Phosphorus uptake of maize as affected by ammonium and nitrate
nitrogen - Measurements and model calculations -

Christa Hoffmann!, Erwin Ladewig!, Norbert Claassen? and Albrecht Jungk!

U fastitut fir Agrikulturchemie der Georg- August-Universitit, von Siebold-Sir. 6, D-37075 Gottingen, Germany
» Lehrstuhl fiir Pflanzenernithrung der Technischen Universitit Miinchen, D-85354 Freising. Germany

Angenommen: 5. Janzar 1994

Summary - Zusammenfassung

Phosphorus uptake is often enhanced by ammonium compared to
nitrate nitrogen nutrition of plants. A decrease of pH at the soil-root
interface is generally assumed as the cause. However, an alteration of
root growth and the mobilization of P by processes other than net release
of protons induced by the source of nitrogen may alse be considered. To
study these alternatives a pot experiment was conducted with maize
using a fossil Oxisol high in Fe/Al-P with low soi} solution P concentra-
tion. Three levels of phosphate (0, 50, 200 mg P kg'!) in combination
with either ammonium or nitrate nitrogen {100 mg N kg-1} were applied.
Plants were harvested 7 and 21 d after sowing, P uptake measured and
ot and shoot growth determined. To assess the importance of factors
involved in the P transfer from soil into plants, calculations were made
using a model of Barber and Claassen. In the treatments with no and low
P supply NH4-N compared to NO;-N nwtrition increased the growth of
the plants by 25 % and their shoot P content by 38 % while their root
growth increased by 6 % only. The rhizosphere pH decreased in the
NH4-N treatments by 0.1 to 0.6 units as compared to the buik soil while
in the NO3-N rreatments it increased by 0.1 to 0.5 units. These pH chang-
es had a minor influence on P uptike only, as was demonstrated by artifi-
cially aitering the soif pH o 4.7 and 6.3 respectively, At the same rhizo-
sphere pH, however, P influx was doubled by the application of NH,-
compared to NO5-N, It is concluded that in this soil the enhancement of
P uptake of maize plants after ammonium application cannot be attribut-
ed 10 the acidification of the rhizosphere but to effects mobilizing soil
phosphate or increasing P uptake efficiency of roots. Model calcufation
showed that these effects accounted for 53 % of the P influx per unit root
length in the NO3-N and 72 % in the NH;-N supplied plants if no P was
applied. With high P application the respective figures were only 18 and
18 %,

Introduction

The transfer of phosphorus from seil inte plants is the
result of interactions between soil and plant which happens
in a small cylinder of soif adjacent to plant roots (Jungk and
Claassen, 1989), The basic processes of the P movement
from soil to root are mass {low and diffusion. Influx into

Lo Pflanzenerndhe, Bodenk., 157, 225232 (1904

G VOH Verkagsgeselbehalt mbli, D-69451 Weinheim, 1994

Phosphoraufnahme von Mais unter dem
Einflufl von Ammonium- und Nitratstickstoff -
- Messungen und Modellrechnungen -

