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Contribution of Inorganic Phosphorus Fractions to Plant  
Nutrition in Alkaline-Calcareous Soils 

A. Samadi1 

ABSTRACT 

To evaluate the relationships between soil inorganic phosphorus P (Pi) fractions, the soil 
P test and plant parameters such as plant P uptake, dry matter yield, tissue P concentra-
tion and relative yield, glasshouse experiments and chemical analyses were conducted on 
13 calcareous soils from six agricultural and seven adjacent bushland (virgin soil) sites. 
Four rates of P (0, 15, 30, 60 mg/kg soil) were applied as reagent-grade KH2PO4 to the 
soils in a randomised complete block design with three replications. Perennial ryegrass 
(Lolium perenne cv. Roper) was grown and forage was harvested five times over a period 
of 210 days. Successive harvesting resulted in the depletion of plant available P as meas-
ured by NaHCO3-extractable P, which coincided with the decrease in the plant dry matter 
yield and P uptake. After five harvests, the order of reduction in Pi fractions induced by 
cropping without added P was Ca10-P>Al-P>Ca2-P>Ca8-P>occluded-P>Fe-P for the vir-
gin soils and Ca2-P>Al-P>Ca10-P>Ca8-P>Fe-P>occluded-P for the agricultural soils. The 
order of abundance of Pi fractions for P treated-soils was non-occluded Al and Fe phos-
phate (Al-P+Fe-P)>secondary Ca-bound P (Ca2-P+Ca8-P)>acid-extractable P (Ca10-
P)>occluded-P for both virgin and agricultural soils. Although a marked proportion of 
added P was transformed into less soluble Al and Fe phosphates, successive harvesting 
had depleted considerable percentages of these fractions. Highly significant (p<0.001) re-
lationships were found for P uptake vs. Olsen-P, P uptake vs. Pi fractions (Ca2-P, Ca10-P, 
Al-P, Ca8-P, Fe-P) and Olsen-P vs. Pi fractions. NaHCO3-extractable P seems to be ade-
quate for evaluating plant available P in calcareous soils. However, the closer relationship 
for the Fe-P fraction vs plant P uptake than for Olsen-P versus plant P uptake indicates 
that NaHCO3 may not provide the best estimate of plant available P for calcareous soils. 
Using stepwise regression analysis, it was found that the Ca2-P fraction was most predic-
tive of P uptake (60%), total dry matter (68%), relative yield (74%) and Olsen-P (69%), 
followed by the Fe-P fraction. 

Keywords: Availability, Calcareous soils, Inorganic P fractions, NaHCO3-extractable P, 
Plant P uptake. 
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INTRODUCTION 

A knowledge of the relationships between 
the different forms of P in a wide range of 
soils and of available P as measured by plant 
growth and soil chemical testing is useful for 
a better understanding of the capacity of P 
forms to sustain an adequate supply of P to 
plants. The correlation technique has been 
widely used to study the availability of inor-
ganic P forms to plants. For calcareous soils, 

several researchers (Taylor and Wood, 1981; 
Awad and Ashoor, 1986) agree that the Ol-
sen-NaHCO3 (Olsen et al., 1954) soil test 
method correlates best with the Ca-P frac-
tion. In contrast, for the calcareous soils of 
Nebraska and Uttar Pradesh, it was found 
that Olsen-P was most closely related to Fe-
Al-P fractions (Hooker et al., 1980) and Al-
P fraction (Tripathi et al., 1970), respec-
tively.  

The relationships between plant P uptake 
and inorganic forms of P in calcareous soils 
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are not clearly defined. Plant P uptake is 
commonly related to Ca-P (Kamprath and 
Watson, 1980), resin extractable P (Yang et 
al., 1990), and citrate-bicarbonate P (CB-P) 
(Solis and Torrent, 1989). For acid soils, 
however, P uptake by plants is commonly 
related to Al-P and Fe-P (Tripathi et al., 
1970 Patiram and Prasad, 1990). The greater 
availability of Al- and Fe-P than Ca-P was 
due to the higher specific surface activity of 
Al-P and Fe-P compared to other forms of 
inorganic P (Chang and Chu, 1961). Al-
Abbas and Barber (1964) found that the Fe-
P fraction accounted for most of the avail-
able P and they subsequently developed a 
chemical method for the selective dissolu-
tion of Fe-P as a technique to evaluate avail-
able P in soil. Once information is available 
on which forms of soil P are related to plant 
growth and P uptake for a given soil, it is 
possible to select soil tests which best reflect 
the amounts of these forms of P in the soil. 
The NaHCO3 procedure of Olsen generally 
gives the best prediction of P uptake for cal-
careous soils (Ryan and Ayubi, 1981; Yang 
et al., 1990; Rahmatallah et al., 1994). 
However, there are exceptions to this gener-
alization. For example, there was a poor re-
lationship between plant response and Na-
HCO3-extractable P for a wide range of cal-
careous Syrian soils (Matar, 1992). The au-
thor attributed this to the presence of signifi-
cant amount of Fe oxides, which would have 
retained much P. 

