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ABSTRACT

Sorghum (Sorghum bicolor) was grown for 40 days in a rhizocylinder

(a growth container which permitted access to rhizosphere and

nonrhizosphere soil), in two soils of low P status. Soils were fertilized

with different rates of ammonium and nitrate and supplemented with

40mg phosphorus (P) kg�1 and inoculated with either Glomus

mosseae (Nicol. and Gerd.) or nonmycorrhizal root inoculum.

N-serve (2mgkg�1) was added to prevent nitrification. At harvest,

soil from around the roots was collected at distances of 0–5, 5–10,
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and 10–20mm from the root core which was 35mm diameter.

Sorghum plants, with and without mycorrhiza, grew larger with

NHþ
4 than with NO�

3 application. After measuring soil pH,

suspensions of the same sample were titrated against 0.01M HCl

or 0.01M NaOH until soil pH reached the nonplanted pH level. The

acid or base requirement for each sample was calculated as mmol Hþ

or OH� kg�1 soil. The magnitude of liberated acid or base depended

on the form and rate of nitrogen and soil type. When the plant root

was either uninfected or infected with mycorrhiza, soil pH changes

extended up to 5mm from the root core surface. In both soils,

ammonium as an N source resulted in lower soil pH than nitrate.

Mycorrhizal (VAM) inoculation did not enhance this difference. In

mycorrhizal inoculated soil, P depletion extended up to 20mm from

the root surface. In non-VAM inoculated soil P depletion extended

up to 10mm from the root surface and remained unchanged at

greater distances. In the mycorrhizal inoculated soils, the contribu-

tion of the 0–5mm soil zone to P uptake was greater than the core

soil, which reflects the hyphal contribution to P supply. Nitrogen (N)

applications that caused acidification increased P uptake because of

increased demand; there is no direct evidence that the increased

uptake was due to acidity increasing the solubility of P although this

may have been a minor effect.

Key Words: Mycorrhiza; Phosphorus uptake; P depletion zones;

Rhizocylinder; Acid and base; Rhizosphere pH change; N forms.

INTRODUCTION

Plants are able to take up N as ammonium (a cation) and nitrate
(an anion). An imbalance of cation and anion uptake can result in a
shift in rhizosphere soil pH. The magnitude of the acid or base input can
be determined from the buffer curve and the pH shift. Ammonium
uptake by plants tends to acidify the surroundingmedium, whereas uptake
of nitrate can result in a release of base. However, when soil P is low,
nitrate uptake can take place accompanied by the acidification of the
rhizosphere.[1–3] Soil pH change can affect the availability of phosphorus
(P), because P solubility depends on soil pH. The influence of soil
acidification on P availability may also affect P uptake by mycorrhizal
plants.[4–8]

There has long been speculation about the effects of rhizosphere pH
change on P uptake. However, these effects have seldom been measured,
because of the difficulty of pH measurement at the root surface. Many
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researchers are also interested in studying the characteristics of the
rhizosphere in relation to the bulk soil.[9] Various attempts have beenmade
to circumvent the problem of separating the rhizosphere and the bulk soil.
In many experiments, some of the rhizosphere soil becomes mixed with the
nonrhizosphere soil. Consequently, the soil that is considered to be
‘‘nonrhizosphere’’ is not exactly what it is classified to be.

Arbuscular mycorrhizal (VAM) fungi can increase the uptake of less
mobile nutrients such as phosphorus (P) by host plants by providing a
large absorbing surface for uptake via external hyphae.[10,11] Also
mycorrhizal systems are able to take up P more efficiently and transport
over longer distance than the plant root system, overcoming P depletion
in the rhizosphere.[12] Phosphorus uptake is also considered to be
increased following rhizosphere acidification, caused mostly by NHþ

4

uptake. Johnson et al.[13] presented evidence suggesting that when a plant
is infected with VAM fungi, the presence of NHþ

4 increased P uptake and
tissue levels of P within the plant compared to NO�

3 fed plants. Shoot
concentration of P was higher for nonmycorrhizal plants supplied with
NHþ

4 compared to NO�
3 .

[6,14,15] Hawkins and George[16] compared the
influence of NHþ

4 or NO�
3 nutrition on the contribution to plant P uptake

of extra radical hyphae of the arbuscular mycorrhizal fungus and found
that ammonium supply did not result in higher P uptake.