Die Phosphoraufnahme von Pflanzen wird durch die Emithrung mit -
Ammenium- gegeniiber Nitratstickstoff gefordert. Als Ursache wird all-
gemein die Absenkung des pH-Wertes in der Grenzschicht von Boden
und Wurzel angenommen, Denkbar ist jedoch auch eine Veriinderung ;
des Wurzelwachstums und chemische P-Mobilisierungsprozesse. Um
diese Alternativen zu iberpriifen wurde ein Gefiiiversuch mit Mais ia
einem fossilen Oxisol mit hohem Gehalt an Fe/Al-Phosphat aber niedrir
ger P-Kenzentration der Bedenldsung untersucht. Der Boden erhieit 0,
50 bzw. 200 mg kg-! P sowie 100 mg kg-t NH,-N bzw. NOs-N. Pflanzen
wurden nach 7 und 21 Tagen geerntel und ihre P-Aufrahme sowie das -
Wurzet- und SproBwachstum gemessen. Um den EinfluB der beteiligten
Faktoren abzuschiitzen, wurde ein Rechenmodel} von Barber und Clags-
sen angewendel. Die Ergebnisse zeigen, daff ohne oder bei niedriger
P-Gabe im Durchschnitt NH,y-N- gegeniiber NO,-N-Erndhrung den
Wuchs der Pflanzen um 25 % und ihre P-Aufnabme um 38 % erhéhte
wihrend das Wurzelwachstum nur um 6 % zunahm. Der Rhizosphiren- -
pH-Wert sank wihrend der Versuchszeit gegeniiber dem wurzelfernen
Boden nach NH,-Diingung um 0.1 bis 0,6 Einheiten ab, nach NOy-Diin- .
gung stieg er dagegen um 0,1 bis 0,5 Einheiten an. Diese pH-Anderun-
gen hatten nur geringen Einfluf auf die P-Aufnalune, was durch die pH- .
Verdnderungen (mitrels H,80, auf 4,7 bzw. NaHCO; auf 6.3) gezeigt
wurde. Bei gletchem Rhizosphiren-pH war der P-Influx pei NHy-N- -
Erniihrung dagegen doppelt so groff wie bei NO3-N-Emihrung. Daraus
wird der SchiuB gezogen, daB die durch NH,-N-Emihrung der Pflanzen
ausgeloste Forderung der P-Aufnahme in diesem Boden nicht der pH-'_:-
Absenkung in der Wurzel-Boden-Grenzschicht, sondern anderen Mobili-:
sierungsprozessen oder der Steigerung der P-Aufnahmeeffizienz der -
Wurzeln zuzuschreiben ist. Die Modellrechnung ergab, daB der P-Influx -
pro Einheit Wurzeliinge zu 53 % bei NO3-N- und zu 72 % bei NHgN- |
Erndhrung von diesem P-mobilisierenden Effekt bestimmt wurde. Nach .
reichlicher P-Ditngung betrugen die entsprechenden Werte nur 18 und .
19 % des gemessenen Influxes. :

the root is usually in agreement with Michaelis-Menten
kinetics. Supply of a whole plant depends also on shoot and
root growth as well as on the size and on morphological
properties of the root system. These processes and factors
and their interactions are now so well known that, in many
cases, they can fairly be predicted by using the mechanistic
mathematical model developed by Barber and Claassen
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(Barber, 1984; Claassen, 1990). In case of low P availabili-
ty, however, real P uptake of plants is often markedly
higher than predicted by the model (Jungk et al., 19933,
This indicates that plant induced P mobitizing processes,
which are not allowed for in the model yet, may be impor-
tant in plant P supply. )

The source of nitrogen is one of the factors affecting P
supply of arable crops. Phosphate uptake from soil is often
enhanced when plants are supplied with ammonium instead
of nitrate nitrogen (Miller, 1974}, This effect is generally
ascribed to the acidification of the rhizosphere caused by
ammonium N nutrition (Riley and Barber, 1971, Marschner
et al., 1986).

A lowered pH in the seil surrounding the roots would
have two cffects: (1) Increase the H,PO;/HPOF -ratio and
thereby increase the phosphate ion that is preferentially
absorbed by roots (Chen and Barber, 1990) and (2) increase
the solubility of Ca-phosphates. In accordance with this
hypothesis Riley and Barber {1971) found a close correla-
tion between P concentration in soybean shoots and the pH
of the soil adhering to their roots, Blair et al. (1971)
observed that NHy-N nutrition enhanced P uptake mainly in
atkatine soil. Gahoonia et al. (1992), studying soil P release
in the rhizosphere of ryegrass, found that, under NH,-N
nuirition, soil P depletion in the vicinity of roots was also
correlated with the pH decrease in a calcareous Luvisol.
However, using an Oxisol high in Fe/Al-P, NO3-N nutrition
favoured soil P release whercas NH4-N did not. It may,
therefore, be assumed that influences other than by protons
are involved in the mobilization of soil P in the rhizosphere
as the result of different nitrogen sources,

The aim of this work was to reconsider the role of the
nitrogen source in P uptake of maize by guantifying its
influence on roor growth and on P influx per unit root. The
main point was the question: Can differences in P influx
caused by NH;- or NO;-N supply be explained by the
accompanying changes of the rhizosphere pH or are other
mechanisms responsible? For the experiment, the fossit
Oxisol as also used by Gahooria et al. (1992) was chosen
because it was high in total and sorbed P and low in acid
soluble P.

