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Abstract: The objective of this study was to compare simulated and
actual potassium uptake by two crops, using soil and plant parameters
obtained from a field experiment conducted in 2003, in Bavaria, southern
Germany. Sugar beet (Beta vulgaris L. cv. Kawetina) and wheat (Triticum
aestivum L.cv. Star) were grown on a sandy clay loam in the field. The K
transport in soil and uptake by the plants were simulated by a mechanistic
model which encompasses uptake by root hairs as well. A sensitivity
analysis was carried out in an attempt to understand the significance of
single soil and plant parameters for nutrient uptake. The simulation model
calculated only 34 % of the measured sugar beet uptake throughout the
growing period. The lowest calculated K influx (only 9 % of measured
value) corresponded to the period June 24"July 8" of highest actual
uptake. Sensitivity analysis showed that, under low K concentrations, K
concentration in the soil solution was the most important factor
controlling K uptake, especially for sugar beet. This indicates that roots
may have increased the K concentration in soil solution by chemical
mobilization. Research is needed to understand the mechanism by which
this is achieved.
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INTRODUCTION

Nutrient availability in the soil and plants ability to acquire nutrients is the
basis for supplying plants with mineral nutrients (Jungk and Claassen
1997). Therefore, both soil and plant properties are important for plant
nutrition. Nutrient availability encompasses the chemically available
nutrients and their movement in the soil. The acquiring ability of plants is
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determined by the size of the root system and by morphological root
characteristics such as root length, root radius and root hairs, and by
physiological properties such as the uptake parameters (In.x, K, and
Cimin) and exudation of solubilizing compounds, which, in turn,
determine the uptake rate per unit root and time or the influx.

Plants change the chemistry of the rhizosphere by changing the pH
through exudation of H', by roots exudates, which comprise both high
and low molecular weight compounds and by interactions with micro-
organisms and/or their exudates (Marschner et al. 1986). Chemical
mobilization of nutrients in the rhizosphere by plant roots can
substantially change the availability of, for example, phosphate and
micro-nutrients (Cakmak ez al. 1994; Beissner and Roemer 1998; Rengel
et al. 1998).

Nutrient simulation mechanistic models enable us to calculate the nutrient
uptake from soils, as affected by the involved soil and plant factors, and
to quantify the significance of individual soil and plant parameters in the
process (Claassen et al. 1986). They provide means of calculating not
easily measurable data and enable testing the correctness of the concepts
about the interactions between plant and soil with regard to nutrient
uptake, by comparing modelled and observed results (Claassen and
Steingrobe 1999).

The aim of this study was to compare simulated and actual K uptake of
wheat and sugar beet, under different K concentrations in the soil
solution, in order to try to explain the underlying mechanisms of nutrient
uptake by these crops.

MATERIALS AND METHODS

Field experiment

The field data were obtained from a long-term fertilizer experiment on a
sandy clay loam with a high K fixing ability having pH 7.2, 33 % clay, 31
% silt and 3.8 % organic carbon in Bavaria, southern Germany. The K
fertilization rates varied from 0 to 1000 kg K ha™ year’'. These treatments
were applied from 1976 till 1986. In 2003, wheat cultivar Star and sugar
beet cultivar Kawetina were sown on 50 m” plots, on the 13" of March



and 04™ of April, respectively. Before sowing, 43 kg P ha'and 80 kg N
ha™' were applied to the soil. Harvests were carried out on 27" May, 24
June, 08™ July, and 05™ August for both crops and on 07" October for
sugar beet. At each harvest date, 3 sub-samples of plants, roots and soil of
each species were taken from random areas of the plots from the 0 kg K
fertilized (-K) and highest fertilizer level of 1000 kg K ha' (+K)
treatments. After each harvest shoot dry weight, potassium content of
shoot dry matter, root length (RL), mean root radius (ry), the average half
distance between neighbouring roots (r;), K concentration in soil solution
(CLi), exchangeable K and the K influx were determined as described by
(El Dessougi et al. 2011).

Model description

Figure 1a shows the four major processes involved in nutrient transport
and uptake: nutrients uptake by plants according to Michaelis-Menten
kinetics (Nielson 1972); transport to the roots along the concentration
gradient governed by mass flow and diffusion (Barber 1962); desorption
according to the buffer power (b) of the soil (Claassen and Steingrobe
1999; Steingrobe and Claassen 2000). The last process, i.e. chemical
mobilization of nutrients by root exudates is not included in the model
used in this research. Figure 1b shows the concentration profile of an ion
in the rhizosphere as shown in Figure 1a.

