of P in the soil solution, and 
thus E value will be time-dependent. The ex- 
perimental procedure was performed to charac- 
terize the changes of all data as previously 
described (Morel and Fardeau, 1991): 20g of 
soil were shaken for 18 h with 199 mL deionized 
water in a plastic bottle. Then, 1 mL of 32P 
labelled fertilizer was added at t = 0 into the soil 
suspension and stirred with magnetic stirrer. 
Specific activities varied between 0.1 and 
10 MBq/mgP, depending on the P fertilizer rates 
which were between 20 and 280 mgP kg-’ to 
obtain a range of P concentration in soil solution 
between 0.02 to 5.5mgP L-l. After 1, 10, 100, 
1000 [about 17h], 10000 [about 7 d], 28605 
[about 20 d] and 50270 min [about 35 d], a 15-mL 
aliquot was taken from suspension with a plastic 
syringe and filtered through a O.Ol-pm pore-size 
membrane. Phosphorus was determined 
calorimetrically by the method of John (1970) to 

obtain Wt value, while Rs/R were measured by 
scintillation counting in order to calculate E = 
F[(R/F)(Rs/Wt) - 11. Each analysis was per- 
formed in triplicate at all sampling times. 

Mathematical and statistical analysis of data 

Sp and Ss were expressed by the ratio of Sp/Sf 
and Ss/Sf in order to take into account the 
difference in the introduced activity (R) and the 
amount of P (F). The mean of Sp/Sf over all the 
(crop species x mycorrhizal inoculation) treat- 
ments and SsiSf ratios were fitted to the rate of 
applied P by nonlinear regression: 

y = a - b.e-” (8) 

(e is the base of natural Log). Significant differ- 
ences among plant species and mycorrhizal 
inoculation were determined by comparing the 
95% confidence interval on the a, b and c 
constants of regression. The equation used to fit 
the kinetic data of SslSf was: 

Ss/Sf = d - g.Log(t) (9) 

with d and g constants. SslSf and SplSf values 
were fitted by a linear regression. All statistical 
analyses and figures were obtained with the 
NLIN, REG and GPLOT procedures of SAS- 
STAT and SAS-GRAPH software (SAS Insti- 
tute Inc., 1987). 

Results and discussion 

Specific activity of plant P 

In order to compare the specific activities of P 
uptake by mycorrhizal and non mycorrhizal 
barley and soybean (Sp = Rp/Qt) independently 
of the different additions of both 32P activity (R) 
and P amount (F), Sp values were expressed by 
the dimensionless Sp/Sf ratio where Sf is R/F 
ratio, i.e. the specific activity of the added P 
(Table 1). For all crop species and mycorrhizal 
treatments, the average of Sp/Sf values in- 
creased with the rate of applied P and ranged 
from 0.208 to 0.755 for rates of application of 20 
to 310mgP kg-l. The a, b and c regression 
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Table 1. Regression coefficients of the equation: SpiSf = a - bedcF for non-mycorrhizal and mycorrhizal barley and soybean 

Crop treatments Regression 
coefficients 

Estimate Asymptotic Asymptotic 95% 
std. error confidence interval 

Lower Upper 

Barley 
Non-mycorrhizal a 

b 
C 

R2 

Mycorrhizal 

Soybean 
Non-mycorrhizal 

a 0.736 
b 0.705 
C 0.015 
R2 0.97 

; 

C 

R2 

Mycorrhizal a 0.723 
b 0.699 
C 0.015 
R2 0.98 

0.742 
0.707 
0.014 
0.98 

0.731 
0.719 
0.014 
0.98 

0.034 0.663 0.798 
0.039 0.615 0.798 
0.002 0.010 0.018 

0.038 0.647 0.826 
0.046 0.596 0.813 
0.002 0.010 0.017 

0.030 0.661 0.801 
0.034 0.639 0.798 
0.001 0.010 0.017 

0.030 0.653 0.793 
0.035 0.615 0.782 
0.002 0.011 0.019 

R* is the proportion of variation accounted for by the above equation. 

