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Abstract. In an attempt to assess current soil phosphorus status and evaluate the effectiveness of local rock
phosphates in subtropical China, nearly 40 representative soil samples from this region were collected and
characterized by using 32P isotope and chemical extraction techniques. Pot experiments, incubation studies and
field trials were conducted to investigate the interaction of rock phosphates and water-soluble phosphates as well
as the effects of rock phosphate on soil chemical properties in selected soils. Results indicated that these soils
were generally low in available phosphorus and high in P-fixing capacity. The soil characteristics dictated that
the employed isotope kinetic model was less successful in predicting plant P uptake than the chemical
procedures tested. A new chemical extraction method consisting of sodium bicarbonate and ammonium fluoride
was proposed to evaluate available P in these Solis. Data on available P generated with the proposed method
gave the best prediction of plant uptake amongst all methods compared. In a pot experiment, the combined
application of soluble P fertilizer with local rock phosphate significantly enhanced plant growth and increased
P uptake. This positive interaction was attributed to the improved soil chemical properties due to the application
of low-grade rock phosphates, as demonstrated in incubation studies. These results suggest that rock phosphate-
based fertilizers should be good alternative fertilizers for plants in similar acidic soils in southern China.

1. Introduction

Field investigations and laboratory studies in the 1950's and 60's identified that many cultivated soils
across southern China were seriously deficient in available phosphorus (P) [1]. During the 1960's,
application of phosphate fertilizers was considered one of the most important practices to secure
a bumper harvest in this region. During the same period, exploration of phosphate deposits and
subsequent tests on direct application of rock phosphates in acid soils received a lot of attention [1].
Nevertheless, the latest investigations in the early 1980's indicated that there were still about
60 percent of the arable land in this area deficient in available phosphorus (Olsen-P less than 5 mg/kg)
[2]. Although more recent investigations are not available, it is speculated that with decades of
application of phosphate fertilizers, soil P fertility in most areas should have been improved
significantly. Thus, the evaluation of the actual P status in soils of this region and accordingly,
the formulation of adequate strategies to manage P resources is essential for sustainable development
of agriculture in southern China.

The objectives of these studies are multiple. First, an assessment of present phosphorus status in soils
across southern China is sorely needed for regional or country scale decision-making on how much
P fertilizers should be produced and how much should be imported from the world market. Even
though there are still soils deficient in available P according to our estimation from 1993 data, there
were 1.9 million tons of surplus P in our cultivated land in that year. This surplus was even higher than
our domestic production of phosphate fertilizers in the same year [3]. Total phosphate accumulation
from fertilizer application in our cultivated land amounted to 20 million tons of P (our unpublished
data). This large surplus P is not only affecting the efficacy of our limited resources but also
presenting a serious potential threat to environmental quality, hi order to evaluate current available
soil P status, a reliable soil test method is needed. In China, the Olsen method with sodium bicarbonate
extraction has been traditionally used to assess soil available phosphorus, regardless of soil
characteristics. Although this method is applicable for P determination in most soils, the lower amount
of P extracted from some soils and the weak buffer capacity of the extractant render the results subject
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to variation. Results are also susceptible to changes in soil acidity that may not necessarily be
associated with P fertility of the soils. A method that would allow extraction of higher amounts of P
that facilitates conventional colorimetric assay and extracts sources of phosphates prevailing in acidic
soils has been searched by researchers. The recently developed isotopic kinetic approaches to assess
soil P status will be tested to study their suitability in the acidic soils of southern China.

Moreover, as there are ample resources of medium to low grade phosphate rock deposits in the area,
there is a need to evaluate the effectiveness of these rock phosphates and rock phosphate-based
fertilizers in these acidic soils. Although extensive field and laboratory works on rocik phosphate
application had been conducted in our laboratory [1], a mechanistic study of the interaction between
rock phosphates and soil phosphorus as well as water-soluble phosphate is still not available. These
investigations can be also done using isotopic approaches. In the frame of the current FAO/IAEA
Coordinated Research Project, a series of experiments were carried out to address these issues with
the use of recommended isotope methods. Some of the research findings from this project are
presented here. Results of other studies in the framework of this project were reported elsewhere [4-7].

2. MATERIALS AND METHODS

2.1. Soils

Thirty-nine soils were collected from 9 Provinces in subtropical China. Although all of them were
characterized and used in 32P isotopic kinetic studies, only 34 soils were used in pot experiments.
Among these 34 soils, 27 were acidic with pH below 6.5 and 7 were calcareous with pH higher than
7.0. Table I presents major properties of the 39 soils with average, range and standard deviation of
the data. In Table I, the cation exchange capacity (CEC) was determined by neutral NKjOAc method,
free Fe2O3 was extracted by Na dithionite (pH 7.3), and A12O3 was extracted by 0.5 M NaOH.

