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Abstract 

Mobilization of soil P as the result of plant-induced changes of soil pH in the vicinity of plant roots was 
studied. Seedlings of ryegrass were grown in small containers separating roots from soil by a 30-~m 
meshed nylon screen which root hairs could penetrate but not roots. Two soils were used, a luvisol 
containing P mainly bound to calcium and an oxisol containing P mainly bound (adsorbed) to iron and 
aluminum. Plant-induced changes of soil pH were brought about by application of ammonium-or 
nitrate-nitrogen. After plants had grown for 10 d the soil was sliced in thin layers parallel to the root 
mat which had developed on the screen, and both soil pH and residual P determined. Mobilization of P 
was assessed by P-depletion profiles of the rhizosphere soil. 

Soil pH at the root surface decreased by up to 1.6 units as the result of ammonium N nutrition and it 
increased by up to 0.6 units as the result of nitrate N nutrition. These changes extended to a distance 
between 1 and 4 mm from the root surface depending on the type of soil and the source and level of 
nitrogen applied. In the luvisol, compared to zero-N treatment, P mobilization increased with the 
NH4-induced decrease in pH, whereas the NO3-induced pH increase had no effect. In contrast, in the 
oxisol a similar pH decrease caused by NH 4 nutrition had no effect, whereas the pH increase caused by 
NO3 increased markedly the mobilization of soil P. It is concluded that in the luvisol calcium phosphates 
were dissolved by acidification, whereas in the oxisol adsorbed phosphate was mobilized by ligand 
exchange. 

Introduction 

Plants may change soil pH in the vicinity of their 
roots (Nye, 1981) and thus affect the availability 
of phosphate. In general, pH decreases when 
ammonium is used as N fertilizer and pH in- 
creases with the application of nitrate nitrogen 
(Kirkby and Mengel, 1967; Marschner and 
R6mheld, 1983; Pirschle, 1931; Youssef and 
Chino, 1988). However, rape plants decrease pH 
even with nitrate nutrition (Hedley et al., 
1982a). Herewith in agreement, Hoffland et al. 

(1989) observed the release of organic acids from 
roots of P-deficient rape seedlings. Lowering of 
soil pH due to ammonium nutrition resulted in a 
higher P content of soybean shoots (Riley and 
Barber, 1971) and increased P uptake from rock 
phosphate (Bekele et al., 1983). Nye (1984) 
suggested a mathematical model to predict phos- 
phate mobilization due to soil pH changes in- 
duced by plants. 

The major part of inorganic soil phosphate is 
bound to either calcium or iron and aluminium. 
The relative occurrence and solubility of these P 
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fractions depend on the soil pH. The solubility of 
calcium phosphates decreases whereas that of 
aluminum and iron phosphates increases with pH 
increase (Lindsay and Moreno, 1960). The pro- 
portion of adsorbed phosphate, which may con- 
stitute the major part of Fe/A1-P, also depends 
on soil pH but in patterns differing from those of 
precipitated P (Welp et al., 1983). The quantity 
of P mobilized as the result of a change in 
rhizosphere pH induced by the source of nitro- 
gen may thus be related to the P fractions pres- 
ent in a soil. 

The literature mentioned has shown a relation- 
ship between the source of nitrogen added to the 
soil and P uptake of plants. There seems to be, 
however, no direct evidence that the change of 
rhizosphere pH was responsible for the mobiliza- 
tion of soil P. The aim of this paper is to provide 
such direct evidence on the relationship between 
pH changes caused by the source of nitrogen and 
mobilization of phosphate in two soils differing 
in the proportion of phosphorus bound to Ca or 
A1 and Fe, respectively. For this purpose, the 
course of both pH and 4 M HCl-soluble phos- 
phate was studied in soil immediately adjoining 
the roots of ryegrass seedlings. 

