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EAA®OAOTIA.— Modelling potassium uptake by wheat toots from field soils, By
I K. Mitsios - A. D. Simonis*, 1d tod ’Axkadnpaikod k. ledvvn
[Maraddxn.

ABSTRACT

A mathematical model is derived to make possible the calculation of the uptake of potassium
by a wheat crop in the field.

This model id based on the potassium supply characteristics of the soil using measurements
with onion roots and the Heming and Rowell model and is applied to field situations for known root
densities. A computer programme is written for solution of the mathematical model, The computer
programme calculates potassium uptake by the growing wheat root system at time intervals for (two
British and two Greek clay-rich soil) Abbots Ripton soil, Boxworth soil, a vertisol and an Endisol. The

four soils supply potassium from the 0-10 cm layer in amounts adequate for the wheat crop.

INTRODUCT I ON

The relative contributions of exchangeable and non-exchangeable K to potassium
uptake by onion raots at varying roots densities in two British and two Greek clay rich
soils have been established by Mitsios and Rowell (1987 a,b). The Heming and Rowell
model (1987 a) allows calculations of release and uptake of exhangeable K from soil
near the root in the presence of exchangeable K moving from further away. It can be
adjusted to give values for longer times than those used in the single onion root
experiments and for different moisture conditions similar in some cases to ‘field
situations (Mitsios and Rowell 1987 a,b). However an understanding of root growth
and activity in the field is necessary before a comprehensive study of potassium uptake
is possible. Gregory (1976) in a field experimentation with winter wheat showed the
importance of field studies in understanding root growth and activity. He showed how
root growth may be changed by soil conditions.

It is generally accepted that potassium uptake by crops depents on (i) morfology
and rate of growth of the root system (ii) the potassium absorption characteristics of the
root system, and (iii) the potassium supplying characteristics of the soil. There is there-
fore a need to have a mathematical model based on fundamental principles that orga-
nize the mechanismus involved in the process of ion uptake by plant roots growing in

the field.
A computer model was written by Claassen and Barber (1976) based on the Nye

and Marriott (1976) theory for flux by mass flow and diffusion of nutrients to the root.
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TABLE 1

Properties of the soils

Abbots  Boxworth  Vertisol  Entisol

Ripton
Chemical analysis
PH 7.45 7.50 6.70 7.60
CaCO, (%) 0.80 1.08 0.08 - 410
Organic carbon (%) 1.70 1.30 0.89 1.37
C.E.C. (meq kg-) 242.0 307.0 282.0 349.0
Phosphorus:
resin extraction (mgkg 1) 50.0 36.0 33.0 6.0
Magnesium ADAS method (umolgt)  >250 192 >250 128
Pottasium:
i. ADAS method (pmolg-!') 7.80 6.11 4.65 11.25
ii. NH,0AC leaching pmol-!) 8.30 6.30 4.13 11.90
Particles size analysis (%)
Clay (<2 um) 43 45 39 74
Silt (2-50 pm) 30 26 50 24
Fine sand (50-200 wm) 13 16 10.2 1.4
Coarse sand (>200 pm) 14 13 0.8 0.6
Mineralogy of <2 pm fraction
Dominant minerals K SM-M, K M, SM* K, V.ch, M
Secondary minerals SM,M,CH M, Q K -
Trace minerals Q ped ch Q, Kd Q

KEY: K= Kaolinite, SM= smectite, M= mica, SM-M= interstratifield-mica, V-ch= interstratifield
vermiculite-chlorite, ped ch= pedological chlorite, SM*= smectite with some hydroxy interlayers,

Q= quartz, Fd= feldspar
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TABLE 2
The soil properties and fitted parameters of the Heming and Rowell model (1985a)

Abbots  Boxworth  Vertisol Entiso

Ripton
©®, Volumetric soil water content,
cm3cm-3 (saturated) 0.48 0.49 0.48 0.48
fl, impendance factor for saturated
soil 0.34 0.43 0.43 0.43

