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Abstract
In alkaline soils, where most of the P is acid soluble, we hypothesize that species that acidify the rhizosphere
such as oilseed rape, are more efficient to use soil P than for example maize. In field experiments, adult maize
plants extracted more P per unit of root than young plants. Here we hypothesize that older plants access P fractions that younger plants were not able to. Thus, the aim of this research was to study the P fractions used by
maize and oilseed rape growing in an acid sandy and a neutral loamy soil and how plant age might affect it.
A special pot system was developed in which P uptake by the plants came from roots that grew freely in soil.
To obtain rhizosphere soil, a portion of the roots was concentrated to form a root mat on a planar soil surface
covered by a fine nylon mesh. Cutting the soil on the other side of the mesh into slices gave rhizosphere soil at
different distances from the root surface. We examined the P fractions used by maize and oilseed rape at three
growth stages by measuring the depletion of three inorganic (Pi) and two organic (Po) P fractions in the rhizosphere. Oilseed rape did not affect the Po fractions in any of the two soils, and maize only in the acid soil. Both
species in both soils depleted only the alkali soluble Pi fraction. The degree of depletion was between 12-26 %.
The acid soluble Pi was not depleted by neither oilseed rape nor maize. Plant age had no effect on P fraction
depleted or on the degree of depletion.
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1. Introduction
Only a small portion of soil P available for plant on

For the same species, the ability to increase the P

a short-term basis and therefore P taken up by crops

availability may also change with growth stage as

in one growing season is small compared to total P

shown for sugar beet (Claassen et al., 1990) and for

content of the soil. This is because a large amount

maize (Bhadoria et al., 2001). The latter found on a

of soil P is found as organic matter (Richardson and

low P Oxisol where older maize plants were more ef-

Simpson, 2011) and an important part of inorganic P

ficient to acquire P than younger ones because they

is more or less strongly adsorbed to soil particle sur-

increased the P uptake rate per unit of root by six

faces that contain Fe, Al or Ca or the P is precipitated

times. We hypothesise that older maize plants were

with those cations (Holford, 1997). Organic P has to

able, e.g. through root exudates, to mobilize and de-

be mineralized before plants can take it up and the

plete P fractions in the rhizosphere roots of younger

strongly bound inorganic P is of low mobility and fur-

plants were not able to. In Oxisols, as used in the ex-

thermore kinetics of its release into the soil solution or

periment mentioned above, P is mostly alkali soluble

solubilization is slow.

(Bhadoria et al., 2002) and its mobilization is thought

To characterize the plant available P and P bonding in

to be mainly by desorption, ligand exchange or pH

soil, sequential chemical extraction procedures have

increase (Hoffmann et al., 1994). However, this strat-

widely been used (Chang and Jackson, 1957; Hedley

egy may not work in soils of neutral to alkaline pH

et al., 1982; Redel et al., 2016). In all the procedures,

where P will be predominantly acid soluble, probably

an acid extraction is preceded by an alkali extraction.

bound to Ca (Bhadoria et al., 2002). For Ca bound

In the alkali (NaHCO3, NaOH) extraction no Ca-

P, H+ exudation may enhance mobilization of soil P

bound P but Fe- or Al- bound P is released or dissolved

(Gahoonia et al., 1992b, 1992a). Therefore, P mobi-

(Chang and Jackson, 1957). Therefore, alkali soluble

lization strategies of plants may be effective in one

P is often designated as Fe/Al-P. In the following acid

soil but not in another of different pH controlling

extraction step (HCl or H2SO4) Ca-bound P is released

P bonding. We furthermore hypothesize that plants

(Chang and Jackson, 1957). Therefore, the acid solu-

that acidify the rhizosphere, such as oilseed rape

ble P fraction is often designated as Ca-P, but actually

(Hoffland et al., 1989), will be more effective than

this extraction step dissolves P fractions which were

maize in depleting acid soluble P in the rhizosphere

not dissolved by the alkali extractant which not always

of neutral to alkaline soils.

is necessarily Ca-bound P only.