constants of Eq. [8] between the Sp/Sf values 
and the rate of P application show no significant 
differences (p > 0.05) between non-mycorrhizal 
or mycorrhizal barley or soybean (Table 1). The 
set of SpiSf values vs. P rate for all (crop 
species x mycorrhizae) treatments was described 
by the following equation (Fig. 1): 

Sp/Sf = 0.737 - 0.707e~0.014(Prate) 

with X2 = 0.97 (10) 

Although, there is no significant difference be- 
tween the Sp/Sf values measured on 2 crop 
species, the amount of P taken up (Qt) by non- 
mycorrhizal and mycorrhizal soybean and barley 
widely differed over the range of applied P 
(Table 2): 
(i) the P uptake by non-mycorrhizal barley was 

2.6 times higher than P uptake by non- 
mycorrhizal soybean on nil P treatment. 

(ii) the P uptak e b y non-mycorrhizal soybean or 
barley increased 16 and 5 fold, respectively, 
over the range of applied P. 

The observed difference in plant P uptake re- 
flects the difference in the P requirement of the 

two crop species since the external P require- 
ment of cereals is lower than the external P 
requirement of many vegetable crops (Memon 
and Fox, 1983). 

Mycorrhizal infection assessed by the % infec- 
ted root length (Table 3) indicated a high level 
of infection for each crop species in the nil P 
treatment. The rate of infection decreased with 
increasing applied P for barley and only for the 
highest rate of application for soybean. These 
observations reflect the low and high mycorrhizal 
dependency of barley and soybean, respectively 
(Plenchette et al., 1983). In the nil P treatment 
the rates of AM infection of barley and soybean 
were similar, but AM infection increased P 
uptakes 4.5 and 1.4 fold for soybean and barley, 
respectively (Table 2). Although both P require- 
ment and mycorrhizal dependency of crop 
species were very different, and the wide range 
of P application produced large differences in 
plant P uptake, SpiSf values were not signifi- 
cantly different among the (crop species X AM 
inoculation) treatments for a given rate of P 
addition. Similar results have been reported and 
reviewed by Bolan (1991) for experiments where 
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Fig. 1. The specific activity of P taken up by non-mycorrhizal 
and mycorrhizal barley and soybean plants (Sp/Sf = 0.737- 
0.707e-0.0’4F, R2 = 0.97) and the specific activity of P in soil 
solution (SsiSf = 0.713 - 0.713e~0.0’4F, R2 = 0.95) in relation 
to the rate of P application (F). 

P was applied at a single rate and the plants 
tested were as different as onion (Hayman and 
Masse, 1972; Powell, 1975; Sanders and Tinker, 
1971), clover (Bolan et al., 1984; Powell, 1975) 
and oil palm (Blal et al., 1989). 

Among the different methodologies used to 
assess the availability of P to plants, the L value 
is generally considered as a good predictor of the 
plant P uptake. The average of the 36 results 
about L values from the data set in Table 2 and 
Eq. [5] gives L = 81.5 mgP kg-’ (coefficient of 
variation (CV) = 15.8%). In this experiment a 
single L value is associated with a wide range of 
plant P uptake with the (crop species x AM 
inoculation) treatments. This example is likely to 
cover the extremes of plant effects on P uptake 
ever encountered in field situation, but it ex- 
plains the inconsistencies in the characterization 
of the soil-plant relationships in plant nutrition 
by correlating the Qt vs. L value. The results 
show that the calculation of an L value reduces 

the amount of information obtained by the 
isotopic dilution method, since behind one L 
value there are 9 Sp/Sf values which are not 
dependent upon plant factors. 