©®, volumetric soil water content,

cm3cm-3 (mid-way between field

capacity and wilting point) 0.28 0.29 0.28 0.28
fl, impendance factor, (soil water

content mid-way between field

capacity and wilting point) 0.146 0.18 0.185 0.18
K concentration before

cropping (uM) 285 113 134 175
Kex (isotherm) pmolg-1) 4.8 2.7 3.2 5.7
. Buffer capacity (umolgt pM™) 0.016 0.024 0.024 0.032
Buffer power, b’ (dimensionless) 14.39 20.02 241 35.08
Calculated D values before

cropping (107 ¢cm? s-1) 2.22 2.06 1.68 145
Surface K (pmolg-!, resin

suspension) 5.4 3.9 35 7L
Release rate, JG (10 %umolg! s;”

resin suspension) 41 3.8 4.02 4.35

Fitted release rate J{, Heming
and Rowell model (10% pmolg -

S=i/ ) 5 4.2 5 7i
Critical release concentration (K)c
(umolg-1) 1.4 0.8 0.9 1147

(+M) 85 33 37 53
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However, they assumed that potassium uptake parameters remain constant during the
growth period inaninfinite volume of soil. Also a mathematical model was derived by
Nye (1979) for the uptake of nutrients by root system growing in uniformly mixed soil
assuming average values for absorption and steady state conditions.

In this paper the supply of exchangeable and non-exchangeable potassium to
wheat crop in the field is examined. Further aim of the paper is to be used as basis for

future thought and development.

SOIL CHARACTERISTICS

Four arable soils have been used. Two were Chalky Boulder Clays of the Hanslope
series. The first, taken from the Abbots Ripton Experimental Husbandry Farm,
Cambridgeshire, has a history of non-fertilization and adequate natural potassium
supply. The second was a subsoil from Boxworth Experimental Husbandry Farm. It has
less exhangeable K than the previous one but a similar texture. The other two were
Greek clay soils. The first was a Vertisol on alluvium parent material and the second an
Entisol on dolomitic parent material. This soil had the highest exchangeable K. Table 1
gives the soil properties. Air dry soil (<2mm) was crushed gently to pass through a
0.5 mm sieve and was uniformly moistened to about 25% and stored aerobically for 3
months before use. The onion root experiments as well as soil and plant analysis were
done in the same way as those described by Mitsios and Rowell (1987 a). Potassium
uptake data for the four soils was presented by Mitsios and Rpwell (1987 a,b). The
potassium concentration in solutions before cropping were 285, 113, 134 and 175 uM
for Abbots Ripton, Boxworth, Vertisol and Entisol respectively. The exchangeable K
(Kex) measured by the extrapolation of the straight line part of the desorption isotherm

differs significantly and it is between 2.7 and 5.7 pmolg-! (Table 2).

DIFFUSION OF EXCHANGEABLE K AND RELEASE OF NON-EXCHANGEABLE K:
HEMING AND ROWELL MODEL

The soil parameters that are involved in the Heming and Rowell model
(1985a) are as follows:
J(= release rate, derived from a straight line fitted to the second stage of the release to Ca-resin by soil
suspension over nine days (accumulative release vV/T),

Kex = exchangeable K measured by the exctrapolation of the straight line part pf the desorption
isotherm, b

Knex = non-exchangeable K which is both slowly release K, and desorbed K represented by the
lower curved part of the isotherm,

(K) c=critical value of Kex in any cylindrical shell around the root below which the slow release
of Knex occurs,

D = diffusion-coefficient for exchangeable K.
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The model was fitted to the plant uptake data (Mitsios and Rowell 1987 a,b) to
give the best fit values (Table 2) as follows. Kex is the best estimate of the total amount
of exchangeable K (pumolg!) giving diffusion coefficients (D) that fit well to those
calculated using the Nye and Tinker equation (1977) from the (adjusted) buffer power.
The lower buffer capacity and tortuosity factor (fl) of Abbots Ripton soil is propably the
results of the kaolinite dominated clay fraction.