Materials and Methods

in order to separate the pR effect of the N-form from the effect of the
N-form on other P mobilizing processes similar pH values in the rhizo-
sphere of plants supplied with NOy-N or with NH,-N are needed. This was
achieved in a pot experiment with maize growing in a soi} that had been
adjusted to three different pH values. To assess the significance of chemi-
cai P mobilization by maize plants caleulations were performed with a
modified version of the Barber-Claassen model. It is based on nutrient
transport from soil 1o roct by mass flow and diffusicn. Roots are assumed
to function as a sink for P without any influence on the chemical environ-
ment of the rhizosphere except P concentratien. Differences between cal-
culated and actualiy measured P uptake can thus be ascribed to processes
other than those included in the model.
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Pot experiment

Maize (Zea mays cv. Forla) was grown in a growth chamber in pots con-
tining 2.7 kg of air dry soil moistened to 200 g water per kg. The growth
chamber was maintained at 20 °C. a photosynthetic active radiation of 300
wE-m2 st and 80 % relative humidity during 16 h day and at 15 °C and
70 % relative humidity during 8 h night, The soil used was a low P fossil
Cxisol from Lich in the Vogelsberg arca, Germany. with a pH (0.01 M
CaCly) of 5.4. This pH vailue was (1) left unchanged or (23 decreased o 4.7
by adding H,S0; kgt soit or (3) increased to 6.3 by adding NaHCO, kg-!
soil. NaHCO, instead of CaCO; was used to simulate the pH increase pro-
duced by plants that absorb more anions than cations, like NO4-N supplied
plants, and also to avoid the interference of Ca ions with the solubility of
native or fertilizer P, Three P levels of 0, 50 or 200 mg P kg-! were sup-
plied as NaH, PO, and 100 mg N per kg soil either as Ca(NO;); or as
(NH,).S0, were given. To avoid nitrification of NH,-N § mg Didin {Di-
cyandiamid) were applied per kg soil. The nitrification inhibitor was also
applied to the NOy- treatments. Only for the soil that was not fertilized
with P all combinations of pH and N form were used while the 50 and 200
mg P per kg soil was kept at the original pH of 5.4 (see also Table 2).

All weatments received 50 mg K (K,80,), 40 mg Mg (MgSQO,), 0.2 mg
B (H:BO3) and 0.1 mg Mo ((NH)Mo,0,4) per kg of soil.

The experiment was run with 4 replicates. One replicate with 8 plants
per pot was harvested at 7 days and the remaining replicates with 4 plants
per pot were harvested 21 days after sowing. The two harvests were neces-
sary to calculare the P influx. At both harvests sheot dry weight, shoot P
concentration and root length were determined. Al the second harvest
additional measurements were made of root radius, r,,, the root length den-
sity per volume of soil, which allows calculation of the half distance
between roots, 1, the pH in the rhizosphere and root hair length and den-
sity. Root surface area was calculated from length and average diameter of
roots and root hairs,

Plant and soil measurements

Shoots were dried and after wet digestion analysed for P (Kitson and
Mellon, 1944). Root length, RL in cm, was measured by the method of
Newmign {1966} after washing the roots free of soil. Phosphorus influx, T,
was caleulated by equation § (Willlams, 1948):

Uy
RL, - RL,

I (RL/RL)
ta=1

= (Eq. 1}
where U is total P content in the shoots, mol per plang, t is time, s, and the
subcripts | and 2 refer to the first and the second harvest.

Root hair length and distribution was measured under a microscope at
50 fold magnification using the procedure outlined by Brewster et al.
(1976).

