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Summary Zusammenfassung

Thls report summarues rcscarch a;med al deecnbm;, the processes and
quantifying the factors affecting transfer of P and K from soil into plants.
Soil properties related to availabitity and piant properties refiecting nu-
trient acquisition were detenmined. Their interactions in the rhizosphere
and their importance for nutrient supply of plants were studied by a com-
‘bination of measutrements and calculations using a simulation model.
-..Phosphorus and potassium upiake by roois decreased P and K concen-
traticnat the root surface and caused characteristic depletion profiles in
the adjucent soil. The shape of the profiles depended on the effective dif-
fusion coefficient, the concentration of the nuirient in sojl, morphological
properties of the roots and on influx into roots. The degree of depletion at
the root surface indicated the proportion of the nutrient potentially availa-
ble fn the soil. The ehape of the depletion proﬁies reflected the amount of
the nutrient taken up by aroot section, The pa_r'u1_1e1ers found 10 describe
“nulrient acquisition are (i) influx per unit root length, (ii) root length per
unit shool weight (rooyshoot ratio}, and (iii) the periad of time a root
‘section absorbs natrients. Plant spec:es differed conssdcrabiy in these pro-
perties. . Lo e :

1n order fo mlegrate the precesses involved and to evaluate the impor-
tance of individual factors, the Claassen-Barber model was used. Deple-
tion profiles and nuirient uptake cafculated with this model were in good
agreement with measured values in a number of cases. However, at low P
é:upply, plants absorbed substantially more P than the model predicied.
This indicates that influx in this case is éup'pnricd by mechanisms net pro-
perly taken into account yet.

Influx per unit root length depends on morphological properties of and
nutrient mobilization by roots. Root hairs increase root surface area per
unit root length. In addition, because of their small diameter and geome-
{ric arrangemen in soil, root haies are specially apt o gain from diffusion
when concentration gradiems are small. This applies even more to VA-
mycorrhizae, Their hyphae are longer and thinner than root hairs and can
thus deplete larger volumes of 301l per unit root tength,

Root-induced changes of soit pH increased the. size of P depletion pro-
files, indicating that roots can mobilize soil ¥ by this mechanism. Both
acid and alkaline phosphatase enzyme activities were found 1o be mar-
kedly increased at the soil-root interface suggesting [hat soil orgamc P
may coniribuie to mc P suppl) of piams :
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Verfiigbarkeit im Boden und
Aneignungsvermdgen der Pflanzen als
Grundlage fiir die P- und K- Versorgung von
Pflanzen

Es wird zusammenfassend itber Untersuchungen berichiet, die das Ziel
haben, die Prozesse zu beschreiben und ihre EinflugriBen zu quamifi-
zieren, die den Ubergang von P und K aus dem Boden in die Pflanze be-
stimmen, Hierzu wurden Bodeneigenschafien gemessen, die die Verfiig-
barkeit, und Pflanzeneigenschafien, dic das Ancignungsvermigen kenn-
zeichnen. Thre Wechselwirkunger in der Rhizosphire und ihre Bedeutung
fiir die Nihrstoffversorgung von Pflanzen wurden durch eine Kombma~
tion von Messungen und Moedellrechnungen untersuchi. ’

Die P- und K-Aufnahme der Wurzeln filhst zu charakteristischen Ver-
armungsprofilen i wurzelnahen Boden. Die Gesialt der Profile hingt
vom effektiven Diffusionskoeffizienten und der Konzentration des Nithr-
stoffs im Boden sowie vom Influx und von morphologischen Eigenschaf-
ten der Wurzeln ab, Die Konzentrationsabsenkung an der Wurzel ist ein
Maf fiir den Anteil des Nihrstoffs, der potenticll verfigbar ist. Die Form
der Verarmungsprofile bezeichnet die Menge des Nahrs[offs, dxe ein
Wurzelabschnitt aufnimmt. '