Plant and soil parameters

The parameters of nutrients transport in the soil used for nutrient uptake
simulation were the concentration in soil solution, buffer power, the
diffusion coefficient, the volumetric water content of the soil, the
impedance factor and the water influx.

The root parameters were the uptake kinetics and root geometry. The
uptake parameters included: the maximum influx theoretically achieved at
infinite concentration, the Michaelis-Menten constant and the minimum
solution concentration at which influx equals efflux or net influx equals
zero. Values were taken from Meyer (1993).

The root geometry were root radius, the average half distance between
neighbouring roots, the root length at first harvest, the growth rate
constant of roots (EI Dessougi et al. 2011), number of root hairs per



centimetre root and average half distance between neighbouring root hairs
(Claassen 1994).

Model output

Potassium uptake in the field was calculated for each soil depth (0-15, 15-
30, 30-60 and 60-90 cm) separately and the total K uptake was obtained
by summing up the uptake from single layers. The calculated influx was
obtained by dividing the total uptake by the average root length and time.

Sensitivity analysis

A sensitivity analysis was carried out to study the effect of the different
parameters used in the model on the calculated K influx and uptake. Each
time, only one parameter was changed while all other inputs are kept
constant. The soil parameters used in the sensitivity analysis were Cy; and
b, while I,,x was chosen to study the effect of the root physiological
uptake capacity on K uptake.
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RESULTS

Under sufficient K conditions the model calculated correctly the
measured uptake in the fields of wheat and sugar beet (data not shown). It
is more important to study the plant performance under deficient K
conditions, hence, only the calculated uptake of plants from unfertilized
treatments will be discussed here.

The calculated K influx for sugar beet was by far lower than the measured
one; however, the degree of under-prediction of K influx by the model
varied between the different growth periods (Fig. 2). Generally, the model
calculated only 34% of the actually measured uptake, and the least
calculated K influx was in the period June 24"-July 8" 2003. It is
interesting to note that it was, at this growth period, the highest actual
uptake occurred. On the other hand, calculated and measured K influxes
of wheat were more or less equal in the period May 27 "—June 24™. In June
24™_July 8" however, the model calculated only 40% of the actual K
influx.

Sugar beet and wheat decreased the concentration at the root surface to
about 0.5 uM, which corresponds to 12 % and 22 % of the actual Cy; of
sugar beet and wheat, respectively. The respective ACy, were 4 and 2 uM.
No root competition existed, since the concentration at r; reached the
value of Cy; (Fig. 3).

The sensitivity analysis showed that, under field conditions, and for both
crops, only a higher Cp; value would be effective in covering the gap
between the calculated and measured influx (Fig. 4). The influence of Cy;
on calculated influx was similar for the two crops; however, for sugar
beet the discrepancy between measured and calculated influx was much
higher. Hence, doubling Cy; value for wheat was enough to equalize
calculated and measured influx, whereas the Cy; value for sugar beet had
to be increased by factor 10 in order to achieve the same effect. Since
both crops created the highest possible ACp (Fig. 4) and as such
maximum diffusive flux to the roots, an increased I.x or b would not
improve the calculated uptake. Even by increasing both parameters by
factor 10, the calculated influx was not equal to the measured one.
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Figure 2. Measured and calculated K influx of wheat and sugar beet
grown on a sandy clay loam in the field without K fertilization
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Figure 3. Calculated concentration profiles of K in soil solution around

the roots of sugar beet and wheat grown on a sandy clay loam in
the field
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Figure 4. Sensitivity analyses for sugar beet and wheat grown on a sandy
clay loam in the field

The diffusion path is through water-filled pores only, hence, ® affects
both the diffusion path and the diffusion cross-sectional area. At high
volumetric water content (®), the diffusion path will be more direct than
under low ® conditions, where the ions will pass through a longer and
more tortuous path, i.e. they will be met with higher resistance. This
resistance is described by the impedance factor (f), where f is the inverse
of the resistance. The combined influence of ® x f on the calculated K
uptake was evaluated, since changing ® changes f, and the relation
between both factors is nearly linear in the range of available water
(Bhadoria et al. 1991). Since ® and f describe the nature of the diffusion
path, it is expected to be very influential on calculated K uptake.
Influence of ® x f on calculated K uptake, although greater than the
influence of I..x and b, was, however, by far lower than that of Ci;.
Increasing © x f by factor 10 helped to explain the discrepancy between
calculated and measured influx for wheat, whereas that increased
calculated uptake of sugar beet by 50 % (Fig. 5).
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Figure 5. Calculated concentration profiles around the roots of sugar beet
grown on a sandy clay loam in the field at low and high ® x f
conditions

In a dry soil, the diffusion coefficient (D) is small and the plant needs
steeper gradients in order to increase the flux to the roots. This is possible
through the smaller extension of the depletion zones in dry as compared
to wet soil (Fig. 5). However, in dry soils nutrient mobility is by far much
reduced resulting in low flux to the roots and accordingly uptake per unit
root. Hence, the roots would not be able to improve the low transport
encountered under dry soil conditions by decreasing Cy to a lower value.