2.2. 32P isotopic kinetics

The determination of isotopic kinetic characteristics of soil phosphorus was conducted according to
Fardeau et al. [8]. Briefly, 10 grams of soil sample (20 mesh) in 99 ml of double distilled water were
shaken overnight. In the following day, 1 ml of carrier-free 32P (with radioactivity around 0.15-0.25 MBq)
was introduced into the system while the soil-water mixture was kept stirring at 200 rpm on a magnetic
stirrer. Exactly at 1 minute and 10 minutes after introducing the isotope, an aliquot of 15 ml of the mixture
was withdrawn from the bottle and immediately passed through a syringe filter (0.2-0.01 um).
32P radioactivity of the clear solution was recorded on a liquid scintillation counter and the phosphate in
the solution was determined spectrophotometrically by the molybdate-blue method [9] using a 10-cm
cuvette.

2.3. Modified Olsen method for extraction of soil available phosphorus

The proposed method consisted of using extractants in the Olsen (0.5M NaHCO3) and Bray I (0.03 M
NH4F) methods. The two chemicals were dissolved in double distilled H2O and the pH of the resulting
solution was adjusted to 8.5. In extraction, 2.5 grams of soil were placed in a 100 ml plastic centrifuge
tube and 50 ml of fresh-made extraction solution were added and the mixture was shaken at 25 ± 1°C
for 30 min. The mixture was then passed through filter paper and phosphorus in the clear solution was
determined by the molybdate blue method [9].

2.4. Other chemical extraction methods for soil available phosphorus

Three soil phosphate extraction methods were chosen for comparison with the proposed modified
Olsen extraction method. These are Olsen (0.5 M NaCO3) [10], Mehlich III (0.015 M NH4F + 0.2 M
CH3COOH + 0.25 M NH+NOs) [11], and Bray I (0.03 M NH4F + 0.025 HC1) [12]. These methods are
widely used for soil P testing [13].

225



TABLE I. SUMMARY OF MAJOR PROPERTIES OF THE SOILS USED IN THIS STUDY (n=39)

Properties Average Range Standard Deviation

SoilpH 6.1 4.0-8.7 1.6
Clay content (%)
Organic matter (%)
Nitrogen (%)
Cation Exchange Capacity
(cmol/kg)
Exchangeable Cations (cmol/kg)

Ca
Mg
K
Na

Free Fe2O3

Free A12O3

26.9
1.9
0.107

8.35

2.67
0.58
0.17
0.39
3.22
1.88

4 . 3 -
0 .4 -
0.026

3.11 •

0.78-
0.14-
0.08-
0.05-
0.52-
0.11-

55.2
3.9
- 0.226

- 17.64

-9.75
-4.37
-0.56
-0.82
-13.84
-9.44

12.6
0.9
0.046

3.57

2.74
0.87
0.15
0.31
3.12
2.33

2.5. Determination of isotopic exchangeable phosphate (E values)

E values (soil isotope exchangeable phosphorus) were determined as described by IAEA [14].

2.6. Pot experiment and A values

There were two treatments for each soil which included a no phosphorus control and application of
75 mg P/kg soil in the form of reagent-grade Ca(H2PO4)2. The phosphate was added as a solution and
was labeled with carrier-free 32P. The radioactivity applied to each pot was 1.85 MBq. One kilogram
of soil was placed into each pot and the following amounts of nutrients were added as solution to each
pot: 100 mg N as urea, 50 mg K as K2SO4, 5 mg Mg as MgSO4, 0.5 mg Zn as ZnSO4 and 0.1 mg B as
Na2B4O7.10H2O. Soils were watered to 70 percent of field water holding capacity and were incubated
for one week before sowing. There were four replicates for each treatment. The test plant was ryegrass
(Lolium multiflorum L). Seeds were sown directly on the surface of the pot soils and after germination
seedlings were thinned to 30 plants per pot. Plants were left to grow for one month and the above
ground portion was cut and the pots were supplied again with the above nutrient solution and a second
harvest was made one month later. The harvested plant shoots were oven-dried and ground.
Subsamples were dry-ashed and the residues were dissolved in dilute HC1 solution and P was assayed
with the molybdate blue method. Radioactivity in solution was assayed with a liquid scintillation
counter. A values were calculated [15]. Plant uptake of phosphorus for the two separate harvests were
combined to report in this study.