Seil selution was obtained by the displacement procecure of Adams
(1974) and P concentration in it was measured according to Murphy and
Riley (1962). To characterize the P status of the soil the Ca-Acetate-Lac-
tate (CAL} extraction of Schiifler (1969} and water soluble P according to
Van der Pacios and Sissingh (1971) was used. Scil pH was determined in
0.01 M CaCl; in a soil/solution ratio 1/15. After the second harvest toot
scgments with rhizosphere soil adhering to them were gently moved in a
given volume of CaCl, solution to wash off the soil. As many root seg-
ments were washed free of soil as were necessary 1o reach the soil/solution
ratio of 1/135. The pH was measured in this soif suspension. Inorganic soil
P was fractionated into acid soluble "Ca-P"" and alkaline soluble “Fe/Al-P"
by the method of Kurmics (1972).
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Model calculation

Phosphorus uptake was simulated by two mathematical medels that are
based on ion transport from soil to the root surface by mass flow and diffu-
ston, and on Michaelis Menten kinetics for uptake into the root. One of the
maodels treats the root as a smooth cylinder (Cleassen ¢t al, 1986) while
the other also includes root hairs as part of the absorbing reot surface
{Claassen, 1990). Soil and plant parsmeters needed for model calewlation
are listed below as well as their determination,

Soil parameters

Cy mol crm-3: Phosphorus concentration of seil solution at the beginning
of the experiment. It was measured in the displaced soil solution as
described by Adams (1974).
b The buffer power was calculated from AC/AC, where AC is the amount
of P added {moi cm? soil) and AC, is the corresponding increase in soil
solution concentration (mol em-? selution). In case of no P application, b
was assumed 10 be egual to that of the P-50 treatment.
D, em? -1t The effective diffusion coefficient. [t was calculated from
equation 2 (NMye, 1968).
D, =0,0f/b (Eq. )
where Dy = diffusion coefficient in free solution (0.89 x 105 cm? st at 25
°C). 8 = volumetric water content {maintained at 0.26 cm® cme3) and f =
the impedance factor, caleulated after Barractongh and Tinker (1981) (f =
0.99 6 - 0.17) which applies to rather heavy soils as the one used here.

Plant parameters

Ly mol em-2 -1 Maximum net influx. It was determined from the P
influx measured at high P fertilization assuming that ? concentration in
soil solution was high enough not to limit P uptake. Since 1., was extra-
pelated for infinite concentration, the measured influx was increased by
10 9. The Ly, values initially determined per cm of root were divided by
the oot surface area per em of root length to express L,
as required for caleulations with the model, When root hairs were included
in the model, their surface ares per em of root length was added to the sur-
face area of the root cylinder.

on a cm? basis,

Ciuine mol cm-3: Soil solution concentration where net influx equals
zero.

Ko mol cird: Michaelis constant, it is the difference between Cy, and
the concentration where influx is half L, B was set at 2 x 10-19 mol cm-3,
which is in the lower range of values found in the literature (Barber, 1984;
Buhse, 1992), Choosing Cy,i and K, in the lower range means a high
uptake efficiency at low P concentrations. The model will then calculate
the maximum P influx possible for the soil. A higher measured than calcu-
lated P influx would then be an indicator of chemical P mobilization by the
oot

ry, cm: Half average distance between adjacem roots. It is given approxi-
mately by 1A RL,), where RL, is the root lengih density in soil, em
SN

Yo, cmd eme2 s°1: Water influx, was determined from the daily watering of
the plants,

r, ¢m: Root radius was calculated from root fresh weight {RFW) in g and
RL incm by r, = RFW /{r RL),

k, s: Relative root growth rate. [tis given by k = In (RLy / RL;) / -1,

e
o)
-]

Results

Pot experiment

The soil used in this experiment is a fossil Oxisol. P frac-
tions measured were: 685 mg P kg! as Fe/Al phosphate and
354 mg kgl as acid soluble phosphate. The clay content
was 30 % and the pH (CaCly) 5.4. Table | shows that
decreasing the pH of the soil to 4.7 had no effect on P soil
solution concentration, while an increase to 6,3 caused an
increase in soil solution P concentration from 0.19 to 0.28
umol L-1. Water extractabie P (P-H,0) behaved similarly
while the CAL-extractable P reacted only slightly to chan-
ges in soil pH. These results show that a pH increase tends
to improve P availability in this soil. Fertilizing the soil
increased P soil solution concentration as well as P-CAL
and P-H,0 {Table ).