Previous studies on calcareous soils from 
Western Australia (Samadi and Gilkes, 
1998) showed that Ca2-P, Ca8-P, Al-P and 
Fe-P fractions made significant contribu-
tions to available P as estimated by 0.5 M 
NaHCO3 extractable P (Olsen et al., 1954). 
However, the question remains as to what 
relationships exist between the previously 
mentioned Pi fractions and P uptake by 
plants. This study was carried out to investi-
gate relationships between plant growth pa-
rameters (P concentration, P uptake, dry 
matter yield, and relative yield), inorganic 
forms of soil P and soil P test. The aim was 
to identify which inorganic P fractions are 
major sources of plant available P as indi-

cated by plant P-uptake. 

MATERIALS AND METHODS 

Soils 

13 surface soil samples (0-10 cm), repre-
sentative of six agricultural soils and seven 
of their virgin counterparts, were used for 
the laboratory and the greenhouse studies. 
The profile characteristics and physico-
chemical properties of the soil samples are 
described elsewhere (Samadi and Gilkes, 
1998). 

Glasshouse Experiment 

A successive cropping experiment (“ex-
haustion trial”) was conducted on pots con-
taining one kilogram of these soils. Four 
levels of P (0, 15, 30, 60 mg/kg) were ap-
plied as KH2PO4. Basal nutrients (K2SO4, 84 
mg/kg; MgSO4.7H2O, 23 mg/kg; MnSO4. 
4H2O, 15 mg/kg; ZnSO4.7H2O, 9 mg/kg; 
CuSO4.5H2O, 4 mg/kg; H3BO3, 0.8 mg/kg; 
CoSO4.7H2O, 0.4 mg/kg; NaMoO4.2H2O, 
0.7 mg/kg) were applied in solution. Am-
monium nitrate (165 mg/kg) was applied in 
solution at fortnightly intervals. The nutri-
ents were thoroughly mixed with the soil by 
shaking in a plastic bottle for one minute. 
One kg of each treated soil was placed on 
200 g of washed sand in 15-cm plastic pots. 
The experiment was replicated three times in 
a randomized complete-block design. Thirty 
seeds of perennial ryegrass (Lolium Per-
enne, cv. Roper) were sown and thinned to 
20 per pot after emergence. The control pots 
contained no plants but were otherwise 
managed identically. The plants were grown 
in a temperature controlled (20 oC ± 2) 
greenhouse. Soils were watered daily with 
distilled water and pots were weighed twice 
weekly to adjust moisture content to 80% 
field capacity. Plants were harvested con-
secutively (five cuts in total) about 1 cm 
above the soil level. The first harvest was 
seven weeks after emergence. The remain-
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ing four harvests were conducted at ap-
proximately six week intervals, with the to-
tal growth period being 210 days. After each 
harvest, soils were fertilized with the basal 
nutrients to ensure nutrient sufficiency. The 
plant material was dried immediately at 70 
oC, weighed, ground, and stored until analy-
sis. Plant samples were digested in 3:1 con-
centrated nitric and percholoric acid. Phos-
phorus concentration in the digest was de-
termined by the molybdovanado phosphoric 
acid method. The absorbance was read on a 
spectrometer at 460 nm (Murphy and Riley, 
1962).  

Relative yields represent the ratio of total 
dry matter mass (sum of five harvests) for P-
untreated soil over the maximum yield for P-
treated soil expressed as a percentage. As 
the difference between P60 and P30 was neg-
ligible, the total dry matter yield at the P 
application rate of 30 mg P/kg was consid-
ered for the calculation of relative yield. 

Severe soil P exhaustion due to repeated 
harvesting was indicated by visual P-
deficiency symptoms (purpling, stunted 
growth and mortality), and by the inadequate 
levels of NaHCO3-extractable P in the soils. 

After each harvest, 50g of soil was col-
lected, dried at 40o C, ground, and stored for 
chemical analysis. Soil samples from the 
cropped (P-treated and P-untreated) and 
non-cropped soils were extracted with 0.5 M 
NaHCO3 at pH 8.5 and sequentially frac-
tionated for Pi fractions by the method of 
Jiang and Gu (1989). 