The specific activity of P in soil solution 

The P concentration in soil solution ranged 
between 0.02 to 5.46mg P L-’ which is repre- 
sentative of P concentrations in cultivated ag- 
ricultural soils. Both Rs/R and Wt values de- 
creased when the period of incubation increased 
(Table 4) but the rate of decrease with time was 
higher for Rs/R than for Wt values. These data 
agree with the general characterization of the 
reactions between soil and phosphate where it is 
assumed that an initial rapid sorption reaction is 
followed by further slow reactions with phos- 
phate in solid phase (Barrow and Shaw, 1975; 
Fardeau, 1981). Consequently, Ss/Sf values [Ss/ 
Sf = (RIWt)/(R/F)] also decreased with time. 
The decrease with time was fitted to the follow- 
ing nonlinear regression: SsiSf = d-g.Log(t) [9], 
where d and g are the constants of regression 
(Table 5). After a 35 d-period of incubation, the 
Ss/Sf ratio appears to remain constant. In order 
to test if a steady state is reached over the period 
of cropping, the change in Ss/Sf [A(Ss/Sf)] 
between 1 month (43200min) and 3 months 
(129600min) was calculated using Eq. [9] and is 
expressed as percentage of the Ss/Sf value at 1 
month. A(Ss/Sf) values were between 21 and 
1.9% (Table 5) which was less than the standard 
deviation of Ss/Sf. Therefore, the SsiSf values 
measured after a 35 d-period of incubation were 
considered representative of the steady-state. 
This result agrees with previous one obtained 
using a calcareous soil (17% CaCO,), in which 
Ss reaches a constant value over the period of 
plant growth after 22 d of isotopic exchange 
(Morel and Fardeau, 1991). The relation be- 
tween Ss/Sf values at steady-state and the rate of 
applied P was the following (Fig. 1): 

SsiSf = 0.713 - 0.713e-0.014(P rate) , 

R* = 0.95 . (11) 

The average of the 6 E values [E = F(Sf/Ss - l)] 
calculated from the SsiSf ratio measured after 
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Table 2. Phosphorus amount (Qt), proportion of radioactivity (RplR) uptakes and SpiSf ratio ranged from 0 to 310mg P kg-l 
rates of fertilizer application (F) and measured on non-mycorrhizal (NM) and mycorrhizal (M) soybean and barley plants 

F Qt RplR SplSAf” 
bs PM’1 (mg P/O.5 kg) (%I 

NM M NM M NM M 

Soybean 
0 2.6 11.6 

20 4.7 15.3 8.2 31.9 0.171 0.209 
30 5.5 16.6 9.8 31.6 0.266 0.286 
40 7.4 18.4 12.3 33.7 0.324 0.366 
50 8.6 18.9 13.2 31.7 0.383 0.420 
60 10.1 21.8 14.4 32.2 0.432 0.444 
70 12.7 24.6 16.6 32.4 0.461 0.460 

110 17.5 27.7 16.1 27.1 0.504 0.538 
160 22.9 30.2 18.6 23.9 0.648 0.633 
310 41.8 47.1 20.0 22.9 0.741 0.754 

Barley 
0 6.8 

20 10.2 
30 11.3 
40 11.4 
50 12.0 
60 13.4 
70 14.5 

110 18.8 
160 22.8 
310 36.3 

a Sp/Sf = (RpIQt)/(R/F). 

9.7 
11.3 22.8 26.1 0.222 0.232 
13.0 23.6 27.1 0.314 0.313 
13.0 21.7 25.3 0.380 0.391 
14.7 18.2 24.3 0.381 0.414 
17.2 20.1 27.7 0.448 0.484 
17.0 18.4 23.0 0.443 0.472 
21.8 19.0 20.8 0.555 0.524 
26.1 18.5 22.3 0.650 0.684 
36.7 17.9 18.0 0.763 0.762 

Table 3. Percentage of infected root length inoculated with 
Glomus intraradices for both sovbean and barlev species 

P rate 
(mg P/kg-‘) 

Infected root length (%) 

Soybean Barley 

0 99 aa 97 a 
30 100 a 78b 
50 100 a 76 bc 
70 100 a 77 bc 

110 95 a 66c 
310 55 b 71 bc 

a Mean range by Duncan test: values in each column follow- 
ing by the same letter are not significantly different at the 
0.05 level. 

35 d of incubation over the 6 rates of P applica- 
tion (Table 4) is: E = 100.2mg P/kg (CV= 
24.5%). The higher CV value for the E value 
than for the L value is explained by the lower 
levels in Rs/R and Wt than in Rp/R and Qt for 
the lowest levels of P application which caused a 
greater standard error in the Ss/Sf ratio than in 
SpiSf ratio. The same remarks given for the L 

value are also valid for the E value since many 
different Ss/Sp values are used in calculation of 
single E value. 