For all soils the fitted slow release rate,(J{), is higher than the values measured by
Ca-resin (between 10% and 61% higher). The fitted (K)c values are between 0.8 and 1.7
pmolg™. However, if the above values of (K)c are re-expressed in pM the potassium
concentration at which release of Knex occurs varies significantly and it is between 33
and 85uM (Table 2). Critical release concentration depents on the type of clay. Rate of
release is not directly related to the critical concentration presumably because the rate
depents on the amount of K-bearing minerals in the soil as well as the type. Information
on clay mineralogy is insufficient. And therefore it can not aid the interpretation of
these relationships, although the Entisol with the highest clay percentage does have the
highest release rate, and the Abbots Ripton soil with highest critical conentration has

the lowest content of smectite and micaceous clays.

A MODEL OF UPTAKE BY DEVELOPING ROOT SYSTEM.
THE THEORY

The rate of potassium uptake from unit volume of soil will be influenced by the
distribution of roots within it and by the time each root has been exploiting it (Nye and
Tinker, 1979 p. 219). Thus, it is difficult to take into account the variation in uptake
performance -along and between individual roots. The model makes the following
assumptions:

—Each root may be assigned a concentric zone of expoitation. In practice the zone
expoited by a root will be of irregular shape, but may be approximated by an equivalent
cylindrical volume.

~The major part of the uptake of potassium occurs in the upper 20cm of soil. Root
density is high in the upper 20 cm of soil layer and the depletion zones of individual
roots soon overlap. As new roots appear they increase the root density and have to grow
into soil that has already been depleted (see diagram I).

For the new roots the uptake of potassium is assumed to occur as though they had
been in the soil from time zero. Uniform depletion between roots is therefore assumed
and the uptake rate per unit length is approximately the same as the uptake rate per unit
lenght of the old roots. This assumption was necessary because we have no data or

calculations available with respect to the amount of potassium taken up by new roots
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growing into partially depleted soil (diagram II), although the Heming and Rowell model
(1985 a) may be developed to give such predictions.

The main assumption must underestimate the supply of potassium to the new
roots, since although Kex is soon depleted throughout the soil volume, Knex will only
be affected close to the older roots. Thus in a refined model it should be possible to start
these new roots from a new zero time with a rate of uptake of Knex dependent

on the time. Modelling the uptake by roots deeper in the soil profile is possible with the
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assumption that no overlap of depletion zones occurs. For each time step a new set of
roots would begin to feed with a new zero time. However, because the root length is
relatively small, the uptake from deeper layers has not been calculated. This omission
needs to be examined because it may be that the rapid uptake of exchangeable potassium
per unit lenght by these few roots is significant in comparison to the slower uptake of

(predominantly) Knex per unit length by the roots in the upper layer.

DEVELOPMENT OF THE MODEL

The root density (Lv), expressed in cm root / cm3 of soil, has been measured (Fig.
1) in the field (Gregory, 1976) at different times (days) ti (t1,t2........... tn). Let.the root
density be Lvi (ti) at time ti. As potassium uptake depents on root density, i.e. K=f (Lv)

potassium uptake may be written as follows:
K (tn)=f1[Lv1(12-t1)] +H2[Lv2(t3-t2)....fn-1(Lvn-1(tn-tn-1)] [1]

In this equation it is assumed that the new roots behave like the old ones, as well
as that all roots take up potassium at the same rate over the same time interval.

The uptake of potassium in relation to the root density has been evaluated for dry
soil conditions (® is volumetric soil water content,cm®.cm-3, approximately mid-way
between field capacity and wilting point) see Table3 and Fig. 2 and 3, using the following

equation:
K=AL3v+BLv+(C[, 2]

where K is potassium uptake, pmolg-1 for lem root for a specified time period
Lv is the root density, cm root / ¢cm3 of soil
A, B and C[y are constants shown in Table 3 for each curve.
Assung that the root density increases linearly, the mean root density between

times t1 anB t2 may be gives as follows:
Ivi = ati +C 3/

where as 1s constant

Thus Lv1=at1+C and Lv2=at2+C
LV2-Lvi and C= Lvi+t2-Lv2t1

12-t1 £2-t1
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2. Potassium uptake during zero to 10 days growth period under dry conditions (©, volumetric soil

water content, cm3cm-3, mid-way between field capacity and wilting point).
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The mean value of root density, Lv, between t1 and t2 can be given as follows:

Toe Lvi+lv2 _ (at1+C)+(at2+C) ‘therefore,
9 )i
-]:v___ ‘8!(2-[1 H‘C
. A
TABLE 3

Regression analysis data for four clay soils under dry conditions Potassium uptake

pmolg-t as a function of root density (Lv cm/cm?)