To understand better the importance of 
sparingly soluble P in the nutrition of plants, 
total plant uptake of P is represented as a 
percentage of the total change in Pi for the 
non-cropped and cropped unfertilized soils 
as follows:  
P.U.T∆Pi  = Total P uptake × 100/T∆Pi (1 
Τ∆Pi = Σ∆Pi = Σ(Ci0 - Ci5) (2 

where PUT∆Pi is the plant P uptake (mg/pot) 
as a percentage of the total change in Pi frac-
tions (Τ∆Pi) (mg/kg), ∆Pi is the change in 
each Pi fraction, Ci0 is the concentration of 
each fraction (mg/kg) in the P-untreated 
non-cropped soil, Ci5 is the concentration of 

the same fraction in the P-untreated cropped 
soil after the fifth cutting (mg/kg).  

The relative depletion of available P (Ol-
sen-P) for the non-cropped and unfertilized 
cropped soils was calculated as follows: 
R.D. = (C0av-C5av) × 100/C0av  (3 
 where R.D. is the relative depletion of 
available P, C0av is the concentration of 
available P (mg/kg) in the P-untreated non-
cropped soils, C5av is the concentration of 
available P in the P-untreated cropped soil. 
All soils being sampled after the fifth cut-
ting.  

The percentage reduction in each Pi frac-
tion in P treated soils as result of successive 
cropping was calculated as follows:  
∆PiT = (Cp1-Cp5) × 100/Cp1 (4 
where ∆PiT is the percentage reduction in 
each Pi fraction for P treated soils, Cp1 is the 
concentration of each fraction (mg/kg) in the 
P-treated cropped soil after the first cutting, 
and Cp5 is the concentration of each fraction 
in the P-treated cropped soil after the fifth 
cutting. Note that this form of analysis dose 
not demonstrate that changes in P forms dur-
ing the experiment were due to plant P up-
take as changes in P forms may have oc-
curred through chemical reactions that were 
not associated with root activity. 

The Mitscherlich equation, y = a – b exp(-
cx), the rescaled Mitscherlich equation,                   
y = a –b exp(-(cx)n), the generalized hyper-
bola equation, y = a - ( b

m cx m1 1+ / ( )
), 

(Campbell and Keay, 1970), and the re-
scaled generalized hyperbola equation,                          
y = a - ( b

m cx n m1 1+ / (( ) )
), were fitted to the 

dry matter yield where y is the dry matter 
yield (mg/pot), x is P level (mg/kg) and a is 
maximum yield, b is yield response, c, n and 
m are coefficients. 

Statistical Analysis 

Analyses of variance in dry matter yield 
and P content was conducted using the Gen-
Stat program (Lane et al., 1987) employing 
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a randomized complete block design. Corre-
lation and regression analysis of data was 
carried out by the StatView program (Aba-
cus Concepts, 1996). 

RESULTS AND DISCUSSION 

Plant Growth Parameters 

The result of this study demonstrated that 
dry matter and P uptake by ryegrass re-
sponded to P application to the virgin and 
agricultural soils over five successive 
growth periods. Cumulative dry matter yield 
data (five harvests) for cropped unfertilized 
soils ranged from 18 to as low as 1.4 g/pot 
and the cumulative plant P uptake ranged 
from 19 to as low as 1.8 mg/pot. Among 
response equations, the rescaled Mitscher-
lich equation fitted well to the dry matter 
yield. All response curves showed that 
added P produced substantial responses in 
dry matter. The response of plants to P ap-
plication was consistently higher for the vir-
gin soils than for the agricultural soils for all 
five harvests.  

Soil P Forms 

The values of inorganic P fractions and 
available P (Olsen-P) as well as the relative 

depletion (RD) of available P as induced by 
successive cropping for P-untreated (non-
cropped control) and (cropped) soils after 
the fifth cutting are presented in Table1. In 
most cases, the depletion of available P was 
higher for agricultural soils than for virgin 
soils. This was expected since the agricul-
tural soils supplied much more P for plant 
growth than that inferred from plant analy-
sis. Thus, successive cropping resulted in the 
decrease in plant available P (Figure 1), 
which coincided with the decrease in plant 
dry matter yield and P uptake for all soils 
including the P-treated and P-untreated soils 
(Figure 2). The relatively low dry matter and 
P uptake for the first cut are due to the estab-
lishment of the plants during this initial 
phase. Soil P exhaustion by successive har-
vests was indicated by visual P deficiency 
symptoms and by inadequate levels of avail-
able P (Olsen-P <10 mg P/kg soil (Bowman 
and Watanable., 1978; Kamprath and Wat-
son, 1980; Fixten and Ludwick, 1982) in 
particular, for the virgin soils. 