The aim of this study was to investigate which P frac-

To overcome low availability of soil P, plants can

tions in soil are used by plants by measuring their

actively increase the availability of low available P

depletion in the rhizosphere and whether the P frac-

fractions by altering the pH of the rhizosphere (Ga-

tions used differ among plant species or with plant

hoonia et al., 1992a; Hoffmann et al., 1994), releas-

age. Furthermore, since soil chemical properties

ing H+ in the case of legumes, exuding phosphatase,

can influence the P bonding in soil (Adhami et al.,

which catalyses the mineralization of organic P

2013) and thereby the plants ability to mobilize soil

(Helal, 1990), or releasing organic acids as has been

P, we evaluate the P depletion in two contrasting soils

shown for very efficient plants that form cluster

which differ in their P bonding, pH, organic matter

roots (Delgado et al., 2015).

content and texture.
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To achieve this aim, maize and oilseed rape were

growing under almost normal conditions in the 6-L

grown on two soils from northern Germany. An acid

pots with only a small restriction of the root system.

sandy Regosol (5% clay, 84% sand, pH(CaCl2) 5.5

The rhizosphere soil was obtained from a dense root

and CAL P (Calcium-Acetate-Lactate extractable

mat, simulating a planar root surface. The experimen-

P) of 70 mg P kg-1 (ca. 30 mg P kg-1 Olsen P) and a

tal set up is shown in Figure 1. Briefly, one portion of

neutral loamy Eutric Fluvisol (16% clay, 23% sand,

about 200 g of the 5 kg soil was filled into a plastic

pH(CaCl2) 7.2 and CAL P of 63 mg P kg-1 (ca. 27 mg

cylinder (6.4 cm diameter, 5 cm high) and the upper

P kg Olsen P) were used. Plants were harvested on

and lower ends were covered by a fine (30 µm) ny-

three occasions during a 70 day pot experiment for

lon mesh that allowed root hairs but not roots to enter

maize and 58 day for oilseed rape. At each of the three

the cylinder. The cylinder was then buried in the cor-

harvests we obtained rhizosphere soil and measured

responding 6-L pot. A large funnel filled with soil was

the depletion of different P fractions as determined by

placed above the plastic soil cylinder and 50% of the

a sequential P fractionation scheme as proposed by

roots of pre germinated seedlings were placed outside

Hedley et al. (1982). We obtained rhizosphere soil,

and 50% inside the funnel. The roots inside the funnel

because of its low mobility in soil P is only depleted

were guided towards the top of the soil cylinder, where

in a narrow layer around the root of about 1 mm (Hen-

they concentrated forming a dense planar mat of roots

driks et al., 1981). To our knowledge, there is limited

on the nylon mesh. Cutting the soil on the other side of

information about the use of different soil P fractions

the nylon mesh in thin slices gave rhizosphere soil at

by oilseed rape and maize as affected by plant age and

different distances from the root surface.

soil properties.

Phosphorus uptake by the plants was mainly by the

-1

root growing freely in soil, while P uptake from the
2. Materials and Methods

root mat was negligible because of the small root surface area in contact with the soil.

2.1. Description of the experiment

Seeds of maize and oilseed rape were germinated in
moist paper towels. Maize seedlings were transplanted

The pot experiment was performed with 5 kg soil in 6

into the pots one week after germination. In order to

-L pots, in which maize (Zea mays L., cv. Cascadas)

accelerate root branching of oilseed rape the tip of the

and oilseed rape (Brassica napus L., cv. Mozart) were

main root was cut about 20 mm from the base, placed

grown. The experiment was carried out in a screen

in a plate with nutrient solution and covered with paper

house except during rain, when all pots were kept in a

towel to prevent exposure to light. Two weeks later,

glasshouse. No P fertilizer was applied to the pots, but

the plants were transplanted into the experimental pots

a basal fertilization supplied the following: 200 mg N

placing 50% of the root branches outside and 50% in-

kg-1 as Ca(NO3)2, 200 mg K kg-1 as K2SO4 and 50 mg

side the funnel (Figure 1).

Mg kg as MgSO4•7 H2O.

The experiment was designed to allow for three con-

-1

secutive harvests for each treatment. In order to have
2.2. Plant growing conditions

enough shoot and root material in the early growth
stages but no strong competition among plants at

The objective of the experimental set up was to obtain

later growth stages the number of plants varied ac-

rhizosphere soil at different ages of plants that were

cording to harvest time. Thus 6, 3 and 2 maize plants

Journal of Soil Science and Plant Nutrition, 2017 , 17 ( 3), 824-838

827

Cabeza et al

per pot and 9, 6 and 3 oilseed rape plants per pot were

water to a gravimetric water content of 15% for the

transplanted for the first, second and third harvest, re-

Regosol and 18% for the Eutric Fluvisol. This water

spectively. The pots were irrigated daily with deionized

content was close to field capacity.