Soils Period  Potassium uptake r

of uptake equation

(days)
Abbots 0-10 K= 0.0633+0.552Lv-0.012L2v 0.999**
Ripton 0-16 K= 0.102+0.77Lv-0.0185L2v 0.998**
Boxworth 0-10 K= 0.0205+0.337Lv-0.08411L%v e
0-16 K= 0.0437+0.458Lv-0.0117L2v 0.999**
Vertisol 0-10 K= 0.0166+0.372Lv-0.0102L2v il
0-16 K= 0.0213+0.523Lv-0.01555L2v =
Entisol 0-10 K=-0.017+0.615Lv-0.0263L2v e
0-16 =-0.0204+0.862Lv-0.0374L2v L

Regression analysis must be used to derive equations for intervals up to 112 days
of uptake (Table 4). If the equation of the curve fits for the ndays period then the
potassium uptake per day must be K/n (Snedecor and Cochran, 1980) or:

K/n=A/nL2v+B/nLv+C / n Bl

where A, B and C are constants shown in Table 4 for each curve
or K=AL2v+BLv+C’ [6]

so, for a period t1 to t2 the cumulative amount of potassium is given as follows:

t2
= f (AL2v+BLv+Cdt
total

[7]
t
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Fig. 3. Potassium uptake during zero to 16 days growth period under, dry conditions (@, volumetric soil

water content cm3cm-3, mid-way between field capacity and wilting point).

Substituting [4] into [7] and solving the differential equation we get the analytical

solution.
a2
Ktotal =A3L (t2-13)3+(A ‘aC+B’a/4) (12-t1)2+(2A'C2+B'C) (12-t1). 8

A computer programme was written in BASIC. The computer programme
calculates potassium uptake at time intervals, based on uptake data from onion roots
measurements (Mitsios and Rowell, Part 1 and part II 1987) and the Heming and
Rowell model (1985 a) and applies them to field situations for known root densities of
wheat crop. In our case the computer programme calculates potassium uptake at time
intervals for the Abbots Ripton soil, the Boxworth, the Vertisol and the Entisol. The
results are given in Table 5 for potassium uptake by the growing wheat root system from

0-10cm depth.
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TABLE 4

509

Regression Analysis Data for Abbots Ripton Soil for intervals up to 112 days unter

dry conditions (0= 0.28 cm3 cm-3). Potassium uptake umolg-1 as function of root

density, Lv em/cm3.

Days Time Potassium uptake R2 r
after  intervals equation (%)

sowing

118  (Time 0)

128 0-10 K= 0.0633+0.552Lv-0.012L2v 99.9 0:999%>
138 10-20 K= 0.071+0.325Lv-0.00867L2v 997 0.998%*
148 20-30 K= 0.070+0.268Lv-0.00788L2v 99.5 0,907+*
160 30-42 K= 0.078+0.282Lv-0.0170L2v 991 0.995**
168 42-50 K= 0.0451+0.178Lv-0.00762L2v 98.1 0.994**
178 50-60 K= 0.0427+0.221Lv-0.01L2v 99.2 0.996**
188 60-70 K= 0.0313+0.219Lv-0.0105L2v 99.5 0.997**
195 70-77 K= 0.0192+0.147Lv-0.00716L2y 99.5 0.997*+
209 77-91 K= 0.0303+0.293Lv-0.0147L2v 99.7 0.998**
223 91-105 K= 0.0221+0.293Lv-0.0153L2v 99.8 0.999%*
230 105-112 K= 0.0166+0.143Lv-0.00752L2v 99.5 0.997*+
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DISCUSSION

The amounts of K uptake calculated with the proposed model are presented in
Table 5. This model is based on potassium characteristics of the soil using measurements
with onion roots and the Heming and Rowell model and it is applied to known root
densities of wheat crop in the field. These predictions are given for water content (©)
which is approximately mid-way between field capacity and wilting point in all cases.