Several techniques have been used to demonstrate the effect of
external hyphae on P uptake.[4,11,17] In a previous article,[5] it was
concluded that a concentric zone (rhizocylinder) approach was a useful
technique to provide quantitative information about the effect of
treatments on the soil pH distribution with distance from the root core.

The current work was designed to evaluate the effects of N treatments
on the liberation of acid and base into the soil zones around the roots and
to use these estimates as a basis for considering the changes in P
availability from the core and soil zones.

MATERIALS AND METHODS

Soils

Two soils of low P status, Hoosfield A and B were collected from the
IACR-Rothamsted Experimental Station (UK) and sieved fresh (4mm).
The soils were partially sterilized with 10 kGy g-irradiation and then left
to equilibrate for 30 days in order to re-establish a microbial population.
Soil chemical and physical properties measured by standard methods are
presented in Table 1.
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Experimental System (Rhizocylinder Design)

To measure the effects of form and rate of N application on

rhizosphere soil pH and P depletion at known distances from the root

surface, plants were grown in a rhizocylinder as shown in Fig. 1. The

rhizocylinder was designed to allow for sampling soil around the root core

at different distances from the root surfaces. The roots are enclosed within

a ‘‘shroud’’-cloth made from nylon with 30 mm pore size, which cannot be

penetrated by roots but allows passage of the mycorrhizal hyphae.[18] The

nylon cloth was sewn and fixed with a ring around the 35mm diameter

neck. Before soil was placed into the ‘‘shroud’’ cloth, a plate with a hole in

the center (illustrated in Fig. 1) was placed on top of the outer container,

which is a PVC tube that is split vertically in order to fit the cloth in the

center of the tube. Then, with the help of a funnel, 100 g of fertilized

soil-sand mixture (sieved to 4mm) were packed into the cloth. The

remaining 650 g were placed around the core. The soil in the rhizocylinder

could be readily divided into the core and three cylindrical layers.

Core

Fixing plate

20 10 5 mm

22
 c

m

37.5  27.5  22.5 17.5 mm

Root barrier

Figure 1. A diagram of a rhizocylinder showing a root core surrounded by soil

from which roots are excluded. Soil samples were taken from successive cylindrical

layers as shown. The PVC tube is split and separated to allow easy access.
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Basal Nutrient Treatments

Seven days before sowing, 750 g soil–sand mixture (3:1 soil:acid
washed sand) was fertilized with 40mgPkg�1 soil as Ca(H2PO4)2. At the
time of sowing 0, 50, and 100mgNkg�1 soil was applied as either
(NH4)2SO4 or Ca(NO3)2. The nitrification inhibitor N-Serve (2mg kg�1)
was added at this stage. Additional nonplanted pots were maintained to
check the effectiveness of the N-serve application on nitrification. After a
primary experiment, the main experiment was designed as a randomized
block with two replicates.

Inoculum Use

Mycorrhizal treatments received 18 g of Terra-Green inoculum of
Glomus mosseae (Nicol. and Gerd.) placed 30mm below the seed. The
nonmycorrhizal pots received the same amount of noninfected root
inoculum.

Plant Growth Conditions

Sorghum (Sorghum bicolor) was grown in the core of each
rhizocylinder. Four sorghum seeds were sown per pot and thinned to
one seedling per pot after five days. At the early stage of growth, the
plants were watered daily but later were watered twice a day. The plants
were in a growth room at 21�C with a relative humidity of 60–70%, and a
16 h day and 8 h dark photoperiod under a light intensity of
350 mmolm�2 s�1. Plants were harvested 40 d after planting.

Soil Sample Collection for Examination of the Release of HQ

and HCOR
3 =OHR Ions and pH Measurement

In order to collect soil layers and core soil, the PVC tube was split in
two lengthwise. Then half of the PVC tube was removed in order to
handle the entire cylinder. After that, cylindrical layers of soil from
around the core were peeled with a knife from the outside zone to the
surface of the core. Soil samples were collected sequentially at 20–10,
10–5, and 5–0mm distance from the core. The above operation was
performed with caution to ensure adequate separation of the different
layers.
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Acidification and Alkalinization of the Soil

In order to quantify the net liberated acid or base at the soil-root
interface, the pH of 10 g of soil collected from each layer was measured as
was the core soil sample. The amounts of acid or base produced by roots
were determined immediately after measuring the soil pH by titrating
suspensions of the soils for 48 h using an autotitrator against 0.01M HCl
or 0.01M NaOH until the pH reached the nonplanted soil pH levels.
From the amount of base and acid required for each sample, the net
quantities of acid or base released into the soil were calculated.