Comparison between SplSf and SslSf values 

The calculation of SsiSf values by Eq. [ll] for 
the P rates (F) used in the plant experiment gave 
the following (SsiSf-F) data pairs: (0.174-20), 
(0.245-30) (0.306-40) (0.356-50), (0.405-60), 
(0.446-70), (0.560-110), (0.637-160) and 
(0.704-310). The Sp/Sf values were fitted to the 
above Ss/Sf values by a linear regression: 

Ss/Sf = -0.05 + l.O4Sp/Sf, R* = 0.98. (12) 

The regression coefficient (1.04, standard 
error=0.06) between Sp/Sf and SsiSf values 
was not significantly different from 1 and the 
intercept value (-0.05, standard error = 0.029) 
not significantly different from 0. These results 
showed that the isotopic composition of P ab- 
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Table 4. The time dependent changes of experimental data used to calculate SsiSf in relation to the rate of P application (F) 

F 
bx#’ kg-‘) 

Time (min) 

1 10 100 1000 10000 28605 50270 

20 Rs/R% 43.6 24.6 9.2 2.0 0.40 0.26 0.23 
WtmgPkg-’ 13.0 1.4 3.6 1.1 0.3 0.2 0.2 
SslSf” 0.674 0.664 0.529 0.372 0.328 0.262 0.208 

40 RslR% 53.6 36.0 17.7 4.3 0.74 0.46 0.37 
WtmgPkg-’ 31.0 21.7 11.1 3.4 0.7 0.5 0.4 
Ss/Sf 0.692 0.674 0.635 0.497 0.461 0.352 0.350 

80 RslR% 65.4 49.0 28.7 8.73 1.68 0.88 0.78 
WtmgPkg-r 64.3 55.4 33.2 11.0 2.6 1.4 1.3 
SslSf 0.817 0.708 0.691 0.633 0.524 0.506 0.489 

160 RslR% 16.1 63.9 46.5 23.8 7.6 4.7 3.3 
WtmgPkg-’ 159 127 95.7 45.8 18.8 12.1 9.3 
SslSf 0.763 0.805 0.779 0.832 0.647 0.628 0.570 

240 Rs/R% 83.6 73.7 58.4 35.9 16.1 10.7 8.9 
WtmgPkg-’ 254 216 174 97 55.2 37.8 32.1 
SsiSf 0.791 0.816 0.804 0.884 0.699 0.682 0.664 

280 Rs/R% 86.7 77.8 64.1 43.0 22.8 15.6 13.6 
Wt P mg kg-’ 302 270 231 - 90.2 63.5 54.6 
SslSf 0.804 0.808 0.778 - 0.708 0.687 0.691 

a SsiSf = (Rs/Wt)/(R/F). 

Tuble 5. The d and e constants of nonlinear regression: SsiSf = d-g.Log(time). R2 was the proportion of variation accounted for 
by the above equation. A(Ss/Sf) is the difference in SsiSf between 1 and 3 month of incubation calculated by the above equation 
and expressed in % of the SsiSf value after 1 month of incubation. 

P rate 
(m@’ W’) 

d g RZ A(Ss/Sf) 
(%I 

20 0.716 0.045 0.96 21.0 
40 0.737 0.034 0.94 10.0 
80 0.808 0.029 0.98 6.4 

160 0.799 0.017 0.81 3.0 
240 0.828 0.014 0.83 2.3 
280 0.821 0.012 0.95 1.9 

sorbed by the plants was identical to the isotopic 
composition of P in soil solution, in accordance 
with previous data (Fardeau and Jappe, 1976). 