Materials and methods 

Soils 

Two soils were used differing in pH, texture and 
P fractions as shown in Table 1. The luvisol is a 
silt loam from loess in northern Germany which 
contained inorganic phosphate mainly bound to 
calcium. The oxisol is a fossil red soil from Lich 

in the Vogelsberg area, central Germany, con- 
taining phosphate mainly in the AI/Fe fraction. 
For the experiments air-dry soil was passed 
through a 0.5 mm sieve and moistened to 60% of 
field capacity. 

Fertilization 

Immediately before starting an experiment, am- 
monium sulphate or calcium nitrate was mixed 
with the soil in levels of 0, 100 and 
300 mg N kg- ~, respectively. To prevent micro- 
bial oxidation of ammonium, 45mgkg -~ di- 
cyandiamide (DCD) was added as a nitrification 
inhibitor in all treatments. 

Plants 

Ryegrass (Lolium perenne cv 'Printo') was 
grown in containers of 50 mm inner diameter, 
18 mm high, filled with 50 g of fertilized soil (dry 
weight) and compacted to a bulk density of 
1.4gcm -3. Roots were separated from soil in 
plane geometry by a nylon screen of 30 ~m inner 
mesh size (Kuchenbuch and Jungk, 1982). Only 
root hairs but not roots could penetrate the 
screen to absorb nutrients and water from the 
soil. 

One g of seeds was placed on the screen and 
seedlings grown for 10 d in a growth chamber 
with a 16/8h light/dark cycle. Temperature 
were 24°C in the light and 18°C in the dark; light 
intensity was 12000 Lux. Soil moisture was kept 
at pF 2 by placing the pots on a ceramic plate 
designed for determining pF curves which was 
connected to a 100-cm water column. 

The roots fully covered the screen within a few 

Table i.  Some properties of the soils used 

Soil Clay C a C O  3 Corg 
(location) <2 txm 

(%) 

Total-P Ca-P AI/Fe-P pH Soil 
CaCI z Soln.- 

P Conc. 
(mmol P/kg soil) ~mol L -~ 

Luvisol 9.2 0.1 2.3 
(S6derhof) 

Oxisol 50 0 0.45 
(Lich, Vogelsberg) 

24 10 4 7.35 7.4 
7.00 ~ 9.6 
6.00 a 18.0 

36 8 21 5.75 1.6 

" pH adjusted by adding sulphuric acid. 



days. Therefore, the soil surface below the 
screen was regarded as rhizosphere soil. At har- 
vest, the screen was removed from the soil using 
a sharp knife to cut off root hairs and to prevent 
soil from adhering to the screen. The screen was 
then separated from the root mat. No soil 
adhered to the roots, which obviated the need 
for washing before analysis. 

Rhizosphere soil samples 

To obtain soil samples of a defined distance from 
roots the thin-slicing technique described by 
Kuchenbuch and Jungk (1982) was used. After 
the screen with the root mat was removed, the 
soil block was frozen in liquid nitrogen, sliced in 
about 0.2-ram layers parallel to the screen by a 
refrigerated microtome and analysed individual- 
ly. The exact thickness of each soil layer was 
calculated from the weight of the sample, the 
bulk density and the cross-sectional area of the 
soil block. Each soil sample was divided into two 
portions. In one portion pH was measured and 
the other was analysed for phosphate. 

Analytical procedures 

Soil pH was measured in 0.01 M CaCI 2 suspen- 
sion (1:50) using a glass electrode. 
Acid-soluble soil P was extracted with 4 M HCI 
(1:50, 2h) and measured with the method of 
Murphy and Riley (1962). 
Total soil P was determined with the method of 
Scheffer et al. (1960). 
Fractionation of inorganic soil P into Ca-P and 
Fe/AI-P was done as described by Kurmies 
(1972). 
Soil-solution P was obtained with the displace- 
ment method of Adams (1974) and analysed 
according to Murphy and Riley (1962). 
Plant material (roots and shoots combined) was 
dried at 80°C, digested in a mixture of nitric, 
perchloric and sulphuric acid (8:2:1) and phos- 
phate concentration measured with the method 
of Kitson and Mellon (1944). 