Das Aneignungsvermdgen wurde durch (i) die Aufnahmerate (Influx)
pro Einheit Wurzeltidnge, (ii) die Wurzelldnge pro Gewichiseinheit Sprof
{Wurzel/SproB-Verhilinis) und (iii) die Dauver der Aufnahmeaktivitit der
Einzelwurzel gekennzeichnet. Pflanzenarien weisen groBe Unierschiede
in diesen Merkmalen auf. Um festzustellen, inwieweit die Aufnahme der
Pflaszen aus den beteiligten Prozessen berechenbar ist und um die Be-
deutung der beeinflussenden Faktoren zu werten, wurde das Rechenmo-
dell von Claassen und Barber angewendet. Es fithre in einer Reihe von
Fillen zu guter Ubcreinstimmung mit Messungen sowohl von Verar-
mungsprefilen im Boden als auch der Nahrstoffaulnahme von Pflanzen,
Bei geringer P-Versorgung haben die Pflanzen jedoch dewtlich mehr P
aufgenomumen, als das Modell angibt, Daraus wird deutlich, daB der
Influx unter diesen Bedinguagen durch Mechanismen gesfeigcrt wird, die
das Modell bisher nicht angemessen beniicksichtigl, '

Per Influx pro Einheit Wurzeltiinge ist von der Gesialt der Wurzeln
und von Mobilisierungsprozessen abhingig, Wurzelhaare tragen erheb-
lich zur Wurzeloberfliiche bei. Dariiberhinaus zeigle sich, daB Wurzel-
haare infolge ifires geringen Durchmessers und ihrer geometrischen An-
ordnung im Boden bei niedrigen Konzentrationen besonders effizient
sind. Das gilt noch mehr fisr die Hyphen von VA-Mykorrhiza. Sie sind
ldnger und diinner als Wurzelhaare und schipfen pro Einheit Wurzellin-
ge gridbere Bodenvolumina aus.

Wurzelinduzierte pH-Anderungen in der Rhizosphiire fithrien durch P-
Mobilisierung zur VergriBerung der P-Verarmungszone, Die Aktivitiit
von Phosphatasen war in Wurzelnihe erheblich hiher als im iibrigen
Boden. Dies dentet darauf hin, dad organische P-Verbindungen des
Bodens fiir die P-Versorgung von Pflanzen von Bedeutung sein kinnen,
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Introduction

Nutrient supply to plants is the result of interactions be-
tween plant roots and soil. Research summarized by Nye
and Tinker (1977) and Barber (1984) has revealed that
natrient supply to a plant depends’generally on the quantity
of the nutrient present and s mobility in soil
("availability") as well as on size, uptake kinetics and mobi-
lizing capacity of the root system ("acquisition").

When plants absorb a nutrient, soil solution concentration
decreases at the root surface, provided transport from soil
toward the root is small. The equilibrium in soil is thus dis-
turbed and a gradient created. The adjacent soil reacts in
two ways:

- release of the nutrient from the solid soil phase into solu-
tion, and/or
- transport from the bulk of the soil to the root,

Nutrient uptake of a plant is determined by the influx per
unit root, which in turn depends on the flux towards the root
largely caused by concentration gradients, and the size of
the root system. In order to make quantitative assessments
of the supply to a particular plant on a particular site, it is
necessary to integrate into a comprehensive concept the
processes involved in the transfer from soil into plants and
the factors affecting them. The mathematical model sug-
gested by Claassen and Barber (1976) is an example of
such a unifying concept. It provides the possibility to prove
or disprove our perception of the system by simulating
nutrient uptake. It can also be used to evaluate such steps in
the total sequence which cannot be measured. However,
before conclusions from such calculations can be drawn, the
meode] must be validated.

‘The purpose of this report is to summarize results of our
research aimed at a better understanding of the processes
and quantification of the factors invelved in the transfer of
nutrients from soils into plants.

Materials and methods

The results and conclusions are based on a combination of the following
methods and procedures:

a) Long term ficld experiments

Materiai from several long term P and K fertilizer trials on Luvisols from
loess in Lower Saxony with a crop rotation of sugar beet, winter wheat and
winter barley, as described by Miitler (1988),

b) Pot experiments with various soils and plant species as described in
the pubtications cited for the respective results.