The change in different soil Pi fractions 
(∆Pi) as a result of chemical reactions or 
crop removal during the pot experiment and 
plant P uptake as a percentage of the total 
change  (decreased) in Pi fractons (P.U.T∆Pi) 
for the non-cropped and cropped soils with-
out added P are presented in Table 2. The 
changes in Pi fractions varied widely among 
the soils. Generally, the order of change in Pi 
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Figure 1. Effect of successive crops of ryegrass on plant available P (average values for all 

soils) at different levels of P for the virgin (V) and agricultural (A) soils. 
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fractions was Ca10-P>Al-P>Ca2-P>Ca8-
P>occluded-P>Fe-P for the virgin soils and 
Ca2- P>Al-P>Ca10-P>Ca8-P>Fe-P>occluded 
-P for the agricultural soils. As expected, the 
Ca2-P fraction which is P extracted by 0.25 
M NaHCO3 at pH 7 was the form of P which 
was most easily transformed into less solu-
ble P forms and/or removed by ryegrass 
from the P-untreated agricultural soils. In 
virgin soils, however, Ca10-P was the domi-
nant fraction which had been converted into 
other fractions and/or removed by ryegrass. 
The ability of plants to utilize acid-soluble P 
(Ca10-P) fractions has been attributed to 
acidification of the rhizosphere (Grinsted et 
al., 1982). The utilization of sparingly solu-
ble P pools such as NaHCO3-, NaOH- and 
HCl-soluble pools has been reported for pas-
ture grasses (Armstrong and Helyar, 1992). 

It has been suggested that the ability of 
plants to absorb less soluble P compounds 
from soil is dependent upon both the quan-
tity of these compounds in the soil and the 
ability of the plant to reduce the P concen-
tration in the soil solution to values below 
those corresponding to the solubility product 
of these compounds (Bieleski, 1976). Meas-
urements of the sorption isotherm of these 
calcareous soils (Samadi, 1999) showed that 
they are relatively low to medium buffered. 
Thus the depletion of the labile fractions by 
plant roots would permit the maintenance of 
low soil solution P concentrations during 
plant growth and thus enhance desorp-
tion/dissolution of Ca10-P. 

The reduction of total soil P fractions 
(T∆Pi) due to chemical reactions and/or 
plant uptake after the fifth cutting varied 

0

2

4

6

8

10

12

1 2 3 4 5

P
-u

pt
ak

e 
(m

g/
po

t)

P0
P15
P30
P60

0

1

2

3

4

5

6

1 2 3 4 5
Number of crop cut

Dr
y 

m
at

te
r w

ei
gh

t (
g/

po
t)

 
Figure 2. Total P uptake (average values for all soils) and dry matter weight (average values 

for all soils) of ryegrass at different P levels for successive crop cuts. 
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between 5 and 94 mg/kg soil with an aver-
age of 13 mg/kg soil for virgin soils and 50 
mg/kg soil for agricultural soils (Table 2). It 
is noteworthy that this decrease was much 
larger than the total amount of P removed by 
cutting, indicating that chemical reactions in 
the soil had also decreased these forms of P 
that contribute to T∆Pi. The percentage of 
the total change in Pi fractions (P.U.T∆Pi) re-

covered as total P uptake ranged from 10 to 
90%, with an average of 20% and 30% for 
virgin and agricultural soils, respectively 
(Table 2). These results suggest that most 
changes in Pi fractions were due to chemical 
reactions rather than to plant uptake. The 
discrepancy between the net decrease in 
measured Pi fractions (T∆Pi) and plant P 
uptake indicates that P was converted to 

Table 1. The concentrations of inorganic P fractions and available P (mg/kg) for cropped and non-
cropped virgin (V) and agricultural (A) soils without added P after the fifth cutting of ryegrass, P uptake, 
mean relative yield and relative depletion of available P (RD).  

 Ca2-P Ca8-P Al-P 
Soil 

Mean 
relative 

yield (%)