Mycorrhizal Infection

Roots were separated from the core soil by the method of Ortas
et al.[5] Before drying the roots, small samples were taken and preserved
in a mixture of ethanol, acetic acid, and formalin, for determination of
root length and mycorrhizal infection. The root clearing and staining
procedure followed the method described by Koske and Gemma.[19] The
percentage of VAM infection was calculated as the number of 10mm
long root segments out of 100 contained on slides identified as infected
using a stereo microscope at a magnification of� 20.[20]

Plant and Soil Analysis

After drying the plants at 75�C, the plant material from each pot was
ground using a Tema mill. Plant material was digested with an acid
catalyst mixture (H2SO4, H2O2, LiSO4�H2O, and Se powder). After
digestion, root and shoot material was analyzed for P concentrations
using auto-analyzer procedures. The phosphate concentration in the
extract was determined by the method of Murphy and Riley.[21]

Calculation of Phosphorus Depletion in Rhizosphere

and Outer Soil Zones

Olsen-P was measured[22] on samples of soil from the layers and the
core. Soil mass was calculated from bulk density and volume. The soil P
depletions in the layers and the core were calculated by multiplying soil
mass by � Olsen P (Nonplanted soil P—Planted soil P).
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Statistical Analysis

The effects of the treatments on plant parameters and element
concentrations were tested using an ANOVA. Comparison of means was
made by using the Duncan (P< 0.05) test. All statistical analysis was
performed using the Reading University Statistical Analysis System
Package.[23]

RESULTS

Effect of Nitrogen Form and Mycorrhizal Inoculum

on Plant Dry Weight

The effects of the form and rate of nitrogen fertilizer application on
shoot and root dry weight of the inoculated and noninoculated sorghum
plants are presented in Table 2. In both soils, ammonium generally

Table 2. The effect of form and rates of nitrogen on dry matter of sorghum

plants after 40 days growth.

Addition of

N (mg kg�1)

Shoot dry matter

(g plant�1)

Root dry matter

(g plant�1)

Shoot:Root dry

weight ratio

Form of N NHþ
4 NO�

3 NHþ
4 NO�

3 NHþ
4 NO�

3

Hoosfield A

�Ma 0 0.306(0.02) 0.306(0.02) 0.423(0.01) 0.423(0.01) 0.72 0.72

þM 0 0.597(0.02) 0.597(0.02) 0.465(0.01) 0.456(0.01) 1.28 1.28

�M 50 0.885(0.06) 0.811(0.03) 0.831(0.03) 0.766(0.04) 1.07 1.03

þM 50 1.301(0.05) 1.287(0.02) 0.883(0.01) 0.919(0.07) 1.48 1.41

�M 100 1.053(0.08) 1.054(0.07) 1.092(0.1) 1.025(0.07) 0.98 1.03

þM 100 1.563(0.03) 1.363(0.04) 1.157(0.1) 1.121(0.01) 1.35 1.22

Hoosfield B

�Ma 0 0.725(0.01) 0.725(0.010) 0.747(0.05) 0.747(0.05) 0.97 0.97

þM 0 1.045(0.04) 1.045(0.04) 0.832(0.08) 0.832(0.08) 1.26 1.26

�M 50 1.126(0.07) 1.065(0.07) 1.105(0.05) 1.054(0.08) 1.02 1.04

þM 50 1.811(0.03) 1.659(0.03) 1.255(0.04) 1.176(0.05) 1.44 1.42

�M 100 1.764(0.04) 1.746(0.07) 1.665(0.06) 1.734(0.07) 1.06 1.06

þM 100 2.246(0.13) 2.122(0.08) 1.787(0.06) 1.725(0.05) 1.26 1.23

Mean (two replicates) Bracket is Standard error (SE).
a
�M¼VAM inoculum not used,þM¼VAM inoculum used.