Entisol soil contributes to wheat crop the highest amount of exchangeable (K)
(Kex) and this seems to be the most important factor in controlling the contribution of
non-exchangeable K (Knex) to K uptake by plant because the other properties of the soil
suggest that it should supply Knex easily (Mitsios and Rowell 1987b). Also, it has the
highest release rate and (K)c, and its low D value (Table 2) would cause the
developemnt of steeper concentration gradients near the root than the other soils. The
uptake by the root is more rapid from Entisol soil but with its large amounts of
exchangeable K(Kex) the release of no-exchangeable K(Knex) is delayed. Thus the
contribution of Knex in that soil seems to be less than the contribution of the other
soils. However, the proposed model does not differentiate between exchangeable
and non-exchangeable K. Nevertheless it calculates potassium uptake from the soil by
growing wheat root system in the field.

The Abbots Ripton soil contributes potassium to wheat crop, 9.50 wmolg-1.
However, the Boxworth and Vertisol contribute less potassium than the Abbots Ripton
soil, 6.10 and 6.64 pmolg-1 respectively. The Abbots Ripton soil larger amount of
exchangeable K, and diffusion coefficient (D) as well resulting in higher potassium
supply than the Boxworth soil and Vertisol. ‘

Assuming that the 0-10 cm depth layer weighs 1666t. ha-1 the potassium supply
of Abbots Ripton, Boxworth, Vertisol and Entisol soils, will be 617, 396, 431 and
645kg. ha-1 respectively for the indicated period (25th February until anthesis i.e. 118-
230 days after sowing).

The wheat plants in Gregory’s experiment needed 206 kg. ha-1 potassium to give a
grain yield of 6.45 t. ha-1.

The above calculated amounts of available K, therefore may be considered

sufficient to cover the needs of a wheat crop for a good grain yield.

CONCLUSION

A mathematical model has been proposed for predicting potassium uptake from
soil by a growing wheat root system in the field. The model uses potassium uptake data

from onion root experiments and the Heming and Rowell model (1985a) and applies
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them to a field situation. The main assumption of the model is that in the topsoil roots
are developed in a finite soil volume and that as new roots appear they increase the root
density and grow into uniformly depleted soil. So the uptake rate per unit length of the
new roots is approximately the same as the uptake rate per unit length of the old roots.
However, the model does not take into account the amount of potassium taken up by
new roots growing into partially depleted soil, resulting in an underestimation of the
potassium supply to the new roots.

A copy of the computer programme can be supplied on request.
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NMEPIAHYH
Movtéro mpéoAndmg Tob xahiov Tol &ddpoug we Tig pileg oiTaplod

"Eva pabnpatied povrého xataoxevdotxe yid Tov Hrohoytopd tc mpboindme
xahiou Tol €ddpoug pE TV xahhépyera Tob ortaprol. To wovrédo Basiletar otk
XXPOXTNPLOTIXG TapoYc Xahiov ToD E8dgpoug, mwod mpoadiopioTnxav uE pilec
xpeppudiob xal T6 povrédo Tév Heming xai Rowell xal ioydet yi& yvwotég muxvétyreg
pl@v Tob ortaplol otdv dypd. ‘H émihuon tol pabnuatieob wovtédov Eywe pt ™
BoRBera mpoypdupato NAextpovinol Hmoroyiotd. To mpbypapua Hmohoyiler Thy
Tp6oANYn xahiov pE To avanTussduevo plid GhoTNUA oLTapLol, ot Sidpopa YEoviKd
StaoTHuate, &d Téooepa Eddpn —3ud amd T Meydhn Bpetawvia (Abbots Ripton
€3agoc xai Boxworth &3agoc) xai 8ué mhodoia ot &pythho EAAnvixd é8dey (Bva
Vertisol xai €va Entisol) —. Ta téooepa 8agn mapéyovy T6 xdAt dmd TOV Emipavetond
edagpuxd opilovra (0-10cm), ot mocdtmreg émapueic yid THv xaAAiépyerx Tol

oLTapLol.
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