Using Fp =—De.€;—c— and for the extension of the depletion zones Ax
X

=/I1D. ¢, it can be shown that Fp is proportional to/®f . This explains

also the non linear function of ® x f to the flux in comparison to the
linear relation found between the soil solution concentration (Cy;) and the

diffusion flux since D, = D, Of %



DISSCUSION

Calculated K uptake of wheat was only realistically estimated by the
model in the period May 27"-June 24" 2003. It seems that the created
ACp was enough to provide the necessary concentration gradient needed
to drive nearly the actually measured K flux to the roots. However,
calculated K uptake was under- predicted by nearly 50 % in the period
June 24" —July 8™ and was very much under-predicted for sugar beet,
especially in July, the time of highest K requirement. The results are in
variance with those of Claassen (1994) who found similar calculated and
measured K uptake by sugar beet, with and without fertilization, and
under-prediction of K uptake for wheat in July in the unfertilized
treatments only.

Both crops decreased the Cy, to around 0.5 uM, as was shown by the
concentration profiles around the roots of wheat and sugar beet in the
period June 24™-July 8" Due to the higher Cy; on sugar beet plots, a
higher ACp was possible and, consequently, steeper concentration
gradients and higher diffusive transport to the roots. Hence, sugar beet
was able to achieve a higher influx in comparison to wheat. Nevertheless,
the calculated influx of sugar beet, in the period 24 June — 8 July, was
somewhat lower than that of wheat (Fig. 2). The calculated uptake was
obtained by summing up the uptake from the single soil layers (0-90 cm).
The K concentration in soil solution at the 15-30 cm was very low (1.43
uM); consequently, the calculated uptake in this layer was also low. This
explains the observed discrepancy, since Figure 3 represents only the
calculated concentration profiles in the soil layer 0-15 cm. It is interesting
to note that in July, the period of highest demand for K, and although Cy;
and ACp were lower than in June and the actual uptake was highest, the
model calculated the least (9 %) uptake.

The reasons for the large discrepancy between calculated and measured K
influx could not be attributed to an incorrect determination of input
parameters. As shown in the sensitivity analysis for sugar beet, only
increasing the Cp; could explain the discrepancy between measured and
calculated influx. For wheat, the gap between measured and calculated
influx could be bridged by a higher Cy; or else by a higher ® x f value. It



is obvious that K transport was the limiting factor for K uptake. As such,
although ® had a greater influence on calculated uptake since it
influences mainly (D.), and the values of ® varied greatly during the
different growth periods (0.36-0.44), but higher ® values, at least for
sugar beet, did not cover the discrepancy between observed and
calculated influx. For wheat, a factor 10 increase of ® x f increased
calculated K influx to a value similar to that actually measured; however,
such a large increase is not realistic.

Concentration in soil solution can be measured, relatively accurately, and
as such it is least possible that the values used in the modelling are
incorrect. For wheat, doubling the Cy; was enough to cover the observed
discrepancy between measured and calculated influx, whereas for sugar
beet a 10 times higher Cy; was needed. If we assume, which is most
unlikely, that incorrectly only half the K concentration in soil solution
was measured in the case of wheat, it would be impossible to assume that
only one tenth of the actual C;; was measured for sugar beet. Hence, a
wrong Cy; could not be the reason to explain the observed discrepancy.

The root physiological characteristics or the uptake kinetics (Iax, K, and
CrLmin) Were not measured directly in the soil, as such the probability of
inaccuracy is much higher by those factors. Claassen (1994) attributed the
reduced K uptake by sugar beet in June to a very high K, value, since the
plants, even under K deficiency conditions, were unable to further
decrease the concentrations at the root surface and, therefore, increase the
K flux to root. However, when the transport in the soil is limiting uptake,
improving K uptake kinetics such as increasing I.x or decreasing K, and
Crmin Would not help in increasing calculated potassium uptake. This is
because both crops created the highest possible ACp and as such
maximum diffusive flux to the roots, a higher I,x or b value would not
influence the calculated K uptake. This is especially true for sugar beet,
where the sensitivity analysis showed that increasing I.x by factor 10
resulted in only 11 % increase in calculated K uptake. Increasing I,,x had
a somewhat higher effect on calculated K uptake of wheat; nevertheless, a
further decrease of Cry to minimum concentrations would not be enough
to explain a difference of 50% between calculated and measured uptake.