Table I: Inftuence of soil pH (0.01 M CaCl,) and P fertilization on P soil
solution concentration, Cy;, and soil test values

Tabelle 1: Wirkung des pH-Wertes des Bodens (0.01 M CaCly) und der
P-Diingung auf die P-Konzenwation der Bodenldsung sowie den Pey) - und
Pyo-Wert des Bodens

pH P fert. Gy P-CAL P-H,0
mg kgt unio} Lot mg kg-! mg kg-!
47 0 0.19 5.1 0.34
5.4 0 0.19 6.1 0.40
63 0 0.28 6.6 0.55
5.4 50 0.31 101 1.06
54 200 1329 378 3.85

Table 2: Influence of N form on plant growth and shoot P concentration at
three soil pH values and three P levels in soil. Results are for the second
harvest

Tabelle 2; Wirkung der N-Form auf das Wachstum von SproB und Wurzel
sowie den P-Gehalt des Sprosses der Maispflanzen bet drei pH-Werten
und drei P-Diingungsstufen des Bodens, Ergebnisse der zweiten Ermie

pH N form P fert. Shootd. m.  Shoot Pconc.  Root length
mg kg-! g plant-! mg g m plant
4.7 NOy 0 0.80 ¢ 1.3d 87 a
4.7 NH,p» 0 1.00 ¢ 1.9 cd 9 a
54 NOy 0 08t ¢ 1.2d I1la
54 NH,* 0 0.99 ¢ 1.6d 123 a
6.3 NOjy 0 080 ¢ 1.24d 96 a
6.3 NH,r 0 0.89 ¢ 1.6 ced I3 a
54 NOy 50 1.08 bhe 1.64 1224
54 NH,* 50 1.56 a 2.2 he 107 a
5.4 NOy 200 1.58 a 28 b 105 @
54 NHy* 200 1.46 ab 45a 86 a

Differences between figures are significant (Tukey 0.05) if followed by
different characters

Shoot yield (Table 2), on the soil without P application,
did not respond when soil P was altered between 4.7 and
6.3. However, NH;-N nutrition was superior to NO4-N in
combinaticn with no P and particularly with the medium P




228

fevel, The maximum yield of 1.6 per plant was achieved
with both N sources but in combination with NO3-N a
much higher P application was necessary than with NH,-N.

Root length per plant (Table 2) varied from 86 10 123 m
per plant. On the no P soil root length was always some-
what higher in NHy-N than in NO3-N supplied plans. This
trend reversed with P application, e, root length was high-
er for the NO;-N supplied plants. Shoot P concentration
(Table 2) varied from 1.2 10 4.5 mg g-! and showed a simi-
lar pattern as the yield, i.e. no influence of soil pH but a
markedly higher P concentration in NHy- compared to
NO3-N supplied plants.

Total P uptake of plants on the no-P soil is shown in
Fig. 1. It can be seen that bulk soil pH had no influence on
P uptake of NO;-N treated plants while supplying plants
with NH,-N increased P uptake by 40 % at pH 6.3 to 80 %
atpH 4.7.

2.0

Ammonium supplied

=
W
1

~—_‘—‘——*—4_A
Nitrate supptied

o
15,1
r’

P uptake. mg plani‘1
P

0 T T T ¥ T L2 1
4.7 5.4 6.3

pH of bulk seit

Figure 1: Phosphorus uptake of maize plants supplied with either NH,- or
NGs-nitrogen in relation to bulk soil pH (CaCl,)

Abbildung I: Phosphataufnahme von NHy- baw. NOs-N-ernihrten Mais-
pflanzen in Bezichung zum pH-Wert des Durchschnittsbodens

While Table 2 gave the absolute values of shoot dry mat-
ter and root length, Fig. 2 shows root/shoot ratio as a func-
tion of P concentration in the shoot. The root/shoot ratic
was about 13 em mg! at a shoot P concentration of 1.3 mg
gl and decreased to about half that value towards higher
shoot P concentrations, This relationship was the same for
NGOy and NH, supplied plants, i.e. the N source did not
influence root/shoot ratic by itself but by influencing the P
status of the plants.