P uptake 
(mg/pot) Non-

cropped 
 

Cropped
Non-

cropped 
 

Cropped
Non-

cropped 
 

Cropped 
2 kell 9 (V) 19 1.9 4.8 4.5 12.0 8.1 26.5 17.8 
3 Kell 9 (A) 83 16.1 34.0 10.2 67.5 52.7 77.0 71.4 
10 Bea (V) 37 2.5 3.5 2.5 5.0 3.2 5.0 4.7 
11 Bea1 (A) 27 19.1 25.0 7.4 60.0 43.0 68.0 45.7 
12 Bea1 (V) 92 3.5 4.8 3.2 2.5 2.3 12.0 6.4 
13 Bea1 (A) 29 8.1 20.5 5.2 10.5 9.6 34.5 15.5 
15 Kon 5 (V) 63 1.9 3.7 3.0 5.0 4.2 7.0 6.9 
16 Kon 5 (A.) 15 17.3 18.0 4.9 11.0 4.2 20.0 9.5 
17 Kon 1 (V) 83 4.3 11.0 4.9 3.0 2.5 13.5 10.0 
18 Kon 1 (A) 33 19.4 17.5 8.2 7.5 6.0 40.5 26.7 
26 SG 2 (V) 85 1.5 5.0 3.5 5.0 3.5 7.0 6.4 
27 SG 2 (A) 11 8.8 8.5 7.0 16.0 8.5 20.0 14.3 
Mean (V) 62 2.6 5.5 3.6 5.4 4.0 11.8 8.7 
Mean (A) 56 14.8 20.6 7.1 28.8 20.7 43.3 30.5 

 Fe-P O-P Ca10-P Olsen-P  
Soil Non-

cropped 
 

Cropped 

 
Non-

cropped
 

Cropped
Non-

cropped
 

Cropped
Non-

cropped 
 

Cropped 
RD 
(%) 

2 kell 9 (A) 19.0 17.4  16 14 7.6 5.2 3.2 1.5 53 
3 Kell 9 (A) 32.0 27.0  30 30 37.5 20.1 15.6 8.1 48 
10 Bea (V) 11.5 8.3  25 22 11.0 4.5 4.2 2.1 47 
11 Bea1 (A) 35.0 23.9  30 29 40.5 15.8 17.6 7.5 57 
12 Bea1 (V) 8.0 9.3  37 23 7.5 4.4 4.1 2.0 50 
13 Bea1 (A) 17.5 12.8  26 27 16.5 9.5 5.6 3.6 36 
15 Kon 5 (V) 6.0 5.5  33 37 14.0 6.0 4.5 3.1 31 
16 Kon 5 (A.) 30.0 17.6  49 51 29.0 19.6 8.2 3.1 61 
17 Kon 1 (V) 13.0 11.9  20 24 9.0 7.4 4.1 3.2 20 
18 Kon 1 (A) 25.5 22.1  30 38 16.5 15.0 8.3 5.2 35 
26 SG 2 (V) 3.0 2.6  10 13 7.0 2.4 3.2 2.7 10 
27 SG 2 (A) 7.0 6.5  9 11 12.5 5.9 6.8 3.5 48 
Mean (V) 10.1 9.2  23.5 22.2 9.4 5.0 3.8 2.4 35 
Mean (A) 24.5 18.3  29.0 31.1 25.4 14.3 10.3 5.2 48 
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forms not identified by the analytical proce-
dure used in this research. Indeed the dis-
crepancy may be larger than the 80 or 70% 
of T∆Pi indicated as some P uptake may 
have originated in organic P forms that were 
not measured in this study. 

Addition of P to the soils increased the 
contents of all Pi fractions in most instances 
for the virgin and agricultural soils (Table 
3). Much of the added P was recovered as Pi 
forms from the soils after the first harvest 
but recovery decreased substantially for the 
fifth harvest (Table 3). When all Pi fractions 
are summed (sum-Pi), the agricultural soils 
had higher values of sum-Pi than the virgin 
soils. After the first cutting, non-occluded Al 
and Fe phosphates were the dominant frac-
tions followed by secondary Ca-bound P 
(Ca2-P and Ca8-P). This indicates that much 
applied P was converted within a short time 
to Al-P and Fe-P. The increase in Al-P due 
to the addition of P was greater than the in-
crease in Fe-P at all P rates. As the rate of P 
application increased the proportion of Al-P 
continued to rise. The greater increase in Al-
P than Fe-P and the greater proportional in-

crease in Al-P with increasing P addition 
presumably may be ascribed to the greater 
reactivity of P with aluminium than iron 
compounds. Thus, significant proportions of 
applied P were transformed into less soluble 
Al and Fe phosphates and considerable per-
centages of these forms were removed by 
successive cropping, in particular for Fe-P in 
the agricultural soils (Table 3). 

Relationships between Plant Parameters, 
Inorganic P Fractions and Method of As-

sessing of Soil P Status  

Simple correlation data identifying rela-
tionships between parameters and soil P test 
values with Pi forms are presented for non-
cropped and cropped unfertilized soils in 
Table 4. Total dry matter yield, P uptake and 
relative yield were significantly related to all 
Pi fractions with the exception of occluded-P 
in non-cropped and cropped soils. There 
were no significant relationships between 
tissue P concentration and any Pi fraction, 
showing that this growth parameter 

Table 2. Reductions in the concentrations of soil inorganic fractions (∆Pi) between non-cropped 
and cropped unfertilized soils after the fifth cutting of ryegrass, P.U.T∆Pi which is total plant P up-
take as a percentage T∆Pi. 