¢} Measurement of nutrient depietion profiles at the soil-root interface
by: (1) Quantitative autoradiography as described by Claassen et al, (1981
aj, 10 measure nutrient distribution around single roots. (i) Thin slicing of
rhizosphere soil (Kuchenbuch and Jungk, 1982). In the latter technique root
systems of a sel of growing rape or ryegrass seedlings are separate¢ from
soil by a Nylon screen which allows root hairs and mycorrhizal hyphae but
not r0o0is to penctrate into the soil. This constitutes a planar system where
nutrienis, in contrast 10 single roots, move in one direction only. After har-
vest the soil is sliced into 0.1 mm layers. The samples, which have a
defined distance from the layer of roots, are then analyzed by usual
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methods. Soil solation congentration around roots was calculated from
these data by means of desorption curves (Claassen et al,, 1981 b),

d} Simulation calculation, mainly based on the Claassen-Barber model
modified as described by Cluassen et al, (1986). To calculate the gradients
required for a given influx, the equation published by Barraclough (1986)
was used.

Results and discussion
Pattern of soil depletion

To understand the phenomenon of nutrient availability in
soils in a quantitative sense, information is required on the
change of the nutrient content in soil caused by nutrient up-
take of plants. As an example, the distribution of Rb-86 (as
a tracer for K) around a single maize root section is shown
in Fig. 1. Within 3 days the soil solution concentration was
decreased from 28 UM in the bulk soil to 1 uM at the root
surface. This decrease severely disturbed the Rb equi-
librium in so¢il. The depletion profile of total Rb shows that
both, desorption of Rb from the solid phase and transport
from the bulk soil toward the root must have occurred.

These profiles develop with time. Their shape depends on
the balance between influx and replenishment (Claassen et
al,, 1981 b). Because of ion competition, K depletion at the
root surface may influence Mg uptake. Since the K influx is
higher, K will usually be depleted faster than Mg. An initial
repression of Mg influx by K can thus be alleviated with
time as found by Seggewiss and Jungk (1988).

The distance of diffusion and therefore the final shape of
the profiles depends strongly on the effective diffusion
coefficient, D, (Jost, 1952; Jungk et al., 1982). Because D,
is affected by buffer power and water content of the soil
{(Nye, 1966), K depletion profiles vary with clay and water
content as well as with K saturation of the soil (Claassen et
al., 1981 b; Kuchenbuch et al., 1986).
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Figure I: Depletion profile of Rb (86Ri>) in the soil and the soil solution
adjacent to a maize rool segment 3 days old. Biilten Luvisol from loess.
Abbildung 1: Rb-Verarmungsprofil des Bodens und der Bodenldsung in
der Umgebung eines 3 Tage alten Maiswurzetabschnitts, Biilten Parabraun-
erde aus Loss, (Claassenet al., 1981 b)




P and K supply to plants

The degree of soil depletion has important effects on the
rate and the amount of K released from the solid soil phase
into solution. Desorption studies with a Luvisol from loess
(Claassen and Jungk, 1982) have shown a strong release of
the K fraction which is non-exchangeable with NH,, when
the ambient solution decreased to 2 - 3 uM K. It is known
that plants can deplete solutions well below this level. In
agreement with this, at the root surface depletion of the HCl
extractable K fraction of the soil was much stronger than
was depletion of exchangeable K (Jungk et al., 1982;
Kuchenbuch, 1983). It is therefore concluded that plants can
mobilize large quantities of soil K by K depietion of the soil
solution.

Previous fertilizer or cropping treatments may also be
reflected by depletion profiles. The example for phosphate
shown in Fig. 2 was obtained from a long term field experi-
ment using the thin slicing technique (Kaselowsky, 1985).
The initial HCl-soluble P content was 445 mg P/kg soil. In
six years under a crop rotation of sugar beet, winter wheat,
and winter barley the value decreased without P fertilizer
application to 385 mg P/kg but increased to 485 mg P/kg
with annual application of 80 kg P/ha. Bulk soil P content
therefore changed slowly. In contrast, P content at the soil-
rootf interface was decreased to 250 mg P/kg within a few
days.