Figure 3 relates P influx on the no-P soil to pH as meas-
ured in the rhizosphere. These pH values always deviated
from bulk soil pH which is indicated by arrows. It can be
seen that NHy-N supplied plants decreased and NO5-N sup-
plied plants increased the pH of the rhizosphere, The P
influx of NO;-N supplied plants decreased from 0.64 x
10-14 to 0.43 x 10-14 mol cm! s when the rhizosphere pil
tncreased from 5.2 to 6.4. The respective influx of the
NH,-N treatments varied between 1.6 x 10-1 and 1.1 x
10-4 mol cm-! s-! while the rhizosphere pH changed from
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Figure 2: Reot/shoet ratio of maize plants supplied with either NH,- or
NOs-nitrogen as a function of shoot P conceniration

Abbildung 2: Wurzel/Sprofi-Verhilinis von NH,- bzw. NO;-N-emiihrien
Maispfianzen als Funktion der P-Konzenration des Sprosses

4.6 to 5.8, It can be seen that with increasing rhizosphere
pH the influx tended to decrease but that at any pH value
NH4-N supplied plants had a P influx about twice that of
the NO;-N treated plants. This higher P influx is, therefore,
not the consequence of a decrease of pH in the rhizosphere
caused by NH4-N nutrition.

e 1.8
1.6
1.4
1.2+
1.07
0.8+
0.64

0.4 Nitrate supplied

21 | !

0 13 T T ¥ T T T T T T
4.8 5.2 58 6.0 6.4
pH of chizosphere soil

Amrnoniusn supplied

PoInflux, 107 mot cm ™ 8"

Figure 3; Phosphorus influx into maize rools supplied with either NHy- or
NOj-nitrogen in relation to rhizosphere pH (CaCly). Arrows indicate the
three bulk soil pH levels when maize was planted. The eriginal soil pH of
5.4 was either left unchanged or lowered 1o 4.7 by adding H,50, or raised
to 6.3 by adding NaHHCO,

Abbildung 3: Phosphor-Influx in Maiswurzeln nach NH,;- baw, NO;j-
Diingung in Bezichung zum pH-Wert des wurzelnahen Bodens. Die Pleite
bezeichnen dic pH-Werte des Bodens zu Versuchsbeginn. Der
urspriingliche pH-Wert ven 5.4 wurde entweder belassen oder durch
H,50; auf 4.7 abgesenkt bzw. durch NaHCO, auf 6,3 angehoben




Phosphorus uptake of maize
Model calculations

The parameters used in the model calculations are listed
in Table 3. P application increased P soil solution concen-
ration, decreased the buffer power and thereby increased
the effective diffusion coefficient. The source of N affected
the maximum influx, which was almost twice as large in the
NH,-N compared to the NO,-N treated plants. The remain-
ing parameters, including length and density of root hairs,
were similar for all treatments.

On the no-P soil the model omitting root hairs indicated
(Table 4) an influx of 0.1 x 10-¥ mol cny! st for both the
NGy~ and NH,* treated plants, which is only i8 and 1G % of
the measured influx., When root hairs were included in the
model calculated influx increased by a factor of almost 3
and reached up to 47 % of measured influx for NO3-N but
only 28 % for NH,;-N treated plants, It can be seen that the
difference in I, of NO;- and NH4-N treated plants had no
effect on the calculated influx on the unfertilized soil.

On the soil fertilized with P the model predicted up to
about 80 % of the influx when root hairs are included in the
model. In this case it can be observed that the higher 1,
value of NH,* meated plants is effective in increasing the
calculated influx from 2.9 x 10-¥ 1o 5.3 x 10-4 mol em-!
C

The P concentration profiles around roots supplied with
NQOs- and NH,-N after 14 days of uptake on the no-P soii
are shown in Fig. 4 as calculated by the model which
includes root hairs. The curves for NOs- and NH;-N sup-
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Figure 4: Calculated P depletion profiles of the soil around maize roots
supptied with either NH,- or NCs-nitrogen and no P added

Abbildung 4: Durch Modellrechnung ermittelte P-Verarmungsprofile der
Bodenldsung im wurzelnahen Boden von Maiswurzeln bei NHy- bzw.
NO;-N-Diingung ohne P-Gabe

plied roots are very similar as could be expectc& from the
similarity of the calculated influx. The depletion zone
extended to about 0.5 mm and thus remained within the

Table 3:; Parameters used in the model calculations with root hairs either included (+) or omited {-)
Tabelle 3: Parameter fir diec Modellrechnung der P-Aufnahime, wobei die Wurzethaare entweder beriicksichtigt (+} oder nicht beriicksichtigt (-) wurden