Figure 1. Schematic representation of the pot system. A PVC cylinder was inserted in the pot containing soil with
the same characteristics as the surrounding soil, the PVC cylinder was covered with a fine nylon mesh (mesh size
= 30 µm) in the upper and lower ends to prevent roots to enter into the cylinder and to avoid a direct contact of the
root mat with rhizosphere soil in the upper part of the cylinder. To form a root mat over the mesh the roots were
directed to it with the help of a funnel as show in the figure.

2.3. Plant and soil sampling

10 slices of 1 mm thickness parallel to the root mat.
However in maize, some soil was found adhering to

Plant shoots for determination of above ground bio-

the mesh which was considered to be the rhizosphere

mass and P concentration were harvested at 24, 42, 70

soil. To obtain the 1 mm slices, 1 mm thick plastic discs

days after transplanting (DAT) for maize and 28, 42, 56

were successively pushed into the bottom of the soil

DAT for oilseed rape.

cylinder and the soil emerging at the top was cut by

At harvest, the dense root mat that had formed over the

a planar knife. The accuracy of the slicing technique

nylon mesh was detached carefully with a sharp knife.

was monitored by recording the weight of each slice.

Then the nylon mesh was removed from the plastic cyl-

These soil samples were placed in small glass bottles,

inder and the upper part of the soil column was cut into

air dried and weighed. The rhizosphere soil was the
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soil was the soil layer in direct contact with the mesh,

though, with concentrated HCl and H2SO4+H2O2

which in the case of maize was the soil attached to the

were omitted since the P thereby extracted is usually

mesh by root hairs and in the case of oilseed rape was

not used by plants. The fractionation procedure was

the soil layer from 0 to 1 mm, i.e. the first 1 mm slice.

as follows: air dried rhizosphere and bulk soil sam-

The combined soil sample from slices 7 - 10 was con-

ples from the pot experiment were milled and subse-

sidered to be bulk soil, because no further changes in

quently sieved to 500 µm. Then 0.5 g were extracted

P concentration occurred between slice 7 and slice 10.

sequentially with 30 mL of 0.5M NaHCO3 (pH 8.5),

The rhizosphere soil and the bulk soil were analyzed

30 mL of 0.1 M NaOH and 30 mL of 1 M HCl using

separately by sequential P fractionation.

a 50 mL centrifuge tube. Each extraction step consisted in a shaking of 16 h, centrifugation at 25,000

2.4. Analytical procedure

g for 10 min at 10 °C and thereafter the supernatant
was decanted and filtered with a 0.45 µm nitrocellulose filter. The soil residue in the centrifugation tube

2.4.1. Plant material

was then re-suspended with the next extractant. The
After harvesting, plant shoot (leaves and stems) mate-

supernatants were analysed for dissolved inorganic

rial was dried at 65 °C to constant weight. Subsam-

P (Pi) and total P (Pt). Inorganic P was determined

ples of plant dry matter were digested in concentrated

directly in the supernatants. Total P (Pt) was obtained

HNO3 at 180 °C and the P concentration in the solu-

by digesting the organic matter in the extracts with

tion was measured colorimetrically using the molyb-

ammonium persulfate and 5 mL 0.9 M H2SO4 for 60

denum vanadate method (Scheffer and Pajenkamp,

min at 120 °C in an autoclave. The P concentration

1952). Phosphorus uptake (PU) was calculated from

in all extracts was determined colorimetrically ac-

shoot dry matter and shoot P concentration.

cording to the method of Murphy and Riley (1962).
Organic P (Po) fraction was then calculated as the

2.4.2. Soil

difference between Pt and Pi.