Assuming the total plough layer (4000 t soil/ha) would be
depleted in P to the degree observed in Fig. 2 at the root sur-
face, this quantity of P would be 940 kg/ha in the treatment
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Figure 2; Effect of P application on P depletion profiles in the rhizosphere
of rape root sysiems. Soil samples from a field experiment on Birry
Lavisol from toess. a) Six years 80 kg P/ha anauvally, b) Six years without P
fertilizer, ¢) Initial seil P contem
Abbildung 2: Wirkung der P-Diingung auf P-Verarmungsprofile in der
Rhizosphire von Rapswurzelsystemen. Bodenproben aus einem Feldver-
such in Borry auf 1.diss-Parabraunerde. a) Sechs Jahre 80 kg Prha jihrlich,
b) Sechs Jahre ohne P-Diingung, ¢} P-Gehalt des Bodens zu Beginn des
Versuchs. (Kaselowsky, 1985)
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with P and 540 kg/ha without P application. The difference
of 400 kg between these two treatments developped during
the six years experimental period. This quantity is
equivalent to 67 kg P/ha and year, a value which is fairly in
agreement with the real balance between P fertilizer addi-
tion and P removal by plants. The degree of soil depletion at
the root swiface determined with this technique can be as-
sumed to be almost the maximum possible, because of the
planar experimental conditions. This depletion thus appears
to be a parameter of the P fraction in soil which may be
named potentially available. The word "potentially” em-
phasizes that this fraction, because of its chemical nature,
can be utilized by the plants. In contrast, the fraction below
250 mg P/kg in Fig. 2 is unavailable in this sense. "Poten-
tially”, however, says nothing about the spatial availability
and the rate of transfer from seil into plants which is the
most important determinant of the supply to plants.

Nutrient requirements of plants

The depletion observed at the root surface has revealed
that plants are able to create almost the maximum possible
P and K concentration gradient between bulk soil and the
root surface. This is important for the movement of nu-
trients toward the root surface because gradients are the
driving force of diffusive flux. On the other hand, depletion
may imply severe restrictions of influx into plants because
influx depends on the concentration at the root surface.

Genus, species, and even varieties of the same species
may differ in their ability to grow in soils of low nutrient
content, This may be related to internal or external require-
ments (Fohse et al., 1988), The data in Table 1 were derived
from a pot experiment with seven P levels, Both, P con-
centration in the plant and in the soil or the soil solution
necessary to achieve 80% of maximum growth differed
widely among species. Also, no correlation was found be-
tween internal and external P requirements. Wheat, for ex-
ample, required 1.2 uM P in soil solution or 4 mg fertitizer
P per 100 g soil and achieved 80% of maximum yield with
0.28% P in the dry matter. In contrast, the corresponding
figures for onion were 6.9 UM P in soil solution, 17 mg fer-

Table I: Internal and external phosphorus requirements of seven plant
species for 80% of maximum growth (Holtensen Loess Subsoild

Tabelle 1: Interner und externer Phosphor-Bedarf von sieben Pflanzenar-
ten, um 80% des maximalen Wuchses zu errcichen. (Féhse et al,, 1988)
(Loss-Unterboden Holtensen)

Plant P conc. Soil soln. Fertilizer
specics % in dum, conc. appiication
M P mg P/100 g soil
Onion 0.14 6.9 17
French bean 0.20 4.6 9
W.Wheat 0.28 12 4
Ryegrass 0.33 1.4 5
Rape 0.39 1.4 5
Tomato 0.45 57 11
Spinach 0.83 4.6 9
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tilizer P, and 0.14% P in the dry matter. Because the plants
grew in the same soil and environment it must be concluded
that the differences were caused by differences in uptake
efficiency of the root systems.

Root/shoot ratio (in terms of rodt length per unit of shoot
weight), influx per unit root length, and the period of time a
root section absorbs nutrients have been shown to be the
factors determining nutrient supply of plants (Claassen and
Jungk, 1984). The former two parameters were very dif-
ferent for the plants listed in Table 1. As shown in Fig. 3,
wheat and ryegrass had high root/shoot ratios whereas
spinach, rape and tomato were supertor in P influx per unit
root length when grown with limited P supply. The low
shoot weight of onion and french bean in Fig. 3 can be at-
tributed to their low uptake efficiencies because both
root/shoot ratio and influx were low. The higher uptake ef-
ficienciec of the other species were mainly due to either a
high root/shoot ratio or high influx. The differences in in-
flux could not be explained on the assumption that P had
moved from soil towards reots of cylindrical shape because
P transport from soil was the rate limiting step (see Fig. 6
“root cylinder").