Phosphate desorption 

One gram of air-dried soil was placed on a filter 
paper in a funnel fitted with a stopcock at its 
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lower end. Keeping the stopcock closed, 25 mL 
of 0.01 M CaCI 2 solution was added. After 8 
hours for equilibration, the solution was re- 
moved by opening the stopcock and analysed for 
phosphate according to Murphy and Riley 
(1962). The procedure was repeated 19 times 
and the amount of phosphate released from the 
soil calculated for each step. In order to study 
the effect of pH on P desorption, extracting 
solutions were adjusted to pH 6.0 and 7.0 with 
sulphuric acid, or untreated to maintain the 
original soil pH. 

Acidification and alkalinization of the soil 

To quantify net release of acid and base, imme- 
diately after pH measurement the rhizosphere 
soil samples were titrated with 0.01 M NaOH or 
0.01 M HC1 until the initial bulk soil pH was 
reached and kept constant for 24 hours. From 
the amount of base or acid required for each 
sample, the net quantities of protons and OH- 
ions (or their HCO 3 equivalent, which was not 
separated) released into the rhizosphere were 
calculated. 

Results 

The ryegrass seedlings grew normally without 
any visible disorder. The nitrogen applications 
did not significantly affect plant weight. There- 
fore, soil and seed N was apparently adequate 
for plant growth in the period of 10 days. Soil 
pH near the roots decreased by 1.6pH units 
when the high level of ammonium was applied 
and increased by about 0.6 units with nitrate 
applied to the luvisol (Fig. 1). In the zero-N 
treatment only small pH changes occurred. The 
acidification extended to about 3ram, the al- 
kalinization to about 1.5 mm into the soil. Soil 
phosphate concentration at the roots in contact 
with the soil was also markedly affected. With- 
out N or with NO 3 application, the concentration 
of HCl-soluble P at the soil-root interface was 
reduced similarly by about 2.5 mmol P kg -I soil. 
Thus, the increase in soil pH brought about by 
nitrate application had no effect on the acquisi- 
tion of phosphate by ryegrass in this soil. In 
contrast, rhizosphere acidification brought about 
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Fig. 1. Changes in pH (a) and phosphorus depletion (b) in the rhizosphere of ryegrass seedlings grown in luvisol as affected by 
ammonium and nitrate nutrition (10 days after sowing). 

by ammonium nutrition increased soil-P deple- 
tion near roots markedly. In agreement with the 
distance of acidification, the zone of P depletion 
also extended further into the soil. Therefore, a 
higher percentage of soil phosphate was mobil- 
ized by ammonium than by zero-N or nitrate 
application, and a larger volume of soil con- 
tributed P to the plants. 

The distribution of acidity or alkalinity re- 
leased from roots (Fig. 2) showed the same 
tendency as the pH values (Fig. la). Comparison 
of the two figures reveals that as a result of the 
low and the high NH 4 level, 8 and 35 mmol H + 
increase per kg soil occurred at the root surface, 
which decreased pH values by 0.3 and 1.6 units, 
respectively. Nitrate application raised the OH- 
concentration by 8 and 11 mmolkg -1 soil and 
increased soil pH by 0.4 and 0.6 units, respec- 
tively. 

To obtain the total amount of H + or OH- 
released into the rhizosphere, the results for all 
distances were combined. The relationship be- 
tween the net changes in acid and base in the 
rhizosphere and P mobilization is shown in Fig- 
ure 3. Acidification led to linear increases in 
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Fig. 2. Net release of acid or base in the rhizosphere of 
ryegrass grown on a luvisol with ammonium or nitrate nutri- 
tion (10 days after sowing). 

both P uptake by plants and P depletion of the 
soil, whereas alkalinization had only a small 
effect. Plant uptake of P exceeded P depletion of 
the soil by about 40%. However, the patterns of 
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the two relationships are identical. Therefore, P 
depletion of the soil can be used as an indicator 
of P mobilization. 