Before the start of the experiment, soil samples were

2.5. Statistics

analyzed for available phosphorus (P), pH and texture. Plant available P was assumed to be that ex-

Statistical analysis was performed using Statistica 9.0

tracted by calcium-acetate-lactate (CAL P) (Schüller,

(StatSoft, Inc. Tulsa, USA). The experiment was con-

1969). Soil pH was measured in 0.01M CaCl2 (1:2.5)

ducted in a completely randomized design with four

and soil texture determined by means of the hydrom-

replicates. Differences in shoot biomass, P concen-

eter method (Day, 1965).

tration, PU and P fractions over time were analyzed
by one way ANOVA with harvest as the main fac-

2.4.3. Phosphorus fractionation

tor. The ANOVA test was followed by a Tukey test
at the P<0.05 level of significance to compare means

Phosphorus fractions were obtained by a modified

between harvests. The concentrations of different

extraction procedure based on the method proposed

P fractions in the rhizosphere and in bulk soil were

by Hedley et al. (1982). The last two extraction steps,

compared using the t-test (P<0.05).
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3. Results

number of plants decreased from the first to the third
harvest.

3.1. Plant growth and P uptake of maize and oilseed rape

The shoot P concentration of maize decreased from
2.4 mg kg-1 to 1.6 mg kg-1 in the Regosol but on the

This experiment was designed to get rhizosphere soil

Eutric Fluvisol stayed the same (1.9 mg kg-1) at the

from plants that grew almost normal without major

last and first harvest with an increase at the second

restrictions for a longer period of time. The results on

sampling. The shoot P concentration of oilseed rape

plant growth and P uptake shown below will show this.

decreased in both soils from 3 mg kg-1 at the first har-

The results of Table 1 show that maize grew more in

vest to 2.2 mg kg-1 in the Regosol and even down to

the Regosol than in the Eutric Fluvisol while the shoot

1.4 mg kg-1 in the Eutric Fluvisol at the third harvest.

biomass of oilseed rape was almost the same in both

Phosphorus uptake per plant (Figure 2) continuously

soils. Both species in both soils increased the shoot

significantly increased from the first to the third har-

biomass per pot until the last harvest even though the

vest for both species.

Table 1. Shoot biomass and P concentration of maize and oilseed rape grown in a sand (Regosol) and loam (Eutric Fluvisol )soil harvested at three different dates. Data are means of four replicates ± SE
Crop

Soil

Maize

Regosol

Eutric Fluvisol

Oilseed rape Regosol

Eutric Fluvisol

Harvest at DAT
24
42
70
24
42
70
28
42
56
28
42
56

Shoot biomass
-----------g pot-1------4.7 ± 0.2a
14.7 ± 0.6b
54.4 ± 3.7c
2.8 ± 0.1a
6.5 ± 0.4b
32.8 ± 2.3c
8.0 ± 0.5a
23.2 ± 0.4b
34.5 ± 1.8c
9.8 ± 0.7a
24.6 ± 0.9b
39.6 ± 1.8c

Shoot P concentration
----------g kg-1-------2.4 ± 0.03b
1.7 ± 0.09a
1.6 ± 0.10a
1.9 ± 0.04a
2.5 ± 0.07b
1.9 ± 0.03a
3.2 ± 0.20b
2.6 ± 0.03a
2.2 ± 0.13a
2.9 ± 0.14c
2.1 ± 0.08b
1.4 ± 0.05a

Small letters indicate a significant difference among harvests in the same soil and crop (P value < 0.05). DAT= days after
transplanting.
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Figure 2. Phosphorus uptake (PU) of maize (a) and oilseed rape (b) growing in two soils and at three growth
stages. DAT = days after transplanting. Different letters denote significant differences among the harvests for the
same soil (Tukey test, P<0.05). Values are means ± SE of 4 replicates.

3.2. Phosphorus fractions in the rhizosphere and in

shown in Table 2. In the Regosol the alkali (NaHCO3

the bulk soil

and NaOH) soluble Pi fractions dominate while in
the Eutric Fluvisol the acid (HCl) soluble P were

The concentration of organic (Po) and inorganic (Pi)

most important.

P fractions in the rhizosphere and in the bulk soil is
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Table 2. Concentrations of inorganic (Pi) and organic (Po) P fractions in the rhizosphere at three harvests of maize
and oilseed rape in comparison with bulk soil in an acid sand (Regosol) and neutral loam (Eutric Fluvisol) soil.
Data are means of four replicates ± SE.