2.7. Dissolution of phosphate rocks in acidic soils

Four phosphate rocks were used in the present study. Jinxiang phosphate rock from Hubei, Shimen
from Hunan, Kunyang from Yunnan, and North Carolina phosphate rock (NCPR) from the United
States of America. Selected properties of the rock phosphates are presented in Table II.

Two acidic red soils sampled from Yingtan, Jiangxi Province were used in the incubation. Soil 1 was
a clay soil (clay 43.9%, pH 4.8, CEC 13.2 cmol/kg, and Bray I-P 1.6 mg/kg) and Soil 2 a sandy loam
(clay 16.8%, pH 5.0, CEC 6.5 cmol/kg, and Bray I-P 2.5 mg/kg). Both soils were used in previous pot
experiments [6].
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For incubation, 250 grams of soil was mixed with each of the four rock materials (<100 mesh) at rates
equivalent to 0, 50, 100, 200 and 400 mgP/kg soil, respectively. The mixtures were placed in 400-ml
plastic beakers and incubated at 80 percent of water holding capacity. At time 0, 1, 3, 6, 10, and
56 weeks after starting the incubation, 40 grams of sample were removed from the beakers without
disturbing the rest of the soil. The samples were air-dried and passed through 20 mesh for immediate
analysis of 0.5M NaOH extractable P according to the method of Bolan and Hedley [16]. Soil pH (2.5
to 1 of water to soil ratio) and exchangeable Al, Ca, and Mg were also determined by neutral NHjOAc
method.

TABLE II. SELECTED CHEMICAL AND PHYSICAL PROPERTIES OF THE ROCK
PHOSPHATES USED IN THE PRESENT STUDY

a axis of apatite (~)
Total P2O5 %
Percentage soluble8

CaO, %
MgO, %
Fe2O3, %

Kunyang

9.359

26.02
25.7
39.29
0.20
0.83

Jinxiang

9.366

19.35
8.53
33.0
5.55
1.98

Shimen

9.370

16.86
7.40
36.22
8.99
0.74

NCPR

9.322

29.8
24.1
5.40
46.0
0.40

1 Percentage of P2O5 that is soluble in 2% citric acid

2.8. Field experiment

Field plot trials to test the effectiveness of Jinxiang rock phosphate and the mixture of this rock
powder with single superphosphate were conducted in the Red Soil Ecological Experiment Station
at Yingtan, Jiangxi Province. There were four treatments: 1) Control, no P application; 2) RP, Jinxiang
rock phosphate; 3) SSP, locally produced single superphosphate; 4) SSP+RP, the mixture of SSP and
RP powder. Each treatment had four replicates. The plots measured 4 x 5 m with an area of 20 m2.
Regardless of P forms, the total amount of P applied to a plot was equivalent to 0.225 kg P2O5

(112.5 kg P2O5 per hectare). The other two major nutrients were applied at the following rates: 0.20 kg
N per plot as urea (100 kg N per hectare) and 0.12 kg K2O per plot as KC1 (60 kg K2O per hectare).
The test crops were peanut and buckwheat. Peanut was sown in April, 1996 and harvested in August.
Buckwheat was sown immediately after the harvesting of peanut, and was harvested in
November, 1996. Yield data were subjected to analysis of variance and comparisons amongst mean
values were made by the Newman multiple range test.

3. RESULTS

3.1. Phosphorus fertility in the soils sampled from southern China

Out of the 39 soils used in the study, 32 soils were acidic and collected from southern China and
the remaining 7 calcareous soils were from northern China. These soils represent the major soil types
in the respective regions. Among the 32 soils of southern China there were several typical paddy soils.
Paddy soils are the major kind of soils intensively cultivated and rice-farming probably represents
the largest portion of arable land use in the region. Since the current project is mainly intended for
the application of rock phosphate-based fertilizers, our attention was thus primarily focused on major
upland soil types that represented medium to low P fertility. Therefore, the P fertility of these soil
samples may under-represent the actual soil P fertility level in this region.

The results from the analyses of these samples indicated that these soils had in general relatively
low soil fertility, in particular low P fertility. Nine soils showed such a low level of available P
(< 1 mg P/kg soil) as extracted by conventional Olsen method that there was no color developed with
conventional molybdate blue assay.
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Another common feature in these soils was a high content of sesquioxides. Aluminum saturation ratio
(i.e., percentage of exchangeable Al in the total cation exchange capacity) was high (from 2 to near
100 per cent, average 24 percent), implying a high P fixation capacity of these soils. The average pH
value of the 32 soils from southern China was 5.4. Except for the 7 paddy soils, most of the other soils
had pH values below 5.5. Thus, from the results on the overall soil properties, a good effectiveness of
rock phosphate-based fertilizers would be expected on these acidic soils.