1068 Ortas, Rowell, and Harris

120030587_CSS35_07-08_R2_021704

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294



+ [17.2.2004–9:33am] [1061–1080] [Page No. 1069]

f:/MDI 2004/Css/35(7&8)/120030587_CSS_035_007-008_R1.3d Comunications in Soil Science

(CSS)

resulted in a higher dry matter yield than nitrate, and VAM inoculation
enhanced these differences. Shoot and root dry weight increased with
increasing N application. Mycorrhizal inoculum did not affect the root
growth as much as the shoot growth. Shoot:root ratios (dry matter basis)
of VAM infected plants were higher than those of noninfected plants.

Mycorrhizal Infection

The infection response of control and mycorrhizal inoculated plants
to the rate and form of N application are presented in Fig. 2. Addition of
NHþ

4 and NO�
3 caused an increase in the percentage root infection, the

two N sources producing the same infection percentages.

Plant Phosphorus Content

Mycorrhizal inoculation resulted in a higher P content than in
control plants (Table 3). Ammonium application increased P uptake
slightly more than nitrate.
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Figure 2. The effect of form and rate of nitrogen and AMF inoculum on the

mycorrhizal infection ratio at 40 days. (þM AMF inoculum used,�M no

inoculum). Vertical bars indicate standard error.
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Effect of Nitrogen Form and Rate on Rhizosphere pH

The influence of nitrogen form and rate on the pH of the core and
each soil layer is shown as a function of distance from the root core in
Fig. 3. In the calcareous Hoosfield A soil sorghum plants reduced core
soil pH in the presence of both ammonium and nitrate, although
ammonium had the greatest effect. Inoculation had little effect. In the
Hoosfield B soil, pH was decreased with increasing NHþ

4 application and
increased with increasing NO�

3 application, NHþ
4 having the greatest

effect. Again inoculation had little effect.
The changes in the core extended into the surrounding layers. In

the 5–10mm layers the pH changes were relatively small compared to the
0–5mm layers. There is possibly a small effect in the 10–20mm layer of

Table 3. The effect of form and rates of nitrogen on phosphorus content of

sorghum plants and contribution of VAM to P uptake after 40 days growth.

Addition of

N (mg kg�1)

Total content of

phosphorus mg plant�1
bVAM Fungi

contribution

NH4 treatment

VAM Fungi

contribution

NO3 treatmentApplied

NH4 NO3 (mg plant�1) (%) (mg plant�1) (%)

Hoosfield A

�Ma 0 1.18(0.05) 1.18(0.05)

þM 0 2.21(0.03) 2.21(0.03) 1.03 47 1.03 47

�M 50 2.96(0.09) 2.65(0.22)

þM 50 4.87(0.2) 4.63(0.02) 1.98 41 1.96 42

�M 100 3.62(0.17) 3.12(0.11)

þM 100 5.88(0.37) 5.14(0.21) 1.95 34 2.02 38

Hoosfield B

�M 0 2.42(0.07) 2.42(0.07)

þM 0 3.69(0.05) 3.69(0.05) 1.27 34 1.27 34

�M 50 3.65(0.04) 3.43(0.39)

þM 50 6.58(0.6) 5.38(0.07) 2.58 41 1.95 36

�M 100 5.81(0.23) 5.39(0.3)

þM 100 7.82(0.71) 7.15(0.05) 1.81 23 1.76 24

Mean (two replicates) Bracket is SE.
a
�M¼VAM inoculum not used,þM¼VAM inoculum used.

bVAM contribution (mgplant�1)¼ amount in theþM treatment� amount in

the� M treatment, Percentage¼ 100 (VAM contribution/amount in theþM

treatment).
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the Hoosfield AþVAM soil. The effect of mycorrhizal infection was not
consistent enough to be significant.

Release of Acid and Base by Roots

The calculated amounts of acid or base released in relation to the
distance from the root core are presented in Fig. 4. In the Hoosfield A
soil, both NHþ

4 and NO�
3 caused a release of acid. The amount of acid

increased with increasing rate of N application with NHþ
4 having the

greatest effect. The greatest releases were observed in the core and near to
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it. The inoculum made little difference and the N source was the
dominant factor. In the Hoosfield B soil, NHþ

4 caused a release of acid
and NO�

3 a release of base. NHþ
4 -fed plants exuded nearly twice the

amount of acid compared to the release of base plants receiving the same
amount of N as NO�

3 :

Effect of Form and Rate of Nitrogen on

Availability of Phosphorus

Figure 5 shows that sorghum reduced the amount of Olsen P in both
the core and surrounding layers. In both uninfected soils, the effect only
spread to the 0–5mm layer, but with the inoculum small effects were seen
even in the 10–20mm layer. In both uninfected soils, increased levels of
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after 40 days.
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NH4 and NO3 caused larger depletions of extractable P, with little
difference between the two sources of N.