Maize
Regosol

Eutric Fluvisol

Oilseed rape
Regosol

Eutric Fluvisol

NaHCO3-Pi
NaHCO3-Po
NaOH-Pi
NaOH-Po
HCl-Pi
NaHCO3-Pi
NaHCO3-Po
NaOH-Pi
NaOH-Po
HCl-Pi
NaHCO3-Pi
NaHCO3-Po
NaOH-Pi
NaOH-Po
HCl-Pi
NaHCO3-Pi
NaHCO3-Po
NaOH-Pi
NaOH-Po
HCl-Pi

First harvest
Second harvest
Third harvest
Bulk soil
Rhizosphere soil
Bulk soil
Rhizosphere soil
Bulk soil
Rhizosphere soil
-1
----------------------------------------------------------------mg P (kg soil) -------------------------------------------------------------------72.8 ± 0.7
58.9 ± 1.9*
65.1 ± 1.7
54.0 ± 2.2*
65.0 ± 4.2
49.1 ± 0.3*
43.6 ± 0.9
43.1 ± 1.5
40.3 ± 4.0
40.6 ± 6.1
26.0 ± 1.2
31.0 ± 2.0
101.4 ± 1.3*
128.4 ± 9.5
102.3 ± 3.9*
119.8 ± 4.5
80.8 ± 3.6*
129.8 ± 4.4
89.0 ± 1.5*
113.4 ± 8.7
109.0 ± 6.1
124.7 ± 2.9
92.5 ± 4.0*
112.7 ± 2.9
76.8 ± 2.5
71.1 ± 2.4
82.4 ± 4.4
64.8 ± 1.9
75.4 ± 2.7*
77.9 ± 3.5
50.0 ± 3.9
36.1 ± 1.3*
42.4 ± 2.3
31.2 ± 0.6*
35.7 ± 1.1
32.1 ± 1.6
18.8 ± 3.9
24.2 ± 1.8
17.8 ± 5.7
19.0 ± 2.5
11.5 ± 1.1
17.7 ± 2.3
39.8 ± 1.7
50.6 ± 2.8
43.2 ± 2.5
43.3 ± 1.1
35.3 ± 0.4*
41.3 ± 1.2
51.3 ± 2.7
58.1 ± 6.0
61.5 ± 1.6
57.0 ± 1.3
66.7 ± 1.7*
47.2 ± 1.9
174.7 ± 3.9
160.6 ± 2.0
160.3 ± 2.9
167.9 ± 4.5
158.9 ± 3.3
167.0 ± 1.1
52.0
35.8
123.4
90.7
67.4
32.2
21.5
42.8
31.0
189.4

± 0.9
± 1.2
± 3.9
± 7.1
± 0.9
± 0.6
± 0.1
± 1.0
± 1.2
± 8.0

44.1
37.4
116.4
80.9
67.7
25.5
22.7
37.8
32.7
175.1

± 2.4*
± 2.6
± 2.0
± 9.2
± 0.3
± 0.8*
± 1.2
± 0.8*
± 0.4
± 6.9

76.7
53.9
111.7
84.2
72.3
47.5
24.8
42.3
31.7
183.2

± 2.7
± 13.9
± 5.7
± 2.4
± 3.7
± 0.5
± 0.4
± 0.3
± 2.5
± 5.0

56.8
42.5
92.4
74.5
77.9
37.5
27.4
37.0
32.7
179.0

± 2.4*
± 2.8
± 4.2*
± 12.1
± 6.2
± 0.9*
± 1.7
± 0.5*
± 0.6
± 6.2

70.1
30.8
98.6
122.7
63.9
47.2
13.6
36.7
33.7
163.6

± 3.4
± 0.8
± 1.8
± 7.7
± 3.0
± 1.4
± 1.4
± 1.1
± 2.8
± 4.8

61.3
33.8
90.6
111.5
62.6
35.8
14.1
34.8
28.5
168.0

± 3.6
± 1.3
± 2.9
± 5.0
± 1.5
± 0.6*
± 0.6
± 0.6
± 1.0
± 3.4

*means a significant difference between rhizosphere and bulk soil (P value < 0.05).

Plants affected the P fractions in soil. The least af-

harvests, maize only decreased the NaHCO3-Pi,

fected were the Po, oilseed rape did not affect any of

while at the third harvest only the depletion of NaOH

the Po fractions and maize affected the NaOH-Po frac-

Pi was significant. No significant depletion or accu-

tion only. It was decreased in the Regosol, and in the

mulation of HCl-Pi was observed in the rhizosphere

Eutric Fluvisol a small increase at the last harvest was

at the three harvests in relation to the bulk soil.

observed.