3.2. Isotopic kinetic approaches to characterize P pools and bioavailability in acidic soils

Using the isotope kinetic model (Fardeau, et al., 1985), we analyzed the P characteristics in
the 39 tested soils. Due to contrasting soil chemical properties of these soils, we divided them into
two groups, one as acidic (32 soils with pH<8) and the other as calcareous (7 soils with pH>8).
We present here the results of the 32 acidic soils. Those of the calcareous soils were reported
elsewhere [7].

Isotopic kinetic parameters and soil P pools obtained with the kinetic model are summarized in
Table HI. Respective isotopic kinetic parameters in Table III are Cp (P in soil solution), ri (32P in soil
solution after initial 1 minute of isotope exchange), R (total 32P introduced into the system), n
(parameter in the kinetic model [8] representing the decrease rate of log (r/R) with respect to log t
where t is the time after introducing the isotope into the system), Ei (the amount of soil phosphate
exchangeable with 32P within 1 minute after introducing the tracer into the system), Km (mean
exchange rate), Fm (mean flux rate of phosphate ions between solid and aqueous phases), and Tm
(mean sojourn time of phosphate ions in soil solution). With these parameters, different compartments
of exchangeable P within different time periods were calculated. The parameters calculated were PA

(P exchangeable with solution P between 1 min and 1 day); PB (P exchangeable with solution P
between 1 day and 3 months); P c (P exchangeable between 3 months and 1 year); and PD

(P exchangeable over one year to an indefinite time).

Table III presents average results of the 32 acidic soils. For most soils, P in solution (Cp) was
well below 0.02 mg/L, a concentration below which most plants growing on the soil would show
P deficiency. Besides the lower Cp, these soils also had a higher P-fixing capacity (1-ri/R).
The correlation between Cp and ri/R was very significant (r = 0.9200**). This implies that the P-
adsorbing surfaces of these soils were far undersaturated and strongly controlled P activity in soil
solution. From the regression equation (Cp = -0.0297 + 0.8606 ri/R), the average Cp of these soils
when P-adsorbing surfaces were saturated (i.e., ri/R = 1) was 0.83 mg/L. The Cp values also had
a negative correlation with clay contents of these soils. The ri/R values, which are closely related to
soil P-fixing ability [17], had a significant correlation with clay and free A12O3 contents (Table IV).
However, there was no significant correlation with free Fe2C>3 contents, which suggested that
amorphous Al might play a more important role in P fixation in these soils. If this is true, one may
assume that those chemical extraction methods that could extract Al-associated P would likely
perform better in predicting soil available P on these soils.

The parameter n (the decrease rate of log (ri/R) vs. log t) varied from 0.15 to 0.55, which also
negatively correlated with Cp (r= -0.6294**). A higher n value indicates a stronger P-fixing capacity
of the soil. Therefore, the correlation between n and rj/R was also very significant (r = - 0.6485**).

The mean exchange rate of phosphate ions in the solid-solution interface (Km) was higher for soils
with higher P-fixing capacity, and the mean sojourn time of phosphate ions in solution (Tm) was
shorter. The reverse was true for soils with higher P fertility. The Tm also had a significant correlation
with Cp (r= 0.9217**) and a negative correlation with clay content (r= - 0.4586). This suggests that
phosphate ions would stay in soil solution longer if the soil has a higher content of phosphate in
the solution. Both factors would facilitate plant uptake of the ions. Km and Fm, on the other hand, had
no significant correlation with soil properties.

Table El also presents the calculated P pools of these soils. As both Cp and ri/R were very low, the Ei
values obtained were very high. In some soils, the E! values were so high that the isotope kinetic
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TABLE III. ISOTOPIC PARAMETERS AND VARIOUS P POOLS OF THE 32 ACIDIC SOILS
TESTED IN THIS STUDY

Parameters Average Range

Cp, mg/L

n
Els mg/kg
Km, min"1

Tm, min
Fm, mg/kg.min
P pools, mg/kg
PA

PB

Pc
PD

34837

0.050
0.092
0.39
9.3
570635
0.028

45
102
39
218

0.004 - 0.590
0.002 - 0.680
0.15-0.55
0.5 - 42.4

2.0-170775336
0-0.510

1.6-1007445

10-123
22-291
9-105
14 - 572

model was unable to differentiate other P compartments. The Ei values had significant correlation with
clay content and free sesquioxide content of the soil (Table IV), which also reflected that they were
contingent upon the P-fixing capacity of these soils.