In order to separate the influence of am- 
monium ions and of soil acidity on P mobiliza- 
tion, the degree of soil P depletion at the root 
surface was determined in a second experiment. 
Before plants were grown, sulphuric acid was 
added to give three different pH values in the 
bulk soil and plants were then grown without N 
application. The results (Fig. 4) show clearly that 
P mobilization was increased by lowering the pH 
of the bulk soil. However, the degree of soil P 

depletion caused by sulphuric acid was different 
from that produced by ammonium N nutrition of 
the plants. Comparing the effects at the same pH 
at the root surface (Fig. 5), it is evident that 
ammonium was more efficient in enhancing P 
mobilization. For example, at a final pH of 5.8 
plants with NH a nutrition decreased the P con- 
centration at the root surface by 50% more than 
those grown in soil acidified with H2SO 4. 

To quantify the relationship between P solu- 
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Fig..5. Relationship between soil pH and P depletion at the 
soil-root interface of ryegrass grown on a luvisol acidified by 
ammonium nutrition or sulphuric acid treatment. The un- 
treated soil had a pH of 7.4, 
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Fig. 4. Soil pH (a) and P depletion profiles (b) in the rhizosphere of ryegrass grown in a luvisol acidified with sulphuric acid before 
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Fig. 6. Phosphorus desorption curves of a luvisol. The soil 
was repeatedly extracted with 0.01 M CaC12 solution. The pH 
values of 6.0 and 7.0 were established by adding sulphuric 
acid to the extracting solution; pH 7.4 was the original soil 
pH. 

bilization from the solid soil phase and pH de- 
crease without plant involvement, desorption 
curves were established. As shown in Figure 6, 
soil acidification from pH 7.4 to 7.0 and 6.0 

increased P concentration in the equilibrium so- 
lution from 6 to 9 and 11/xmol P L -1, respective- 
ly. When the soil was depleted gradually, P 
concentration decreased to 0.8, 0.9 and 1.4/~mol 
P L -~, respectively. After ten days the quantity 
of P released from the solid soil phase was 
1.22mmol L -1 soil. It increased 1.3 and 1.8 
times by lowering pH to pH 7.0 and 6.0, respec- 
tively, which corresponds with the increase in P 
depletion as shown in Figure 4. 

To determine the influence of soil type on 
root-induced P mobilization, two soils were used 
differing widely in P fractions (Table 1). Com- 
pared to luvisol, the pH of the oxisol (Fig. 7) 
responded to variations in source and level of 
nitrogen in a similar pattern. It is only seen that 
the low-nitrate level and the zero-N treatment 
resulted in pH decreases rather than pH in- 
creases. However, in contrast to the luvisol, in 
the oxisol ammonium nutrition did not favour P 
mobilization beyond the degree observed with- 
out N application, whereas nitrate nutrition 
markedly promoted P mobilization. Compared 
to zero-N, at the low and high nitrate levels 
applied, the concentration of HCl-soluble P de- 
creased at the root surface by a factor of 1.9 and 
2.7, respectively. 

It may also be mentioned that the zones of 
both pH change and P depletion extended con- 
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Fig. 7. Change in pH (a) and P depletion (b) of the rhizosphere of ryegrass seedlings grown on an oxisol as affected by 
ammonium and nitrate nutrition (10 days after sowing). 



siderably further into the oxisol than into the 
luvisoi. 

Discussion 

The results confirm that rhizosphere soil pH of 
intact plant roots might differ markedly from 
bulk soil pH. The direction and degree of the 
changes depended on source and level of nitro- 
gen supplied, which is generally in agreement 
with the literature mentioned in the introduc- 
tion. The pH curves (Figs. 1 and 7) indicate that 
acid and base released from roots have diffused 
about 1-4 mm into the adjacent soil. Thus, the 
volume of soil included in this process was differ- 
ent depending on type of soil and source and 
level of nitrogen applied. 