For oilseed rape, in the acid Regosol the depletion

The Pi fractions were much more affected and, for a

of NaHCO3-Pi increased from the first to second

better understanding, the changes caused by the plants

harvest but decreased to non-significant at the third

are shown graphically in Figure 3.

harvest (Figure 3). The depletion of NaOH-Pi in this

Maize, in the Regosol, significantly depleted NaH-

soil was only significant at the second harvest. Oil-

CO3-Pi and NaOH-Pi in the rhizosphere at all three

seed rape did not deplete nor accumulated HCl-Pi in

harvests (Figure 3). There was no significant change

this soil. In the neutral Eutric Fluvisol the depletion

in HCl-Pi at the first two harvests, while at 70 DAT

of NaHCO3-Pi by oil seed rape increased from young

significant accumulation was observed. The degree

(first harvest) to older plants (third harvest). No sig-

of depletion of all three fractions did not change with

nificant depletion or accumulation of HCl-Pi was ob-

plant age. In the Eutric Fluvisol at the first and second

served at any harvest.
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Figure 3. Change (depletion or accumulation) of inorganic P fractions in the rhizosphere of maize and oilseed
rape at three growth stages (DAT= days after transplanting) and in two soils. Different small letters denote a significant change of the P fraction at different harvests (Tukey test, P<0.05), * indicates a significant change of the
P fraction in the rhizosphere in relation to the P content in bulk soil (t-test, P<0.05) and ns means not significant
change. Values are means ± SE of 4 replicates.

To characterize the extent to which a P fraction was

species, indicating that both fractions were similarly

plant available, its depletion in the rhizosphere was

plant available in that soil and that none of the spe-

expressed as a percentage of the concentration in the

cies had a higher capacity to acquire P from these P

bulk soil (Figure 4). The figure shows the relative

fractions. In the neutral loamy soil, however, NaOH-

depletion of the NaHCO3-Pi and NaOH-Pi fractions,

Pi was depleted less than NaHCO3-Pi indicating that

which were significantly depleted according to Table

NaOH-Pi was less available to plants. The depletion

2. In the Regosol, NaHCO3-Pi and NaOH-Pi were

of NaHCO3-Pi was around 23% while that of NaOH-

similarly depleted by about 20%, and this by both

Pi around 15%.
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Figure 4. The depletion of the NaHCO3-Pi and NaOH-Pi fractions expressed as percentage of their concentration
of the bulk soil which may be considered as a measure of their availability to the plants of maize or oil seed rape.
Values are averages of the significant depletions of Figure 3. Values are means ± SE.

4. Discussion

show that increased P influx. Thus, we expected that
the maize plants in our experiment would also have

4.1. Plant growth and Experimental set-up

increased their P mobilizing capability when becoming older and therefore accessing P fractions in the

Shoot biomass and phosphorus uptake (PU) increased

rhizosphere younger plants were unable to. In oilseed

with plant age for maize and oilseed rape (Table 1,

rape the P deficiency may have induced an exuda-

Figure 2). The PU in both plant species increased

tion of organic acids (Hoffland et al., 1989) causing

strongly up to the last harvest, indicating that maxi-

a strong depletion of Ca-bound P in the rhizosphere.

mum uptake had not been reached. For both plant
species, PU was higher in the acid than in the neu-

4.2. Changes of P fractions in the rhizosphere

tral soil, although similar amounts of plant available
P were detected in both soils (Table 1). This indicates

To obtain rhizosphere soil, different approaches have

that besides available (calcium-acetate-lactate) P oth-

been used. Already in 1971 Riley and Barber (1971)

er soil properties affected plant growth and P uptake.

but even more recently Rose et al. (2010) obtained

The shoot P concentration (Table 1) of maize between

rhizosphere soil by separating the soil adhering to

1.6 and 2.4 mg kg as well as those of oilseed rape

roots that had been separated carefully from the bulk

of 1.4 and 3.2 mg kg-1 are in the range of deficiency

soil. The soil obtained in this way is partly actual rhi-

(Bergmann, 1992). Singh (2003) found in the field

zophere soil but will also contain some bulk soil. In

experiment, which was the major starting point of

contrast, other studies (George et al., 2002; Hedley et

our research, that only P deficient maize plants with

al., 1982) obtained rhizosphere soil by concentrating

a shoot P concentration of around 2 mg kg-1 increased

the entire root system in a small soil volume forcing

the P influx by 6 times when becoming older while

many roots on a fine cloth of 20-30 µm mesh. The soil

the well P supplied plants with about 5 mg kg-1 did not

on the other side of the mesh could be separated into

-1
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layers of different distance from the simulated planar

rhizosphere (Saleque and Kirk, 1995; Zhang et al.,

root surface and in that way a concentration profile of

2006).