What are the reasons for these differences? This question
can be answered only if the whole complex affecting
nutrient supply is taken into account. The model of Claas-
sen and Barber (1976) integrates the soil and plant factors
affecting nutrient transfer from soil into the plant. It is based
on the mechanisms of transport from soil toward roots by
mass flow and diffusion, and uptake kinetics of roots. It
makes allowance also for the size and growth rate of the
root system. Barber (1984) found good agreement between
calculated and measured P and ¥ uptake values. Claassen et
al. (1986} obtained very similar values for measured and
calculated K depletion profiles of rape seedlings in soil. The
model can therefore be regarded as giving a realistic picture
of the soil-root system in terms of nutrient uptake,
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Figure 3: Phosphorus concentration, refative growth, root/shoot ratio and P
influx of seven plant species grown in a low P loess subscil treated with 5
mg P/100 g soil. Maximal growth was otttained with 40 mg P/100 g soil
Abbildung 3: Phosphor-Gehalt, Relativertrag, Wurzel/SproB-Verhilinis
und P-Influx von sicben Pftanzenarten. Ein P-ammer Léss-Unterboden
wurde mit 5 mg P/100 g Boden gediingt. Das maximale Wachstum wurde
mit 40 mg P/LO0 Boden erzicit. {(Fihse et al., 1988)
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Using this model (Claassen et al., 1986), Miiler (1988)
studied P uptake of field crops on long term field experni-
ments. The results shown for winter wheat in Fig. 4 are
derived from plots under a sugar beet - grain crop rotation
which had been treated annually without P or high quan-
tities of fertilizer P for 20 years. As shown in Fig. 4, calcu-
lated and measured P uptake of wheat were in reasonably
close agreement in case of the high P application. However,
without fertilizer P, wheat took up substantially more phos-
phorus than the model predicted. Influx of P was thus
underestimated in this case,
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Figure 4: Phosphorus uptake of winter wheat measured in a field experi-
ment and calculated by the Claassen-Barber model resp.

Abbildung 4: Phosphor-Aufnahime von Winterweizen im Feldversuch ge-
messen und mit dem Claassen-Barber-Modell berechnet (Versuch Hickel-
heim, Miiller, 1988)

Factors affecting influx

Root morphology.

Root hairs have been shown to influence nutrient uptake
efficiency of roois (Lewis and Quirk, 1967; Bhat and Nye,
1973, 1974; Féhse, 1985). Another root property affecting
the contact between soil nutrients and the root surface is
root radius (Barber, 1984; de Willigen and van Noordwijk,
1987). As shown in Table 2, marked differences between
species were observed in toot radius and both number and
surface area of root hairs per unit root cylinder. With the ex-
ception of onion, root hairs contribute considerably to the
total root surface area, Fohse and Jungk (1983) observed in
nutrient solution culture that root hair formation was inver-
sely related to P supply, a mechanism, which can thus be
regarded significant in repulating uptake efficiency of the
plants.

The Claassen-Barber model was used to quantify the in-
fluence of root hairs. The original model, which did not in-
clude root hairs, resulted in the data shown in Fig. 5a. Ex-
cept for the low range, in most cases calculated influx was
lower than measured influx. Acceptable agreement was ob-
tained only with onion and french bean, the species which
had the smallest proportion of root hairs (Table 2} If,
however, root hairs were included by a calculation proce-
dure developed by Claassen and Syring (in preparation),
agreement with measured values was much better, (Fig. 5b).