The reason for the observed discrepancy between the measured and the
calculated uptake could be due to the fact that the model describes only
sorption and transport of nutrients in the soil as well as uptake. However,
it seems that the plants did influence the rhizosphere chemically, thereby
increasing the nutrient availability. The increased nutrients availability
had a similar effect to that of an increased Cy; in the model. The source of
the larger amount of available K may be the non-exchangeable K. Meyer
and Jungk (1993) explained the discrepancy between measured and
calculated K uptake by including the release kinetics of the non-
exchangeable K in the model. Whether the release of non-exchangeable K
is due to some root exudates, such as organic acids or protons which
exchange for K or some other phenomena, is not known.

An interesting observation is that the plants in the field were able to
achieve a much higher influx as compared to those grown under
controlled conditions (El Dessougi et al. 2002). Evidence exists that plant
roots cause acidification in the rhizosphere by light dependent active
excretion of H™ (Mengel and Malissiovas 1982). Therefore, the higher
light intensity in the field, as compared to the growth chamber, could be
the reason for the higher K influx of plants grown in the field. The
excreted H', probably accompanied by the release of organic anions, must
be of vital significance for many reactions going on in the rhizosphere.

In contrast to the role played by organic acids in mobilizing phosphate
and micro- nutrients (Gerke 1993; Cakmak et al. 1994; Beissner and
Roemer 1998; Rengel et al. 1998), very little information is available on
the role played by organic acids on K mobilization in the rhizoshere.
Citric acid, added in a quantity analysed in the rhizosphere of the proteoid
roots of white lupine, is reported to increase the amount of electro-
ultrafiltration (EUF) extractable non-exchangeable K of the soil (Steffens
and Zarhoul 1997). The plants exude ions, for example protons, in the
rhizosphere which lead to higher release of non-exchangeable K
(Kuchenbuch 1983). However, Springob and Richter (1998) showed that
additional proton-induced release of non- exchangeable K is negligible
above pH 4; thus, it might not be that only the substances exuded by the
roots are the reason for increasing the availability of K in the rhizosphere.



CONCLUSIONS

1.Higher calculated nutrient availability can be obtained by the model only
if Cy; 1s increased.

2. Some processes which increase the availability of nutrients occur in the
rhizosphere.

3.More research is needed to investigate the processes involved in
increasing nutrient availability in the rhizosphere

REFERENCES

Barber, S.A. (1962). A diffusion and mass-flow concept of soil nutrient
availability. Soil Science 93, 39-49.

Bhadoria, P.B.S.; Ksaelowski, J.; Claassen, N. and Jungk, A. (1991).
Impedance factor for chloride diffusion in soil as affected by

bulk density and water content. Journal of Plant Nutrition and
Soil Science 154, 69-72.

Beissner, L. and Roemer, W. (1998). Der Einfluss von P-Ernaehrung und
pH auf die Phosphataseaktivitaet van Zuckerruebenwurzeln.
Journal of Plant Nutrition and Soil Science 162, 83-88.

Cakmak, I.; Ekiz, K.; Gueluet, Y.; Marschner, H. and Graham, R. D.
(1994). Effect of zinc and iron deficiency on phytosiderophore
release in wheat genotypes differing in zinc -efficiency.
Journal of Plant Nutrition 17, 1-17.

Claassen, N. (1994). Naehrstoffaufnahme hoeherer Pflanzen aus dem
Boden: Ergebnis von Verfuegbarkeit und
Aneignungsvermoegen. Zweite unveraenderte Auflage.
Severin Verlag. Goettingen, Germany.

Claassen, N. and Steingrobe, B. (1999). Mechanistic simulation models
for a better understanding of nutrient uptake from soil, pp.
327-367. In: Mineral Nutrition of Crops. Fundamental
Mechanisms and Implications. 7. Rengel (Edt.). Food
Products Press, U.S.A.



Claassen, N.; Syring, K.M. and Jungk, A. (1986). Verification of a
mathematical model by simulating potassium uptake from soil.
Plant and Soil 95, 209-220.

El Dessougi, H.; Claassen, N. and Steingrobe, B. (2002). Potassium
efficiency mechanisms of wheat, barley and sugar beet grown
on a K fixing soil under controlled conditions. Journal of
Plant Nutrition and Soil Science 165, 732-737.

El Dessougi, H.; Claassen, N. and Steingrobe, B. (2011). Potassium
efficiency of wheat, barley and sugar beet evaluated under

field conditions. Uuniversity of Khartoum Journal of
Agricultural Sciences 19 (1), 26-48.