Using the mass of each soil zone, the P depletion in each
was calculated and shown in Fig. 6. When plant roots were not infected,
depletion occurred mostly in the core and 0–5mm layer. In contrast,
infection caused P depletion through the whole rhizocylinder.

DISCUSSION

The mycorrhizal plants produced up to about twice the dry matter of
nonmycorrhizal plants. The differences in shoot dry weight due to the
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Figure 5. The effect of rate and form of nitrogen on HCO�
3 extractable P in the

core of the rhizocylinder and surrounding layers after 40 days.
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two forms of N were larger for mycorrhizal plants. Shoot and root dry
matter yield were significantly greater for plants fertilized with NHþ

4

compared to NO�
3 in agreement with findings by Thomson et al.[14] and

Camberata and Bock.[24]

Liberation of Acid and Base

With increasing applied NHþ
4 fertilizer, the pH in the core soil

decreased (Fig. 3). When plants absorb N as NHþ
4 , it tends to acidify

the rhizosphere,[6,14,25] whereas the reverse is usually true for NO�
3 .
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The rhizosphere acidification often connected with NHþ
4 nutrition and

caused by the release of protons from roots was associated with a large
depletion of P at the root-soil surface in studies by Gahoonia et al.[3]

Plant roots have occasionally been reported to acidify their rhizosphere in
NO�

3 supplied soils.[25] The pH changes in the core and soil layers were
greater in the Hoosfield B soil than Hoosfield A soil, the difference being
associated with a lower buffer capacity of the former soil (Table 1). The
ammonium fed roots released up to about twice the amounts of ions of
equivalent NO�

3 treatments. The greater decrease of pH with NH4-fed
plants probably relates to a greater uptake of NHþ

4 and the associated
release of Hþ since yield was greater.

The acidification of the Hoosfield A soil with the NO�
3 treatments

remains to be explained. Hedley at al.[1] related Hþ ion production to P
deficiency and Schjorring[26] showed that NHþ

4 -fed plants well supplied
with P absorbed more anions than cations, but that in a P deficient soil,
plants absorbed more cations than anions. Hoosfield A and B soils have
2.7 and 5.1mg Olsen-P kg�1 respectively before treatment (Table 1) but
both have 40mgPkg�1 added for the rhizocylinder experiment and this
raises the Olsen-P values to 10.4 and 11.7mg kg�1 respectively (Fig. 5).
Thus neither soil has a very low Olsen-P value. It may be however that
the high pH value of Hoosfield A (8.23) restricts the availability of P as
shown by the smaller uptake (Table 3) and so leads to a cation excess.
The release of Hþ could be significant in the adaption of plants for
growth in alkaline soils.

In contrast to the above effects of P deficiency, increased P uptake as
a result of mycorrhizal infection did not significantly alter the cation-
anion balance because there were no significant differences in acid or base
release between infected and noninfected plants. It seems that the
increased uptake of phosphate is associated with an increased uptake of
cationic nutrients in this case.

Effects on soil pH were primarily in the core and 0–5mm layer,
with small effects in the 5–10mm layer. These distances are in
general agreement with those found by Li et al.,[4] Muranyi et al.,[25]

Ruan et al.,[27] and Zhang and George.[9]

Effect of pH Change on Availability of Phosphorus

It has been demonstrated that acidification in the rhizosphere
mobilizes calcium phosphate[1,3] and allows P to be absorbed more
rapidly.[27] The acidification associated with NHþ

4 uptake may thus

pH Change at Root-Soil Interface on Phosphorus 1075
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increase the availability of P.[5] In this work P uptake was increased by

both NHþ
4 and NO�

3 treatments, even though the latter increased pH in

Hoosfield B soil. Thus, an increased demand, rather than acidification is

likely to be the main cause of the increased P uptake. The NH4 treatment

had a greater effect on P uptake that NO3. Nitrogen content in the plants

was not measured, but the higher yield suggests that more NH4 was

taken up for equal applications of NO�
3 -N and NHþ

4 -N. More acidity was

produced by NH4 as expected from considerations of cation-anion

balance and so the increased uptake of P in this treatment may be partly

the effect of increased solubility of P if there were constraints due to P

availability. In this case there may be linked effects with NH4 increasing

the solubility of P and the increased uptake of P then increasing the

demand and uptake of N, thus explaining the (assumed) greater uptake of

NHþ
4 than NO�

3 . If the main constraint was N availability, the N

treatments simply removed the constraint increasing the demand for P.