Treatment Cy D, b Ve Tinax n k
root hairs
P N form - +
mg kgt
0 NGy 0.19 3.0 6764 1.6 5.1 2.5 0.13 2.8
0 NH,* 0.19 3.0 6764 1.7 9.6 48 0.12 29
200 NOy 10.3 247 815 2.1 5.1 2.5 0.13 23
200 NH,* 10.3 247 815 22 9.6 4.8 0.14 27

The same for all treatments: r, = 0.042 cm; K, = 2 - 10712 mot ey, Cppin = 0.0 mol ecm-3; root hair fength = 23.9 cm cm-! root; number of root hairs = 544

cm-! ool

Units: Cy; {102 mol cmn?), D, (101 em? 81, v, (109 cmd em2 s, L, (3013 mol em2 1), 1y [em], k [10-¢ 517,

Table 4: Comparison of measured and calculated P influx into maize roots (101 mol cm! s-1)
Tabelle 4: Vergleich von gemessenem und durch Modellrechnung ermitteltem P-Influx von Maiswurzeln (16-14 mol cm-t s°1)

root hairs omitted

root hairs included

Treatment influx influx cale. in % influx cale. in %
measured culculated of measured calculated of measured

P-0 NOy 0.56 ¢.10 18 0.26 47

P-0 NH, 1.03 0.10 i0 0.28 28

P-200 NG, 3.47 2.18 63 2.86 82

P-200 NHy 6.53 229 35 5.30 381
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root hair zone. The average root hair fength was 0.47 mm. P
concentrations at the root surface were decreased to very
small values in case of P-0, NO5: 2.8 x 10-12 mol cm3, and
in P-0, NHy: 2.5 x 10-12 mol em-3. This means that uptake
caused almost the maximum possible P concentration gradi-
ent around the roots.

Discussion

The results have shown that the P uptake of maize was
markedly influenced by the N source the plants were sup-
plied with. The increase in P uptake of NH;-N compared to
NO;-N supplied plants cannot be attributed to an enhanced
root growth as was reported by Riley and Barber (1971),
because root/shoot ratic as a function of shoot P concentra-
tion was not ditferent between the N forms (Fig. 2). More
roots of the NH, -supplied plants at low P supply were the
result of more growth of root and shoot caused by higher P
uptake. It is, therefore, concluded that the increased P up-
take of NH;-N supplied plants was brought about by an
increased P influx per uait of root length rather than by
changes in root growth,

Influx, for reasons of mass conservation, has to be equal
to the P transport rate from soil to the root surface. This
transport is mainly by diffusion and, therefore, the concen-
tration gradient in soif solution is important. The calculation
for the P-0 treatment based on the parameters of Table 3
showed (Fig. 4) that the P concentration at the root surface
was decreased to a very low value. The concentration gradi-
ent and thus the possible transport rate to the root was
almost maximum. Even so, the actual influx {(Table 4) of
NO;3-N supplied plants was 2 times and that of NH4-N sup-
plied plants 3.5 times higher than the calculated influx. The
rools must, therefore, have increased the P concentration
gradient in soil solution and thus the slope of the concentra-
tion profile (Fig. 4). This could not be achieved by further
decreasing the concentration at the root surface, because it
was already close to nil. A higher P uptake efficiency of the
roots, as possibly caused by the presence of concomitantly
absorbed NH,- instead of NOs-ions {Pitheam and Kirkby,
1992}, shoutd, therefore, be ineffective. This is clearly evi-
dent from the comparison of calculated influx of NH,-N or
NO;-N supplied plants with a high and a low I, value,
respectively {Tables 3 and 4 for low P supply). An increase
of the concentration gradient could only be achieved by
increasing the P concentration in sotl solution, ie. by
increasing the solubility of soil P. 1t must be concluded that
both, the NOj;- and the NHy-N supplied plants were appar-
ently able to do so but the effect was much larger for the
latter.