P and K supply to plants

Table 2: Morphological properties of roots of seven plant species {calcu-
lated from data of Féhse, 1985)
Tabelle 2: Morphologische Wurzeleigenschaften von sieben Planzenarten

. Root Hairs
Plant Root average  total surface
species radius density length length area
number mm mmrh mm?rh

mim mm r i rh mmrl mm?ra
Onion 0.229 1 0.05 0.3 0.1
French bean 0.145 49 0.20 i1.8 0.4
W, wheat 0.077 46 0.33 20.4 1.3
Ryegrass 0.066 45 0.34 i7.1 1.3
Rape 0.073 44 0.3 8.6 1.3
Tomato 0.100 58 0.17 13.7 0.7
Spinach 0.107 71 .62 41.4 1.9

radius of root hairs = 0.005 mm
1 h = root hair

1 1 =ro0t iength

r a = rool axis

It can therefore be concluded that P influx per unit root
length was strongly enhanced by root hairs. This can be ex-
plained by the enlargement of the root surface and because
root hairs penetrate the soil perpendicular to the root axis,
This gives access to a larger volume of soil per unit root
length. Consequently, P depletion profiles were found to
differ in their radial extension depending on root hair length
(Hendriks et al., 1981).

If P or K availability in soil limits influx into the plant,
diffusive flux from soil to root must be regarded as the
limiting process. Diffusive flux depends on the size of the
concentration gradient, provided other chemical soil proper-
ties remain unchanged. Gradients around roots may be
defined as the difference in soil solution concentration be-
tween bulk soil and root surface. If the initial P and K con-
centration is fow, gradients cannot be high. In this situation,
a root system will be superior which can collect nutrients ef-
ficiently with smaller gradients than another.

What is the relation between root hairs and these
gradients? In field experiments Claassen and Jungk (1987)
found P and K influxes in field crops as shown in Table 3.
Diffusive fluxes from soil to roots must equal influx, The
concentration gradients necessary for such fluxes were cal-

a)Root hairs neglected biReot hairs included
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Table 3: Measured P and K influxes, I,, and calculated gradients in soil
solution concentrations, AC;, required for these fluxes

Tabelle 3: Gemessene P- und K-Influxe, I,, und berechnete Konzentrati-
onsgradienten in der Bodenldsung, AC, die der entsprechende Diffusions-
fluB erfordert

-[n ACI
P K P K
Crop mol [ 10°% emls! M
Winter wheat C09 9 6 27
Winter barley 1.6 10 11 31
Sugar beet 2.5 25 19 86
Winter wheat 0.045 0.4

Root hairs*

* 20 cm 1o:al root hair length per cm root, diameter 5 pm

culated by means of the equation published by Barraclough
(1986). If influx proceeded through the surface of the root
cylinder only (root hairs neglected), these gradients had to
range from 6 - 19 UM P and 26 - 86 pM K as shown in
Table 3. However, such high gradients cannot be created
because the initial concentration in soil solution is often
lower. Yields were in fact unrestricted by P and K.

As shown in Table 2, wheat had a total root hair length of
20 cm per cm of root. If uptake is assumed to proceed
through root hairs only, influx per cm root hair would be
0.045 - 10" mol - em’ls! (Table 3). The P concentration
gradient necessary to meet this influx would be as low as
0.4 pM P soil solution, less than a tenth of that when hairs
were neglected.

This necessary gradient may in reality be not quite as low
because competition between root hairs was not taken into
account. The result, however, demonstrates the order of
magnitude. The result implies that root hairs are more effi-
cient in absorbing phosphate than root cylinders when in-
fluxes per unit area are compared. This conclusion follows
from the fact that the root hairs of wheat had a surface area
of 1.3 times that of the root cylinder they emerged from
whereas the gradient necessary to drive diffusion was less
than a tenth.

The effect of root hairs can be further elucidated by com-
paring depletion profiles of roots and root hairs. As shown
in Fig. 6, which was calculated with the Claassen-Barber

Figure 5: Phosphorus influx per unit root length of
seven plant species. Comparison of measured and
calenlated influx without (a} and with (b) considera-
tion of root hairs