Gerke, J. (1993). Chemische Prozesse der Nahrstoffmobilisierung in der
Rhizosphiire und ihre Bedeutung fuer den Uebergang vom
Boden in die Pflanze. Habilitationsschrift. Cuvillier Verlag.
Goettingen, Germany.

Jungk, A. and Claassen, N. (1997). Ion diffusion in the soil-root system.
Advances in Agronomy 61, 53-110.

Kuchenbuch, R., (1983). Die Bedeutung von lonenaustauschprozessen im
Wurzelnahen Boden foer die Pflanzenverfoegbarkeit von
Kalium. Dissertation. Univarsitaet Goettingen, Germany.

Marschner, H.; Roemheld, V.; Horst, W.J. and Martin, P. (1986). Root-
induced changes in the rhizosphere: Importance for the

mineral nutrition of plants. Zeitung fuer Pflanzenenernaerhung
und Bodenkuende 149, 441-456.

Mengel, K. and Malissiovas, N. (1982). Light dependent proton excretion
by roots of entire vine plants (Vitis vinifera L.). Zeitung fuer
Pflanzenenernaerhung und Bodenkuende 145, 261-267.

Meyer, D. (1993). Effizienz von Kulturpflanzen bei der Nutzung des
nichtaustauschbaren Kaliums von Boeden. Dissertation.
Univsrsitaet Goettingen, Germany.



Meyer, D. and Jungk, A. (1993). A new approach to quantify the
utilization of non- exchangeable soil potassium by plants.
Plant and Soil 149, 235-243.

Nielsen, N.E. (1972). A transport kinetic concept of ion uptake from soil
by plants. II. The concept and some theoretical considerations.
Plant and Soil 37, 561-576.

Rengel, Z.; Roemheld, V. and Marschner, H. (1998). Uptake of zinc and
iron by wheat genotypes differing in zinc efficiency. Journal
of Plant Physiology 152,433-438.

Springob, G. and Richter, J. (1998). Measuring interlayer potassium
release rates from soil materials. II. A percolation procedure to
study the influence of the variable "solute K" in the <1 ... 10
uM  range. Zeitung fuer Pflanzenenernaerhung und
Bodenkuende 161, 323-329.

Steffens, D. and Zarhoul, K. (1997). Exploitation potential for non-
exchangeable potassium of Lupinus albus L. and Triticum
aestivum L., pp 511-512. In: Plant Nutrition for Sustainable
Food Production and Environment. T. Ando et al. (Edts.).
Kluwer Academic Publishers. Dordrecht, Netherlands.

Steingrobe, B. and Claassen, N. (2000). Potassium dynamics in the
rhizosphere and K efficiency of crops. Journal of Plant
Nutrition and Soil Science 163, 101-106.



2011 ¢ ) saall — e i) alaal : el 3l o slall o sl Al daals Alae

Jlariaaly Jial) (g b ciad (il guanay p ganill gl (alialia) (i

5B s 5 QIS G st 5 B smeal) aanl sl (salia

37075 1 & Jidpud JUAS (AL dnala e 30 slasSl) 2gaa
Lilallc (5 68

Lgunall dadlly Aledll da@ll LHed dual sda Caiaa el
o bl 5 a4 ) (lalea) ulea aladiuly cul peanal o gl ) aliaiaY
Caicall) madll g5 Lild) i AL D003 ale cual dlis 4 e
Gl a3 Al dgle)y dpab 450 8 (LS Canall) Sl jany (Ll
e zisal Juexindy bl Al 5y dusliaial g o gpuli sll JEBI 3 52
d.d;; LS,);\ MJJAM u_a\).u...d\_m e}mb}\]\ ual-m-m‘ _)\4.1.:\2“ ‘_g J;Lm
sabaid & clilly 4l Gallad Al pedl Uglaa S dpulual)
il palaial) (e Ll %34 Clus (e z3saill Sai 4l jualiall
G sl palaie Gla JB S gaill 3y Jigha Sl e
sl ad palaial el L eh;d\ silsy 8-sis 24 5yl
& el 5 o) Gl aa gk Cad [huluall Jia5 g
Aawily ALl apligl) paliaie) b aSatie ddle aal OAS 3 Jgla
Jolae (A pomlisll S 5 Gl 06888 )l o) s 1a Sl el
ANV agdl Gl e a5l Aala ellia | SLeSh el sl A )

IAYSRPE

O gl sha jal) ca sl jal) Aaala el ) 3l AQIS dglial) Jualadll aud!