 Reduction (∆) in Pi fractions (mg/kg) 
Soil ∆Ca2-P ∆Ca8-P ∆Al-P ∆Fe-P ∆O-P ∆Ca10-P 

T∆Pi 
(mg/kg) 

P.U.T∆Pi  
(%) 

2 kell 9 (V) 
3 Kell 9 (A) 
10 Bea (V) 
11 Bea1 (A) 
12 Bea1 (V) 
13 Bea1 (A) 
15 Kon 5 (V) 
16 Kon 5 (A.) 
17 Kon 1 (V) 
18 Kon 1 (A) 
26 SG 2 (V) 
27 SG 2 (A) 
Mean (V) 
Mean (A) 

0.3 
23.8 
1.0 
17.6 
1.6 
15.3 
0.7 
13.1 
6.1 
9.3 
1.5 
1.5 
1.9 
13.4 

3.9 
14.8 
1.8 
17.0 
0.2 
0.9 
0.8 
6.8 
0.5 
1.5 
1.5 
7.5 
1.4 
8.1 

8.7 
5.6 
0.3 
22.3 
5.6 
19.0 
0.1 
10.5 
3.5 
13.8 
0.6 
5.7 
3.1 
12.8 

1.6 
5.0 
3.2 
11.1 
-1.3 
4.7 
0.5 
12.4 
1.1 
3.4 
0.4 
0.5 
0.9 
6.2 

2.0 
-0.1a 
3.0 
1.0 
14.4 
-1.0 
-4.1 
-2.0 
-4.0 
-8.0 
-3.3 
-2.3 
1.3 
-2.1 

2.4 
17.4 
6.5 
24.7 
3.1 
7.0 
8.0 
9.4 
1.6 
1.5 
4.6 
6.6 
4.4 
11.1 

19 
67 
16 
94 
24 
46 
6 
50 
9 
21 
5 
20 
13 
50 

10 
24 
16 
20 
15 
18 
31 
34 
48 
90 
28 
45 
20 
30 

(V) = virgin soil, (A) = agricultural soil, 
 a a negative sign indicates an increased amount. 
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Table 3. The mean values of the concentrations of inorganic P fractions (Pi) and their percentage reductions (∆Pi%)  between the first 
and fifth cuttings of ryegrass for all virgin and agricultural soils as influenced by P application. 

 Ca2-P Ca8-P Al-P 

Soil P level 1st cut 5th cut 

 
 

∆(Ca2-P) 1st cut 5th cut 

 
 

∆(Ca8-P) 1st cut 5th cut 

 
 

∆(Al-P) 
  (mg/kg) (%) (mg/kg) (%) (mg/kg) (%) 

Virgin P0 3.9 3.6 9 4.1 4.0 2 8.6 8.7 -2 

 P15 8.6 6.2 28 6.1 6.3 -4 12.2 10.7 13 
 P30 12.0 6.4 47 6.9 6.3 9 14.5 11.6 20 
 P60 20.4 8.6 58 10.0 7.5 25 21.2 14.9 30 
           

Agricultural P0 11.6 7.1 38 21.1 20.7 2 33.8 30.5 10 

 P15 14.5 7.3 50 22.1 24.7 -12 35.5 32.1 10 

 P30 18.9 8.5 55 24.7 25.6 -4 37.8 35.4 6 

 P60 30.2 12.3 59 31.2 33.1 -6 44.3 37.3 16 

   
Fe-P 

 
O-P 

 
Ca10-P 

 
Sum-Pi 

Soil P level 1st cut 5th cut 

 
 

∆(Fe-P) 1st cut 5th cut 

 
 

∆(O-P) 1st cut 5th cut 

 
 

∆(Ca10-P) 1st cut 5th cut 

 
 

∆(Sum-PI) 
  (mg/kg) (%) (mg/kg) (%) (mg/kg) (%) (mg/kg) (%) 

Virgin P0 8.6 9.2 -7 22.8 22.2 3 6.7 5.0 26.2 55 52 -3 
 P15 12.1 10.6 12 19.3 21.7 -12 8.9 6.4 28 67(12) a 62(10) -5 
 P30 11.7 11.8 -1 20.5 25.8 -26 7.7 6.6 14 73(18) 68(16) -5 
 P60 15.0 12.8 14 19.2 22.6 -18 8.0 5.4 32 94(39 72(20) -22 
              