It is interesting to see if the isotopic kinetic parameters in Table III could predict plant uptake of P on
these soils. Pot experiments involving treatments with or without application of water-soluble P were
conducted. Results (Table V) showed that generally, the P kinetic parameters in the tested soils had no
significant correlation with plant P uptake or A values. When 8 soils with abnormal Ei value (i.e., soils
with high P-fixing ability) were excluded in the statistical analysis, Ei values had a significant
correlation with A values, yet there was still no correlation with plant P uptake.

TABLE IV. CORRELATION COEFFICIENTS OF ISOTOPIC KINETIC PARAMETERS
WITH SOIL CHEMICAL AND PHYSICAL PROPERTIES (n=32).

ri/R
n
Cp
Ei

Ei '
Km
Tm
Fm

pH

0.2719
-0.4740**
0.1897

Clay

-0.6434**
0.4531**
-0.4705**

-0.2443 0.4940** 0.
0.0258
-0.1066 0.0748
0.0103
-0.1017 0.0746

0.4743**
-0

-0.4586**
-0

CEC Fe2O3 A12O3

-0.1932-0.3271-0.4353**
-0.0255 0.2229 0.3007
-0.0526-0.2170-0.2927

1523 0.4120*0.5724**
0.2504 0.7559** 0.4331

.1413-0.0969 0.2055
-0.1187-0.2038-0.2618

.1285-0.0940-0.2081

j ' , soils of those with abnormally high Ei values were excluded. See text.

3.3. A modified Olsen extraction method to predict plant uptake of P in acidic upland soils:
comparison with isotopic methods

hi all 39 soils available P was extracted with Olsen, Bray I, Mehlich III and the proposed
NaHCOj-NFLiF method. Despite the difference in maximum values, the average amount of P
extracted from the soils was actually very similar. The averages and ranges of P extracted by
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TABLE V. RELATION (CORRELATION COEFFICIENTS) BETWEEN ISOTOPIC KINETIC
PARAMETERS AND PLANT UPTAKE OF PHOSPHATE AS WELL AS A VALUES IN ACIDIC
SOILS FROM SUBTROPICAL CHINA

All soils (H=27) Excluding abnormal Ej («=19)

Plant P A value Plant P A value
uptake uptake

Cp 0.3639 0.4356 0.3057 0.3994
Ei -0.2272-0.08710.3238 0.5612*
Pa -0.2194-0.0977 0.1006 0.2715
Pb 0.3126 0.3858 0.2393 0.3578
Ex/Cp -0.4236 -0.3224 -0.4094 -0.2728
Km -0.1246-0.1888-0.1968-0.2420
Tm 0.2973 0.2573 0.2206 0.1986
Fm -0.1277-0.1885-0.1973-0.2431

individual methods were as follows (in mg P/kg soil): Olsen, 15.5 (0-93. 6); Bray I, 10.9 (0-58.8);
Mehlich III, 20.8 (0-125.9); and the proposed NaHCOs-NHtF method, 16.4 (1.6-64.7). The overall
similar P extraction pattern of these methods was also reflected in the relatively high correlation in
the amount of P extracted among these extraction procedures (Table VI).

Correlation analysis between plant P uptake and the amount of P extracted by the four methods was
made for 34 soils, for which yield and plant P uptake data were available. Among the three established
chemical methods commonly used in testing soil P fertility, we found that Bray I method was the best
in predicting plant uptake of phosphorus (Table VI). This is in agreement with the assumption made
above that Al phosphates are likely the predominant P form in the soil related to plant utilization.

Interestingly, the modified NaHCCvNELtF method was actually the best amongst all the chemical
extractions and isotopic methods in predicting plant uptake of phosphorus (Table VI), indicating that
the proposed NaHCOs-NFLfF method was a promising method of choice for testing available P in
acidic as well as in calcareous soils.

Comparison was also made with isotope exchange method (E value) as well as isotope dilution
method (A value). Surprisingly, both methods were less effective in predicting plant P uptake
(Table VI). They were also highly correlated with each other (r value 0.9941).