the nutrient under investigation is obtained. However,

Our results did not confirm the hypothesis that oilseed

the strong restriction of the root system did not allow

rape would use HCl-Pi (Ca-bound P) because of its

for a normal growth of the plants over a longer period

ability to acidify the rhizosphere as found by Hoffland

of time as was intended in our experiment. Therefore,

et al. (1989). This contradicting result may be related

we chose a set up (Figure 1) which forced only part of

to that Hoffland et al. (1989) had used a sand culture

the root system on a fine meshed cloth while a large

which has no pH buffer capacity while in the soils

portion of the roots grew without restriction allowing

used in the present experiment, and more so in the

for a close to normal development of the plants. In

Eutric Fluvisol, the buffering of the soil pH may have

this way we expected to obtain rhizosphere soil from

resulted in only small pH changes in the rhizosphere

plants of different age and possibly with different P

which were not sufficient to solubilise HCl-Pi.

mobilizing strategy that would explain the strong in-

In the present experiment, instead of a depletion there

crease in P influx observed in the field (Bhadoria et

was a tendency for HCl-Pi accumulation, mainly in

al., 2001; Claassen et al., 1990).

the Regosol, which was even statistically significant

The results show that both plant species in both soils

for maize (Figure 3). This may be related to the fact

only used alkali soluble Pi (NaHCO3-Pi and NaOH

that Ca often accumulates in the rhizosphere by mass

-Pi), which are often referred to as Fe and Al phos-

flow (Jungk and Claassen, 1997).

phate (Figure 3). There was no depletion of acid

The results of this and previous studies show that in

soluble Pi (HCl-Pi), often referred to as Ca phosphate,

short term experiments, acid soluble P (HCl-Pi) is

even in the Eutric Fluvisol where the concentration of

not used by plants unless the rhizosphere is strongly

HCl-Pi was twice that of total alkali soluble Pi. In one

acidified. However, in long term experiments (>10

case even an accumulation of HCl-Pi occurred. The

years), HCl-Pi is depleted together with alkali-soluble

exclusive use of alkali soluble P and not of HCl-Pi by

Pi (Myint, 2005). This indicates that HCl-Pi solubilisa-

plants confirms findings made by Hedley et al. (1982)

tion without acidification is not fast enough to become

using a similar experimental setup. The different plant

dissolved in significant amounts within days or a few

availability of the P fractions may be because alkali

weeks during P uptake by the root but on a long-term

soluble Pi is sorbed to Fe and Al oxides/hydroxides

basis of several years HCl-Pi can replenish the P re-

surfaces in an exchangeable manner, as they are iso-

moved by roots from other more labile P fractions.

topically exchangeable (Bühler et al, 2002., Machold
1962, 1963). In contrast, HCl-Pi is almost inacces-

4.3. Plant availability of different P fractions

sible to isotopic exchange and therefore not accessible for immediate plant uptake, except in soils with

The sequential fractionation used in this experiment

a pH (KCl) clearly above 7 (Bühler et al., 2002). It

is a variation of the widely used method developed by

has been reported that a significant proportion of acid

Hedley et al. (1982). It is based on the assumption that

soluble Pi can be depleted by rice roots, but only un-

extractant strength is related to the plant availability

der submerged soil conditions where Fe3+ reduction

of P (Zhang et al., 2006). Thus, the readily available P

and NH4 uptake caused a strong acidification of the

fraction is extracted by NaHCO3, whereas P extracted

+

by NaOH is less available and is most likely strongly
Journal of Soil Science and Plant Nutrition, 2017 , 17 ( 3), 824-838
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4.4. Effect of plant age on P fraction depletion

tracted with HCl, which is thought to be bound to Ca,
is assumed to be the least plant available (Hedley et

Figure 3 shows that maize only depleted the alkali

al., 1982).

soluble Pi (NaHCO3-Pi and NaOH-Pi) in both soils.