The identity between SpiSf values and Ss/Sf 
values at steady state meant that the soil P 
involved in plant nutrition has the same isotopic 
composition as P in soil solution. As the contri- 
bution of P in soil solution by mass flow process 
represents only a few percent of the plant P 
uptake (Barber, 1984), 99 to 90% of the P taken 
up by plant comes from the P in the solid phase 
of soil which equilibrates with P in soil solution, 

and has the same specific activity as P in soil 
solution after 35 d of exchange or beyond. For 
instance, after applying 20 mgP kg-‘, the dry 
matter yields of non-mycorrhizal soybean was 
2.21 g/O.5 kg and soil solution P, 6.02 mg P L-r 
(Table 4). Assuming the plant transpires about 
0.3 L of water during the synthesis of each 1 g of 
dry matter, the P supply by mass-flow process is 
0.01 mg P which represent according to the data 
in Table 2, 0.2% (0.01*100/4.7) of the P uptake. 
More than 99% of the P uptake must have been 
replenished from the solid soil phase by diffusion 
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processes, and the replenished P is derived from 
the isotopically exchangeable P because of the 
identity of isotopic composition between P in the 
plants and that in the soil solution. In this 
example, P in soil solution was replenished 470 
(4.710.01) times to obtain the P amounts taken 
up by non-mycorrhizal soybean. The results 
obtained in the present experiment also indicates 
that the role of mycorrhizal fungi in the uptake 
of P by plants is to give a much wider access to 
isotopically exchangeable P in soil either by 
explorating a larger soil volume and by increas- 
ing movement of P into mycorrhizal hyphae 
(Bolan, 1991), and not rendering previously non- 
isotopically exchangeable soil P plant-available. 

The usual approach to the characterization of 
soil-plant relationships in plant nutrition was to 
correlate Qt vs. E or L values over a great 
number of soil-plant combinations. The present 
data showed that with one single L or E value 
many Qt values are associated which differ 
widely according to the plant factors involved in 
P nutrition such as the crop species or the AM 
inoculation which is often an uncontrolled factor. 
But it appears possible to establish a 1: 1 corre- 
spondence between a plant parameter, the SpiSf 
ratio, and a soil parameter, the Ss/Sf ratio after 
or beyond 35 d of exchange. This 1: 1 relation- 
ships between soil and plant parameters justifies 
the measurement of the Ss/Sf ratio (Russell’s E 
value) rather than the Sp/Sf ratio (Larsen’s L 
value) because it is a more simple, rapid and less 
time-consuming methodology. This 1: 1 corre- 
spondence between isotopic composition of P in 
plant and isotopically exchangeable P is also an 
evidence that available soil P to plants is the 
isotopically exchangeable P. 

Agronomic application of the proposed 
methodology 

Examination of the Sp/Sf ratio [(Rp/Qt)/(R/F)] 
shows that it is the amount of P from applied P 
taken up by plant [F(Rp/R)] divided by the total 
amount taken by plant (at), i.e. the proportion 
of P derived from fertilizer taken up by plants 
(Sp/Sf = Qf/Qt). This parameter generally ex- 
pressed as a percentage has been intensively 
used since the first 32P radiotracer studies (Dean 
et al., 1947). In the present study, the Sp/Sf 

values increase from 0.17 to 0.76 when the rate 
of applied P increases from 20 to 310 mgP kg-l 
(Table 2). In the same way, the Ss/Sf ratio 
(FRs/RWt) is the amount of P from fertilizer in 
soil solution (Wf) divided by the total of P in soil 
solution (Wt), i.e. the proportion of P in soil 
solution derived from fertilizer (Ss/Sf = Wf/ Wt). 
Because the Sp/Sf and SsiSf values are not 
significantly different at a given rate of applica- 
tion, Ss/Sf value can be considered as a predic- 
tive value for Sp/Sf. Consequently, the proposed 
methodology has an immediate application in the 
field of the agronomic evaluation of P fertilizers. 