TABLE VI. COMPARISON OF PROPOSED METHODS
WITH OTHER CHEMICAL EXTRACTION AND ISOTOPIC METHODS
FOR PREDICTING PLANT UPTAKE OF P (CORRELATION COEFFICIENTS) (n=34)

Plant P Uptake
Olsen
Bray I
Mehlich III
Proposed
Method
E value
A value

Plant P
Uptake
1
0.6615
0.7562
0.5010
0.8409

0.7585
0.7387

Olsen

1
0.6774
0.8710
0.7870

0.8220
0.8463

Bray I

1
0.7831
0.8338

0.7366
0.7208

Mehlich ffl

1
0.6632

0.6723
0.6943

Proposed
Method

1

0.8247
0.8149

E value

1
0.9941

A value

1
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3.4. Effects of incorporating soluble phosphate with rock phosphate as a P source for plants
on acidic soils

Results from the pot experiments using 32P-labeled water-soluble phosphate indicated that there was
a significant synergistic effect in promoting plant growth and P uptake by mixing water-soluble P and
a low grade rock phosphate [6]. However, isotopic data (e.g., Pdfssp, P derived from superphosphate;
Pdfsoil, P derived from soil; Pdfrp, P derived from rock phosphate) did not suggest any specific
enhanced utilization of rock phosphate by plants in this combined treatment. Rather, our data
suggested that there was proportionally enhanced utilization of all sources of P present in the system
and consequently, the relative .P^data did not change among the treatments [6]. It is proposed that
a priming effect or a better root system and improved general soil fertility as a result of the combined
treatments were responsible for the beneficial effects observed in our experimental conditions.
Determination of Ca and Mg in plant tissues also indicated that there was significant increase in
contents of both elements [6]. Follow-up experiments were, thus, conducted to determine the kinetics
of phosphorus release from rock phosphates, and the effect of rock phosphate application on soil
chemical properties and soil P fertility.

Four rock phosphates were incubated with two typical acidic soils low, in available phosphorus for up
to 56 weeks. The amount of P released from the rocks was determined by extracting with 0.5M NaOH.
Results showed that after 5 weeks, there was no further dissolution of the rock phosphates in both
soils. The data obtained with one red soil (Soil 1, [6]) that had been incubated with rock phosphates
for 10 weeks, which corresponded approximately to the time period of the pot experiments conducted
previously are shown here [6]. Figure 1 showed that the low-grade Jinxiang and Shimen rock
phosphates had lower P release rate as compared to Kunyang and NCPR. The P release rates matched
well with the citric acid-solubility of P in the rock materials (Table III). After a 10 week incubation,
the amounts of P released from the application of 400 mg P/kg of the rock phosphates accounted for
27.1, 23.8, 53.1 and 70.6 percent of the total P applied for Jinxiang, Shimen, Kunyang and NCPR,
respectively.

Results in Figure 2 indicated that the soil that received the rock materials showed improved soil
fertility over the control treatment (no rock phosphate). After incubating with 400 mg P/kg for
10 weeks, soil pH values increased 0.28, 0.42, 0.12 and 0.11 unit for Jinxiang, Shimen, Kunyang and
NCPR, respectively (Fig. 2A). With a decrease in soil acidity and an increase in exchangeable cations,
there was a decrease in exchangeable Al (Fig. 2B). Among the four rock phosphates, the most obvious
changes in soil exchangeable Al was with the application of Shimen RP which contained the highest
amount of carbonates. However, rapid increases in exchangeable Ca were found with application of
NCPR and Shimen RP (Fig. 2C). This suggests that in addition to the free carbonates in the materials,
the dissolution of apatite also determined the amount of Ca released. On the other hand, increase in
exchangeable Mg was mainly due to the dissolution of dolomite presented in the rock materials.
Both Jinxiang and Shimen rock phosphates contained higher amount of dolomite and consequently,
soil exchangeable Mg increased 209 and 247 percent with the application of Jinxiang and Shimen RP,
respectively (Fig. 2D). In comparison, application of Kunyang and NCPR only increased soil
exchangeable Mg by about 100 percent over the control treatment (Fig. 2D). Although these low
to medium grade rock phosphates are not comparable to reactive rocks in increasing soil available
P levels in a short time period, they can significantly improve soil chemical properties. Thus, their
application may also greatly promote crop production in highly acidic soils with generally low fertility
(Xiongetal., 1996).