An increased solubility of soil P is often attributed to
changes in soil pH (Riley and Barber, 1971). In the soil
used here, however, this effect was small as indicated by a
relatively small effect of rhizosphere pH on P influx
{Fig. 3). The higher P influx of NH,-N supplied plants may
be ascribed to the secretion of root exudates that solubilize
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soil P or increase the microbial activity in the rhizosphere
and thereby increase the contributions of organic or in-
organic soil P o root P supply (Jungk et al., 1993; Seeling
and Zasoski, 1993). Although these effects seem to be of
great wmportance for plant P supply, they do not necessarily
have to be measurable in the buik soil. An increase in soil
solution P concentration within the P depletion zone of
roots (Fig. 4) would be sufficient to improve P transport to
the root surface,

Possible mechanisms to raise P soil solution concentration
are root excretions of organic acids. Application of citric
acid to soils - including the oxisol used here - increased
strongly the P concentration in the soil solution (Gerke,
1992). Gardener et al. (1983) demonstrated that the prote-
oid roots of P deficient Lupinus albus secreted large quan-
tities of citrate. They suggested that citrate reacts in soil to
form ferric-hydroxy-phosphate-polymers which diffuse to
the root surface. Focal acidification and the release of
organic substances in the rhizosphere has been shown to be
a reaction of plants on P deficiency (Hedley et al., 1982).
Hoffland et al. (1989 g, b) detected local acidification and
exudation of organic acids in the rhizosphere of rape roots
as a response to P starvation. It could not be explained with
changes in the autrient uptake patterns along the root axis
(NOs, K, Ca). It was attributed to exudation of malate and
citrate. Lipton et al. (1987) reported that citrate exudation
from roots of P deficient alfalfa exceeded that of plants
with adequate P supply by 182 %, while the release of mal-
ate was higher in the laiter. Kraffezyk et al. {1984) demon-
strated that the release of organic acids of sterile maize
roots was increased when maize was supplied with a nutri-
ent solution containing NH;NO; instead of NO; only. This
indicates that NH; as the N scurce may enhance the exuda-
tion of organic acids or other compounds that increase the
release of P from the solid soil phase and thus support P
acquisition.

Mycorrhizal fungi are known to collect P from soil when
P availability is low and thus improve P supply of plants
effectively (Tinker, 1975). Maize can serve as a host plant
for VA mycorrhizae, Therefore, VAM could have contrib-
uted to the gap between measured and calculated P influx,
However, the development of an effective ectomycelium
was found to require about 4-6 weeks {(Surron, 1973) where-
as our planis were grown for three weeks only. The
enhancement of P uptake by NH,- compared to NO3-N
autrition could also hardly be explained by VAM. Further-
more, the difference between measured and calculated P
influx at low P supply was also observed with Beta vulgaris
(Hoffmann, 1993, p. 97), a member of the chenopodiaceae
which does not host VAM. 1t is, therefore, concluded that
the symbiosis of the plants with mycorrhizal fungi is
unlikely to have appreciably contributed to the P supply of
plants in this case.

The final conclusion derived from comparing results of
measured P uptake and results of the model caiculation is
that P uptake from a well supplied soil could be explained
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to more than 80 % (Table 4) by the mechanisms which con-
stitute the basis of the model. These are transport from soil
to roots by mass flow and diffusion and P uptake of roots
according to Michaelis-Menten kinetics. The relatively
good agreement of measured and caleulated influx confirms
earlier results (Barber, 1984; Fohse et al,, 1991}, showing
that P uptake can be predicted by the model under these
conditions. On the other hand, the gap between measured
and calculated P influx suggests that under low P supply
plants make use of additienal mechanisms for P acquisition
which are not part of the model. This is a type of informa-
tion which can hardly be obtained by means other than
model calculations. In addition, the model provides a quan-
sitative estimate for such influences. They amount to 53 %
in the plants supplied with NO3-N and 72 % in those sup-
plied with NH-N (Table 4, root hairs included). The role of
root hairs in P acquisition can also be quantified {Table 4;
see also Féhse et al., 1991). Furthermore, information on P
depletion profiles of the soil solution near single roots as
shown in Fig. 4 cannot be obtained casily by other methods.

Under this view, the model calculation used here appears
to be a powerful tool in studying nutrient dynamics in the
rhizosphere and in separating and quantifying the factors
affecting it. The application of such a model to predict
nutrient uptake of plants and fertilizer needs may be another
aim. This aim, however, cannot generally be achieved yet
with the model as it stands.
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