Therefore, there is not clear evidence for acidification increasing the

availability of P although this could be involved as a minor effect along

with the increased demand. In retrospect, it might have been

advantageous to have left the soil with low P availability rather than

adding P before carrying out the experiment. In this case, the P constraint

might have been more clearly affected by acidity production.

Contribution of Mycorrhizal Infection to

Total Phosphorus Uptake by Plants

Mycorrhizal contribution to P uptake was calculated by subtracting

total P uptake of noninoculated plants from that of inoculated plants for

each N form and rate (Table 3). The differences in contribution between

NHþ
4 and NO�

3 fed plants are not significant. Similarly, there are no

significant differences in mycorrhizal infection between N forms (Fig. 2).

With all treatments, NHþ
4 application resulted in higher P uptake than

NO�
3 and mycorrhizal infection enhanced these differences. It has been

reported that mycorrhizal infected plants utilize NHþ
4 -N more efficiently

than nonmycorrhizal infected plants.[6,15] Up to about half the P was

supplied by mycorrhiza, more in Hoosfield A than Hoosfield B as

expected from the differences in % infection. Since selected mycorrhizal

inoculation significantly enhances plant growth and P uptake it is

important to understand the relationship between root colonization ratio

and nutrient uptake for sustainable P management.[28]
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Effect of Mycorrhizal Infection on the Region of

Phosphorus Depletion

Figure 5 shows that the P depletion region extends further from the
root core for a VAM infected plant than for a noninfected plant. The
mycorrhizal hyphae must be extending at least to the 5–10mm layer and
the depletion here is similar to that in the core. Depletion in the 10–
20mm layer must be due either to the presence of hyphae or the diffusion
of P from that layer to the hyphae in the 5–10mm layer. In the
noninfected treatments, P depletion in the 0–5mm layer suggests either
that diffusion has been important or that root hairs had penetrated the
nylon cloth surrounding the core. The hyphae clearly constitute an
important pathway of P transfer through the soil as shown by many
workers, e.g., Yao et al.[11] The absence of this pathway in the
noninfected soil causes more depletion in the core. Figure 6, which
takes account of the amount of soil in each layer, shows that where
hyphae are present, depletion is more uniformly spread through the core
particularly in Hoosfield B soil with more P taken up from the 0–5mm
layer than from the core.

The more restricted region of pH change (mostly in the core and
0–5mm layer) compared to the region of P depletion (up to 20mm)
reflects the controlling influence of N uptake on acidity changes. The
uptake of N is primarily by the roots rather than through hyphae so
causing pH changes in the core and in the 0–5mm layer into which the
acidity can diffuse. Returning to the possibility of acidification contribu-
ting to uptake through its effect on P solubility, it is apparent that the
increased uptake of P from the 5–10mm layer of the infected soil (Fig. 5)
is not reflected by lower pH values (Fig. 3). Again we conclude that we do
not have evidence for acidification increasing the availability of P.

CONCLUSIONS

It has been shown that sorghum responds to inoculation with VAM,
with the P uptake region extending out to beyond 10mm from the root
core in this rhizocylinder experiment. Phosphorus uptake was increased
by N inputs, and acidification in and around the root core depended on
the form and amount of N applied. As expected NHþ

4 inputs caused more
acidification than NOþ

3 , with acidification mainly occurring within 5mm
of the core. The role of acidification in P supply remains uncertain;
in these experiments increased demand for P associated with the removal
of N constraints would seem to be more important than increased

pH Change at Root-Soil Interface on Phosphorus 1077
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availability of P due to the lowered pH in the rhizosphere. These findings

emphasize the need for careful management of N in crop systems where

VAM is being used to improve P supply.
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