Agricultural P0 22.0 18.3 17 29.3 31.1 -6 19.1 14.3 25 137 122 -15 
 P15 27.0 21.9 19 28.0 31.2 -11 17.5 21.8 -25 145(8) 139(17) -6 
 P30 27.7 23.8 14 26.3 32.2 -22 18.5 17.1 7 154(17) 142(20) -12 
 P60 34.0 24.4 28 30.5 34.6 -13 20.0 17.0 15 190(53) 159(37) -31 

a Values in parenthesis are the increases in sum-Pi due to fertilization for first cut and indicate that much of the added P (ie 15, 30, 60 mg/kg) was 
recovered in the inorganic fractions 
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could not be used to evaluate soil P status in 
the present study. The relationships between 
the soil P test and Pi fractions followed the 
same trend as for the plant parameters. A 
comparison of correlation coefficients for 
relationships of P uptake with Pi fractions 
and Olsen-P suggests that Olsen-P is an ade-
quate test for evaluating plant available P in 
calcareous soils. However, the closer rela-
tionship of the Fe-P fraction with P uptake, 
dry matter yield, and relative yield than for 
the Olsen-P may indicate that NaHCO3-
extractable P does not provide the best pos-
sible estimate of plant available P for the 
calcareous soils of Western Australia. Ear-
lier work showed that this soil test predicted 
only 47% of the variation in standard P re-
quirement (P adsorbed at 0.2 mg/L) of the 
soils, and by inclusion of the ratio of CDB-
extractable Fe(Fed) to active calcium car-
bonate (ACCE) in the regression equation, 
the coefficient of determination (R2) in-
creased to 82% (Samadi, 1999). 

Relative Contributions of Pi Forms to 
Plant p Uptake and Soil P Test Values 

In order to indicate the contribution of the 
various P forms to plant P uptake and avail-
able P estimated by Olsen P, the changes in 
Pi fractions during plant growth as influ-
enced by the crop and chemical reactions 
(i.e. those listed in Table 2) were introduced 
as independent variables into a stepwise re-
gression analysis to predict plant data (Table 
5). The R2 values reported in Table 5 indi-
cate that changes in the Ca2-P fraction was 
the major predictor of variation in the total 
plant P uptake (60% of variation explained), 
total dry matter yield (68%), relative yield 
(74%) and Olsen-P (69%). These results 
support the interpretation that the Ca2-P frac-
tion is the most important plant available Pi 
fraction (Samadi and Gilkes, 1998). The ∆Pi 
fraction that greatly increased the R2 values 
of the multivariate relationships for P up-
take, total dry matter and relative yield was 
the ∆Fe-P fraction (being P extracted by 0.1 
M NaOH-Na2CO3 solution). These results 
suggest that iron phosphate can be a signifi-

Table 4. Correlation coefficients (r) between plant parameters (total dry matter yield, P 
uptake, relative yield, and tissue P concentration) and inorganic P fractions and plant 
available P (Olsen- P) for non-cropped and cropped unfertilized soils. 

r = 0.84 for P<.0001, 0.78 for  P<0.001, and 0.55 for  P<0.05 

Non-cropped soils  
Ca2-P Ca8-P Al-P Fe-P Occluded-P Ca10-P Olsen-P 

Total dry matter  0.839 0.604 0.747 0.917 0.171 0.831 0.795 
Total P uptake 0.804 0.628 0.736 0.901 0.109 0.830 0.810 
Relative yield 0.873 0.648 0.792 0.925 0.162 0.849 0.820 
Tissue P conc. 0.173 0.068 0.176 0.190 -0.258 0.098 0.365 
Olsen-P 0.862 0.937 0.887 0.851 0.062 0.934  

 
 

 Cropped soils (Fifth cut) 
 Ca2-P Ca8-P Al-P Fe-P Occluded-P Ca10-P Olsen-P 

Total dry matter  0.717 0.535 0.603 0.811 0.665 0.931 0.734 
Total P uptake 0.745 0.544 0.613 0.798 0.630 0.927 0.744 
Relative yield 0.738 0.586 0.692 0.824 0.615 0.920 0.764 
Tissue P conc. 0.413 -0.029 0.129 0.182 0.230 0.313 0.310 
Olsen-P 0.790 0.910 0.879 0.797 0.351 0.806  
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cant source of P for plants in calcareous 
soils (Samadi and Gilkes, 1999). The second 
Pi fraction that significantly increased the R2 
values for Olsen-P alone was the ∆Ca8-P 
fraction. 