Follow up field experiments were carried out to confirm the results obtained in greenhouse
experiments on the significant beneficial effect of combining rock phosphates and soluble phosphate
in promoting plant growth and P uptake on acidic soils [6]. These experiments were conducted in
Jinxian, Jiangxi Province, where both soils used in the pot experiments [6] and in the present
incubation studies were sampled. Result with buckwheat (Soil 1) and peanut (Soil 2) are presented in
Table VII. The field experiments showed that Jinxiang rock phosphate had very good agronomic
effectiveness on acidic P-deficient soil 1. The effectiveness was even superior to that of the soluble
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Fig. 1. Dissolution of different rock phosphates in an acid soil after a 10 week incubation.
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Fig. 2. Changes in soil chemical properties after incubating an acid soil with rock phosphates
(400 mg P/kg) for 10 weeks. A. Soil pH values. B. Soil exchangeable Al (cmol/kg). C. Soil exchange-
able Ca (cmol/kg). D. Soil exchangeable Mg (cmol/kg). Symbols for RP samples are the same as in A,
B, andC.
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TABLE VII. EFFECTIVENESS OF FIELD APPLICATION OF ROCK PHOSPHATE
AND GRANULATED ROCK PHOSPHATE/SOLUBLE PHOSPHATE MIXTURE
IN TWO ACIDIC SOILS IN YINGTAN, JIANGXI PROVINCE (YIELD, kg/ha)

Treatments Soil 1 (Buckwheat) Soil 2 (Peanut)

Control (No P) 170 C* 2182 ns
RP 275 A 2255
SSP 220 AB 2537
SSP + RP 265 A 2425

* Means followed with different letter are significantly different at the 0.01 level, ns, not significantly
different at the 0.05 level.

single superphosphate (SSP). Nevertheless, in this particular experiment, we did not find a significant
interaction on plant growth and P uptake by combining both P sources (Table VII and data not shown).
With soil 2, where P was not so deficient, no crop response to application P fertilizers was found
(Table VII).

4. DISCUSSION

4.1. Isotopic kinetic approach in characterizing soil P fertility and predicting plant uptake of
phosphorus

Compared with routine chemical methods, the isotopic kinetic method as proposed by Fardeau et al.
[8] can better describe the soil P status through the intensity factor, Cp, quantity factor, E1; and
capacity factor, Ei/Cp and other parameters such as Km, Fm, and Tm. This method also offers the
possibility of distinguishing P pools of varying exchangeability with time. Besides the characterization
of soil P pools [18-20], this isotope kinetic method has also been successfully used to predict
the effectiveness of phosphate fertilizers including rock phosphates [21, 22].

The method of isotope exchange is based on the Brownian movement of ions between the solid
surface and solution phase. This has been considered as an advantage over other extraction methods
with which the various extractants alter the ion equilibrium between solid and liquid phases. However,
as observed in many other studies and witnessed in the present study, the soil adsorbing surfaces were
far undersaturated and the ions absorbed on the surface were strongly held. Thus, it is possible that
32P will not exchange readily with 31P on the absorbing surface and remain there once contacted with
the adsorbing sites. This would lead to an imbalance of isotope exchange and would result in
an overestimation of soil labile P [23-26].

There is another factor, however, that may be of equal responsibility for the errors of labile P
estimation. There existed a close relationship between Cp and ri/R (r = 0.9200**). The lower Cp
values are of equal importance in leading to any errors in estimating Ei values. As the 31P
concentration in equilibrium solution was normally at least 4 orders of magnitude higher than that of
32P ions, one would argue that the 32P ions would be impossible to lead to an imbalance of exchange
on the absorbing surface. While on the other hand, it is quite reasonable that the lower Cp value
determined by conventional method (molybdate blue) may overestimate the actual concentration of
phosphate in solution due to an interference from silicates. The overestimated Cp would amplify R/rx
times in the calculation of E1 values. To overcome this possible effect, the malachite green method
may be used instead to reduce the interference of the silicate in strongly weathered acidic soils.

The Ei or other P pools, estimated by isotope kinetic method, would bear the same disadvantage as
other methods based on the isotope exchange process in that the method is not applicable to high
P-fixing soils. Salcedo et al. [25] observed that on oxisols with high P-fixing ability, the Ei values
were not correlated with plant P uptake if ri/R values were below 0.26. In the present experiment, only
4 soils among the 32 acidic soils had ri/R above this value. Even for these 4 soils, no obvious
correlation between E! and plant P uptake existed.
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The poor correlation between isotope exchangeable P and plant P uptake in the present study may
arise from the inaccurate estimation of Ex value. Another possible contribution to the poor correlation
was that other factors could have existed to limit plant growth and P uptake. On these strongly acidic
soils, high Al usually constitutes a stress factor to plant growth. Nevertheless, this may not be impor-
tant because the conventional chemical extraction can predict plant P uptake much better (Table VI).