Soil P depletion profiles which were used as a 
measure of soil P mobilization were also marked- 
ly affected by nitrogen nutrition of the grass. The 
luvisol, having a high initial pH and P mainly 
bound to Ca, responded to NH 4 but not to NO 3 
application. Herewith in agreement, the plants 
absorbed more P when supplied with ammonium 
than with nitrate or without N. In this way, 
conclusions of Riley and Barber (1971) are con- 
firmed. The application of sulphuric acid in the 
zero-N treatment (Fig. 5) has shown that it was 
acidification which mobilized soil P. Since Ca 
phosphates increase in solubility with decreasing 
pH, it can be concluded that, in the luvisol, 
root-induced rhizosphere soil acidification was a 
major factor in mobilizing soil P. 

In contrast, P depletion in the oxisol did not 
respond to NH 4 supply, even though the pH at 
the root surface decreased to a similar degree. 
Apparently, in this soil, net-proton release of 
roots did not promote P acquisition by the 
plants. The difference in the behaviour of P in 
the two soils must be ascribed to differences in P 
fractions (Table 1) and in their response to 
substances released from the roots. It can be 
assumed that in the oxisol P is mainly adsorbed 
to Fe or A1 surfaces by specific anion adsorption 
(Parfitt, 1978). This type of adsorption is gener- 
ally stronger at low pH. Increase in pH, there- 
fore, should increase P mobilization, which is in 
agreement with the results obtained. However, 
other mechanisms may have enhanced P mobili- 
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zation. Phosphate ions adsorbed to Fe or AI ions 
in soil can be replaced from their binding posi- 
tions by ligand exchange. Hydroxyl and bicar- 
bonate ions released from roots may have served 
this purpose. In addition, organic anions may 
have contributed. The concentration of carboxy- 
lates, particularly the anions of di- and tricarbox- 
ylic acids are generally higher in plants supplied 
with nitrate compared to ammonium (Jungk, 
1967). Such compounds, as observed with rape 
plants by Hoffland et al. (1989), might have been 
exuded from roots of the nitrate-treated plants in 
higher quantities. These compounds, especially 
citrate, are known to extract adsorbed phosphate 
effectively from soil by complexing Fe and AI 
(Earl et al., 1979; Nagarajah et al., 1968). 

As shown in Table 1, in the oxisol part of the 
P was also determined as Ca-P. However, in 
contrast to the iuvisol, this soil did not respond 
to acidification. It may therefore be questioned 
whether the oxisol really contained Ca-P. Hed- 
ley et al. (1982b), using a more sophisticated 
method of P fractionation, came to the conclu- 
sion that the acid-soluble P fraction, besides 
Ca-P, may contain P occluded in sesquioxides. 
The value of Ca-P found in the oxisol may thus 
be regarded as an artefact due to the method 
used for P fractionation. 

The application of nitrate or ammonium as 
sources of nitrogen might have increased the 
demand of the plants for P. If so, it apparently 
did not affect P uptake or P mobilization. This 
can be concluded from P depletion profiles being 
influenced neither by nitrate in the luvisol (Fig. 
lb) nor by ammonium in the oxisol (Fig. 7b) 
compared to the treatments without N. Never- 
theless, NH 4 application caused a higher P deple- 
tion in the luvisol than did sulphuric acid applied 
in amounts to give the same pH. This effect of 
NH 4 may be attributed to an enhancement of the 
diffusive flux of phosphate from soil towards 
plant roots. However, other mechanisms may 
have promoted the transfer of P from soil into 
plants in the presence of NH 4, as observed by 
Blair et al. (1971). These effects may contribute 
to the benefit which is often observed when 
ammonium phosphate is used for localized P 
application. 

Finally, it can be concluded that the quantity 
of soil phosphorus mobilized by ryegrass seed- 
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lings under the influence of ammonium or nitrate 
nutrition depends on the nature of P compounds 
present in the soil and not, or at least not only, 
on changes in pH or quantities of protons re- 
leased from plant roots. 
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