Abbildung 5: Phosphorinflux von sieben Pflanzen-
arten pro Einheit Wurzellinge, Vergleich von ge-

messenem und berechnetem Influx ohne (a) uand mit
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Figure 6: Calculated P depletion profiles of wheat and rape roots or root
hairs using parameters of a loess-derived soil low in available P
Abbildung 6: Berechnete P-Verarmungsprofile der Wurzeln uad der Wur-
zelhaare von Weizen und Raps uater Yerwendung der Parameter eines P-
armen Lassbodens

model, a root cylinder devoid of hairs creates a depletion
profile larger in both, degree of depletion and width of the
depieted zone than does an individual root hair. Phosphorus
concentration at the root hair surface will therefore remain
at a higher level than at the surface of the root cylinder. Up-
take kinetics assumed to be equal, root hairs can thus main-
tain higher influx, The major benefit of root hairs in P sup-
ply of plants therefore seems to be that they enable the root
system to operate effectively with low concentrations in the
soil solution. This demonstrates the importance of diameter
and the peculiar geometric arrangement of root hairs in soil.

Mobilization of nutrients by root exudates.

A change in the chemical environment of roots by sub-
stances released from roots is another strategy of plants to
acquire nutrients of low solubility. Its importance for P and
K supply is not well understood. It is known that plants can
change the pH of the rhizosphere, which may influence the
solubility of phosphate (Hedley et al., 1982, Bekele et al,,
1983). To assess the influence of root-induced pH change
on P availability, Gahoonia (1987) applied different sources
of N. In a Luvisol containing P mainly as Ca phosphates, P
depletion profiles were enlarged by NHy- compared to NO,-
N as shown in Fig. 7. In contrast, with an Oxisol it was
NO;-N which caused a similar enlargement of the P deple-
tion profile.

In soils close to or above pH 7, NO;j is usually the main
source of N. This tends to increase soil pH. In such soils Ca
phosphates prevail, and their solubility is decreased with in-
creasing pH. Therefore, a root-induced pH increase is not
likely to mobilize P in such a soil. However, with rape seed-
lings, acidification was found even with NOz nutrition
(Hedley et al., 1982). In Oxisols on the other hand, NO;
nutrition, which causes pH increase, would be advan-
tageous.

Jungk and Claassen
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Figure 7; pH change and P depletion in soil caused by ryegrass in 10 days
as affected by ammonium and nitrate nitrogen nutrition. Séderhof Luvisol
from loess

Abbildung 7; Einflu von Ammonium- und Nitrat-N-Em#hrung auf pH-
Anderung und P-Verarmung des Bodens durch Weidelgras in 10 Tagen.
Sdderhof-Parabraunerde aus Léss (Gahoonia, 1987)

Mobilization may also occur in the organic P fraction. It is
known that phosphatase enzyme activity is higher at the
soil-root interface than in bulk soil (Tarafdar and Jungk,
1987). In a sterile system YTarafdar and Claassen (1988)
found that roots of clover hydrolyzed phosphate from
phytate, glycerophosphate and lecithin at rates even higher
than P influx into plants. This demonstrated that roots and
not only rhizosphere microorganisms can hydrolyze organic
P compounds. The conclusion can therefore be drawn that
organic soil P mobilized by root-released enzymes, may
also play a role in P nutrition of plants,

Mycorrhizae.
Mycorrhizal symbioses are known to improve P supply of
plants in sotls low in P. The mechanisms of this effect have
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Figure 8: Effect of VA mycorrhiza on the P depletion of an Oxisol pH
(CaCly} 5.3 caused by Capsicum annuum, Duration of experiment 14
weeks

Abbildung 8: EinfluB von VA-Mykorrhiza auf die P-Verarmung eines
Ouxisols pH (CaCly) 5,3 durch Capsicum annuum. Dauver des Experiments
14 Wochen, (Viebrock, 1988)
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long been debated. Viebrock (1988) found P depletion
profiles in soil around VA-myecorrhizal root systems to be
much wider than in non-mycorrhizal root systems, as shown
in Fig. 8. Measurements of the amount of hyphae in the soil
adjacent to the root surface revealed hyphae lengths of up to
1000 cm per g soil. At distances of 40 mm from the root
10 ¢m hyphae per g soil were still found. It can thus be con-
cluded, that the efficiency of VA-mycorrhiza in acquiring P
is largely due to the geometry of the hyphal system. In addi-
tion, chemical or enzymatic mechanisms may also be in-
volved in P acquisition by mycorrhizae.
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