Using isotope exchange to estimate soil labile P is a great progress in soil P testing to understand
the soil P dynamics. This unique method, however, is quite suitable to weakly weathered soils in
temperate regions [7] and to soils with adequate P fertility in tropical and subtropical areas. Like most
methodologies, the isotope kinetic method offers several advantages over conventional methods, but it
has the limitation of not being suitable in soils with a high P-fixing capacity. Another factor may have
also contributed to the failure of isotope exchangeable P in predicting plant P uptake. On these soils,
a low amount of P in soil solution (Cp) would induce many plants to adopt a stress response
which usually involves the secretion of organic ligands such as citrate and malate [27].
These ligands complex Al and Fe and will exchange with surface-sorbed P or P in phosphate minerals.
This process shifts the solid-solution equilibrium upon which the isotope exchange method is based.
On the contrary, conventional chemical extractions react in a similar way on soil P as plant roots.
Therefore, in soils with a high P-fixation capacity, chemical extraction may perform better in
predicting plant P uptake.

4.2. The NaHCO3-NH4F method to extract soil available phosphorus

As the isotopic kinetic approach was not fully successful in predicting plant available P in the acidic
soils tested, other chemical methods should be used to assess bioavailable P in high P-fixing soils.
However, the low P fertility in these soils, as extracted by conventional Olsen method did not allow
for an accurate determination of the P in the extracts. Correlation analysis suggested that Al-associated
P in these soils is likely the major source of plant available P (Table IV). An effective extraction
method suitable for these acidic soils should target Al-associated phosphates and therefore,
the ammonium fluoride used in Bray methods should be a better choice. Considering the advantages of
the established Olsen extraction method (i.e., 0.5 M Na bicarbonate pH 8.5), in this study Olsen
and Bray methods were combined to estimate phosphorus availability in these acidic soils.

The results demonstrated that the proposed NaHCO3-NH4F extraction method gave the best prediction
of plant uptake of phosphorus under the present experimental conditions where soils of contrasting
chemical properties were evaluated together (Table VI). This extraction also yielded higher amounts
of P in acidic soils, which allows for an easier determination with the molybdate blue method. When
calcareous soils (n -1) were grouped alone, all the four methods tested performed equally well in
predicting plant uptake of P (data not shown). Yet on calcareous soils, NaHCOrNRiF extracted less P
than NaHCO3 alone. The reason for this is not readily clear. Besides formation of CaF2 precipitate,
the instability of NH4HCO3 formed in the extract in the alkaline soil-solution mixture may have
contributed to lower extraction of P on these soils. An alternative may be to replace NH4F with NaF.

The Olsen-Dabin method that is used in France for determination of available P in tropical soils also
employs both NaHCO3 and NH4F (at 0.5 M) in the extraction [28]. However, we found that this
method was not as good as the original Olsen method in predicting plant available P in soils from
subtropical China (our unpublished data). It seems that a major part of the P released by the high
concentration of NH4F and longer time of extraction (1 hr) was not plant accessible in our subtropical
and temperate soils.

4.3. Rock phosphate-based fertilizers for acidic soils in southern China

With long-term application of phosphate fertilizers in southern China, P has accumulated in some soils
and the effectiveness of P fertilizers has decreased accordingly. With this new situation, fertilizer
formulae that provide some soluble phosphorus for immediate use by the plant and some slowly
released P that sustains a long-term supply would be ideal for maintaining soil P fertility. Apparently,
rock phosphate-based fertilizers can satisfy this requirement.
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Abundant low to medium grade phosphate deposits in subtropical China (which accounts for over 80
percent of total phosphate reserves in the country) and the acid reaction of the soils would favor
development and application of rock phosphate-based fertilizers as alternative sources of phosphorus
for plants. Results from a collaborative study between our Institute and CIRAD- CA, France
demonstrated that partially acidulated rock phosphates had similar agronomic effectiveness as soluble
phosphates in acidic soils in southern China [29]. In the present Coordinated Research Project, we also
observed the beneficial effect of combined use of rock phosphate and soluble phosphate in enhancing
plant productivity and P uptake [6] yet the isotopic data failed to provide evidence that there was an
interaction between both P sources. Chien et al. [30] demonstrated in pot experiments that there
existed a positive interaction between rock phosphate and soluble phosphate in promoting plant uptake
of phosphorus. This enhancement of plant growth and P uptake by combining soluble phosphate with
rock phosphate was further studied in field experiments. Although the results from the field trials did
show significant effectiveness of rock phosphate in promoting plant growth, an interaction between
the two phosphorus sources in increasing crop yield was mnot observed (Table VII).
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