CONCLUSION 

Results from pot and laboratory experi-
ments indicated that the Ca2-P fraction is the 
form of P most easily removed by plants and 
that it is highly related (r = 0.91, p<0.0001) 
to soil P test (Olsen P). In addition to this 
fraction, Al-P, Fe-P, Ca10-P were to some 
extent depleted by ryegrass. The significant 
positive relationships between the Ca2-P, Al-
P, Fe-P and Ca10-P fractions and plant P up-
take may indicate the partial availability of P 
in these fractions to plants. The second most 
important Pi fraction contributing to plant P 
uptake was the Fe-P fraction (P-extracted by 
0.1 M NaOH-Na2CO3 solution). It is unwise 
to use statistical inference as a basis for 
identifying mechanisms occurring in the 
complex soil system and it is commonly ob-

served that soil P tests are merely indicative 
of plant available P. The fitted equations do 
not specifically determine forms of plant 
available P but can be useful in developing 
optimum soil test procedures.  

The utilization of sparingly soluble phos-
phate by plants might be explained by root 
exudation of organic acids including acetic, 
lactic and oxalic acids (Grierson, 1992). 
Hoffland (1992) concluded that organic acid 
exudation was highly effective in increasing 
P uptake from rock phosphate. The exuda-
tion of citrate by white lupin could increase 
P availability by mobilizing P from spar-
ingly soluble Fe and Al phosphates (Gardner 
et al., 1982). Thus, knowledge of the 
mechanism of P uptake by roots of different 
species will assist the interpretation of soil 
chemical tests and aid in developing more 
predictive tests for a wide range of soil char-
acteristics. 
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 قليايي - فسفر معدني در تغذيه گياه در خاكهاي آهكيشكل هايسهم 

  صمدي.ع

 چكيده

با آزمونهاي فسفر خاك و پارامترهاي گياه از قبيل  (Pi) فسفر معدني  به منظور ارزيابي روابط بين اجزا
اي و تجزيه هاي  ه گياه، مقدار ماده خشك و عملكرد نسبي گياه، آزمايشهاي گلخانطفسفر توسجذب 

شش نمونه از خاكهاي زراعي و هفت نمونه از خاكهاي بكر ( خاك آهكي 13شيميايي خاك و گياه در 
در  KH2PO4 در كيلوگرم از منبع مميلي گر 60 و 30، 15صفر، : چهار سطح فسفر. به اجرا درآمد) مجاور

 لخه چند سالهقالب طرح بلوكهاي كاملاً تصادفي با سه تكرار به خاكها اضافه و ت

(Lolium Perenne cv., Roper ryegrass)قسمت هوايي گياه پنج بار بطور متوالي طي .  كاشته شداآنهر د
قابل (برداشت متوالي گياه به تخليه فسفر قابل استفاده گياه .  روزه برداشت شد210يك دوره 

سفرتوسط گياه همراه منجرگرديد كه با كاهش عملكرد ماده خشك وجذب ف) NaHCO3گيري با  عصاره
-Ca10-P>Al-P>Ca2: ترتيب ه بPدرخاكهاي بكربدون مصرف  Piبعد ازپنج برداشت، تقليل اشكال . بود

P>Ca8-P>occluded-P>Fe-P ترتيب  هودرخاكهاي زراعي بCa2-P>Al-P>Ca10-P>Ca8-P>Fe-

P>occluded-P   كه با مصرفPفراواني اين اجزا به ترتيب زير بودند ،  : 
     Al ( [(Al-P)+(Fe-P)]>[(Ca2-P)+(Ca8-P)]>Ca10-P>occluded-P وFe هاي محبوس شده دراكسيدهايفسفات(

هاي آهن و آلومينيوم  اي از فسفر مصرف شده به اشكال كم محلول فسفات هر چند بخش قابل ملاحظه
روابط .  گرديد از خاك تخليهشكلهاتغيير شكل يافت، با برداشت متوالي گياه درصد قابل توجهي از اين 

 ,Pi (Ca2-P, Ca8-P, Al-P ، جذب فسفر با اجزا P-بين جذب فسفر با اولسن) P > 001/0(معني دار  بالايي 

Ca10-P) و اولسن-P همچنين بين  اجزا . وجود داشتPi با اولسن-Pبه نظر مي . دار برقرار بود  رابطه معني
 ابل استفاده گياه در خاكهاي آهكي مناسب براي ارزيابي فسفر قNaHCO3رسيد روش عصاره گيري با 
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 گياه نشان داد كه P با جذب P-گياه در مقايسه به اولسن Pبا جذب  Fe-Pاست، ليكن روابط نزديكتر بين 
NaHCO3 با . بيني نمايد امكان دارد نتواند فسفر قابل استفاده گياه را در خاكهاي آهكي بخوبي پيش

مي تواند در پيش  Fe-P بعد از آن Ca2-Pله اي مشخص گرديد كه استفاده از تجزيه رگرسيوني چند مرح
مورد استفاده %) 69 (P-، اولسن%)74(، عملكرد نسبي %) 68(، ماده خشك %)60(جذب فسفر گياه بيني 
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