The usual approach in the agronomic evalua- 
tion of P fertilizer is (Terman and Engelstad, 
1976): (i) to establish the response curve, i.e. the 
relation between the yield or the plant uptake 
and increasing rates of P application for different 
forms of P fertilizers; (ii) to compare the regres- 
sion constants of the equation fitted to the 
response curves; and (iii) to express the results 
in relation to a standard form of P fertilizer 
which is water-soluble in order to calculate the 
Relative Agronomic Effectiveness (RAE) of the 
tested P fertilizer. Although the factors involved 
in the RAE of the various P fertilizer forms 
relating to soil properties have been studied 
more than a century, it is apparent in the 
literature on the agronomical evaluation of P 
fertilizers that it is still an actual agronomic 
problem since the sets of RAE values of a given 
P form are often contradictory (Bolland and 
Gilkes, 1987). Many methodological factors can 
explain this discrepancy, but it basically indicates 
this approach doesn’t take into account the 
complexity of the process and the interactions 
involved between the rate of P application and 
its effects on agronomic response. Both soil and 
plant parameters are involved in the determi- 
nation of RAE, with plant parameters varying 
with crop species and cultivar and with soil 
parameters varying with soil type. Because of 
synergestic and antagonistic interactions of soil- 
fertilizer combination with the plant factors 
involved in the plant P uptake (Morel and 
Fardeau, 1989, 1990), the RAE value is closely 
dependent on the plant-soil-fertilizer combina- 
tion. This explains why it is impossible to extend 
a given information to another plant-soil-fertil- 
izer situation. Accurate information on ag- 
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ronomical evaluation of P fertilizer is however 
essential to give adequate P fertilizer recom- 
mendations. 

The Sp/Sf values are not dependent upon 
plant factors and furthermore agreement be- 
tween Sp/Sf and SsiSf values is close to 1: 1. 
This means that Ss/Sf value predicts the partici- 
pation of phosphorus derived from fertilizer in 
plant nutrition and can therefore be considered 
an agronomic evaluation of P fertilizers. This is 
the fundamental agronomical interest of this 
approach. It is independent of plant factors, 
unlike the usual agronomic evaluation, and de- 
pends only on the combination of soil and 
fertilizers. Furthermore, the measurement of Ssi 
Sf does not require crop experiments facilitates 
the gathering of information about numerous 
soil-fertilizer combinations for a better under- 
standing of the relationships between soil prop- 
erties and agronomical effects of various P fertil- 
izer forms in plant nutrition. 

Conclusion 

After (i) diluting a 32P labelled solution of water- 
soluble P fertilizer in a loamy sterilized soil and 
(ii) cropping both non-mycorrhizal or mycorrhiz- 
al soybean and barley, the isotopic composition 
of plant P was not significantly different between 
(crop species x mycorrhizal inoculation) treat- 
ments although the plant P uptake differed 
greatly. The specific activity of P taken up by 
plant was also identical to the specific activity of 
P in soil solution after about 1 month of incuba- 
tion, confirming previous results obtained in 
calcareous soil (17% CaCO,) and ryegrass as a 
test plant. Two main conclusions can be derived 
from the above results: 
1. soil available P in loamy soils is the isotopical- 

ly exchangeable phosphate in soil. 
2. the agronomical significance of this result is 

that it is possible to predict the participation 
of P fertilizer in plant nutrition only by 
determining the P in soil solution derived 
from fertilizer which can consequently, be 
considered as an agronomical evaluation of P 
fertilizer. 

The proposed methodology requires measure- 
ment of SsiSf value which must be representa- 

tive of SpiSf. In the present study, where a 
loamy soil was tested, and in a previous one, 
where a calcareous soil was tested (Morel and 
Fardeau, 1991), SsiSf did not significantly 
change with time after about 1 month of 
equilibration in 1: 10 soil : solution suspension. 
But, as the rate of reaction between applied P 
and soil particles was increased when tempera- 
ture of reaction increased (Barrow and Shaw, 
1975), it might be interesting to verify if an 
increase in temperature could faster the reaction 
on SsiSf values in order to develop a more rapid 
procedure. Another possibility could be to mea- 
sure Ss after a relatively short period in soil 
incubated at similar moist conditions as plant 
experiments because it has been shown that 
pseudo-equilibrium in Ss is more quickly reached 
when the soil : solution ratio increases. Further 
work is also required to determine the validity of 
this result across different soil types, especially in 
acidic soils with high P sorption capacity, and for 
other crop species like, particularly those like 
rape which are well known for their ability to 
mobilize P from rock phosphate (Hoffland, 
1992). 
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