To assess the plant availability of a P fraction we used

But against our hypothesis older plants did not access

the degree of depletion, i.e. the depletion expressed

other P fractions than younger plants nor was the P

as % of the total concentration of that fraction. In the

depletion clearly stronger, there only was a tendency

acid sandy soil in the present study, the percentage

for older plants to have a stronger depletion of the

depletion of NaHCO3-Pi was similar to that of NaOH-

NaOH-Pi in the acid sandy soil, and in the neutral soil

Pi for both plant species (Figure 4), indicating that

this fraction was only significantly depleted by older

both P fractions were similarly accessible, contradict-

plants. Therefore, there is only an indication that older

ing the assumptions mentioned above. However, in

maize plants may to a small extent have a stronger

the neutral loamy soil NaOH-Pi was less accessible to

depletion of the NaOH-Pi.

plants than NaHCO3-Pi, which may indicate stronger

One reason for this only negligible effect of plant age

bonding of P to Fe and Al in that soil than in the acid

on the P depletion by maize may be related to the ex-

soil. This may be because P sorption in some alkaline

perimental conditions of using a ´planar` root surface

soil is also controlled by Al and Fe oxides, as shown

as compared to the cylindrical geometry of a single

by Bertrand et al. (2003), and not only by Ca. This

root growing in soil. The rhizosphere, i.e. the portion

shows that the plant availability of the alkali soluble Pi

of soil influenced by the root concerning P, was in

fractions cannot be generalized for all soils.

our experiment only 1 mm, which is close to values

The HCl-Pi was not accessible to plants in any of the

of Hendriks et al. (1981) but smaller than 2–4 mm

two soils. This is because acid soluble P in acid to

of Hedley et al. (1994). The amount of soil volume

neutral soils is not accessible to isotopic exchange

within the range of the P depletion is much higher for

(Machold 1962, 1963) and thereby not accessible to

cylindrical than for planar root surfaces. In the case of

direct plant uptake unless it would be solubilised by

depletion of 1 mm one can calculate that the soil vol-

soil acidification (Saleque and Kirk, 1995).

ume of the rhizosphere per unit root surface area (soil

Even though the plants used NaHCO3-Pi and NaOH-

volume within 1 mm from the root surface) would be

Pi, they only depleted it by 12 26% at most (Figure 4).

about 6 times higher for a cylindrical root with a ra-

Others have reported similar results (Gahoonia and

dius of 0.1 mm than for a planar root. The difference

Nielsen, 1992; Hedley et al., 1994). This relatively

would be even more for a rhizosphere wider than 1

low exploitation of the alkali-soluble Pi, even though

mm (Jungk and Claassen, 1997). Because of the small

the ´planar` root causes a strong concentration decrease

volume of the planar rhizosphere it will rapidly get

in soil solution (Claassen and Steingrobe, 1999; Hen-

depleted down to a possible minimum already in an

driks et al., 1981), may be related to the following. For

early growth stage.

one, only part of the alkali-soluble P is isotopically

Another reason for not finding a change in P fraction

exchangeable (Bühler et al., 2002) and thereby plant

depletion even though in the field the P influx was

available and furthermore, 30-40% of this isotopically

several times higher in older than in younger plants is

exchangeable P would not be plant available because

that the nutrient influx depends on the nutrient flux to

its equilibrium P concentration in soil solution is below

the root surface which is mostly related to the nutrient

Journal of Soil Science and Plant Nutrition, 2017 , 17 ( 3), 824-838

Rhizospheric phosphorus fractions

concentration in the soil solution and not so much on
the quantity of available nutrient in the soil (Bhadoria
et al., 2002). Maize in the field may have increased
the P soil solution concentration in the rhizosphere,
increasing the transport to the root without necessarily
causing a stronger depletion of the available P close
to the root surface. An increase of P soil solution concentration by, e.g. organic acids as exuded by roots,
has been shown in several studies (Hinsinger, 2001).
5. Conclusions
In both, the acid (Regosol) and the neutral soil (Eutric
Fluvisol), the only P fractions that were depleted in
the rhizosphere of maize and oilseed rape were the
alkali soluble P (NaHCO3-Pi and NaOH-Pi). In the
Regosol both fractions were similarly plant available
whereas in the Eutric Fluvisol the NaOH-Pi was less
available than the NaHCO3-Pi. The acid soluble P
(HCl-Pi) was not depleted in the rhizosphere of maize
or oilseed rape. Plant growth stage had no effect on
the P fractions depleted or on the intensity of their
depletion in the rhizosphere.
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