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K+ Uptake by Root Systems Grown in Soil Under
Salinity: II. Sensitivity Analysis
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Abstract. A numerical algorithm for the solution of multicomponent transport of Ca?t, Mg?*t, Na*,
K*, Cl~ in soil and their uptake by plant roots has been developed. The model emphasizes adsorption-
desorption due to cation exchange mechanism, dissolution-precipitation of CaCOs, and pH changes
at the root surface controlled by the anion-cation influx balance. A fully implicit finite difference
scheme is used for numerical implementation. Sensitivity analysis was conducted to evaluate the
effect of each parameter on nutrient uptake. Each parameter (independent of all others) was varied
between 0.25 to 4 times its speculated ‘average’ level. Predicted Kt uptake was found to be more
sensitive to changes of root radius and the parameter indicating maximal influx of K*. Effective
diffusion coefficient and soil moisture are less influential. The influence of CaCO; dissolution and
different kinds of boundary conditions were also considered.

Key words. Cation exchange, multicomponent transport, ion uptake, finite differences, dissolution
and precipitation, soil moisture, sensitivity analysis, soil salinity, permeability of root surface.

Nomenclature

A,B,E matrices of coefficients for finite difference scheme

b; coefficients of equation for HY concentration

ct concentration of the /-component in water

ct initial concentration of the 7-component

C,’o concentration of the /-component at the inner side of the root surface
C,Il concentration of the /-component at the external boundary
cha critical concentration for Nat influx into root

CEC cation exchange capacity

D! effective diffusion coefficient of the I-component in soil
FI concentration of the I-component on the exchange complex
G vector of coefficients in finite difference scheme

h Hill’s cooperativity index for K* influx

h® value of k when C™* =0

JT uptake of the I-component by a root length unit

J,’o influx at the root surface of the /-component

Jrmax maximal influx of K+

* Also affiliated with the Department of Mechanical Engineering, Ben-Gurion University of the
Negev.
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JS. value of Jpax when CN8 = 0

K, apparent Michaelis-Menten coefficient for K* influx
K? value of K, when C™ =0

K; selectivity coefficient of the exchange reaction

pi permeability of root surface for the I-component
Peo, partial pressure of CO;

T radial distance

0 root radius

Ty half the distance between adjacent root (external boundary)
RSP retardation factor of the #-component in mass balance equation for the J-component
t time

to initial time

T simulation time

vo water radial velocity at the root surface

T coordinate of nodes of finite difference mesh

Greek

o coefficient of linear change of K* influx

o coefficient of linear change of Na* influx

Ps mass density of soil solid phase

¢ soil porosity

g volumetric content of liquid in soil

A coefficients in formulae for parameters of K* influx
w parameter of perturbation in finite difference scheme
41 activity coefficient of the T-component

€ accuracy of iteration convergence

T time step for finite difference scheme

A steps of finite difference mesh

Special Symbols

[...] activity symbol

1. Introduction

Recent research has focused attention on investigation and modeling of nutrient
interactions that occur at the soil-root interface (Baldwin et al., 1973; Claassen
and Barber, 1976; Cushman, 1979; Bouldin, 1989; Bar-Tal e al., 1991). A sensi-
tivity analysis, conducted in these and many other works (Silberbush and Barber,
1983; Rengel and Robinson, 1990; Van Rees et al., 1990) gives us an improved
understanding of the processes, being simulated by their models.

A multicomponent model of K* uptake by root systems in saline soils have been
developed (Silberbush ez al., 1993). In this model roots are assumed to be lumped
into a smooth cylinder, absorbing nutrients from the soil. The model takes into
account simultaneous transport of Ca?*, Mg?*, Nat, K*, CI~ in the soil solution,
cation exchange reactions with the solid phase of the soil, dissolution/precipitation
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of CaCO; and pH changes near the root surface. Most of these processes are
nonlinear and the mathematical model is a good tool for their study by a series of
speculative simulation exercises.

2. Brief Description of the Theoretical Model

Detailed description of the model is given in our previous paper (Silberbush ez al.,
1993). Here we cite only some main features.

The following phases and components are being considered within the porous
medium domain:

— Three phases: solid, liquid and gaseous.

~ Five components: Ca?t, Mg?*, Nat, K*, Cl~ in the liquid.
— Four components: Ca?t, Mg?t, Nat, K+ on the solid.

— One component CO,, in the gas.

The main assumptions are:

(1) The entire system is under isothermal conditions.

(2) The solid matrix remains undeformable and immobile.

(3) The gas phase is immobile.

(4) The cation exchange reaction undergoes instantaneous equilibrium

(5) The activity coefficients of the adsorbed components are approximately equal
to unity.

(6) The CI~ component does not undergo negative adsorption.

(7) Precipitation and dissolution of the ion species is negligible (except of that at
the root surface, which will be treated separately).

(8) Roots are assumed to be lumped into a smooth cylinder, with a constant radius
Q.-

‘We consider one dimensional problem of transport to the root by flow with a

radial symmetry.
The mass balance equation for an individual J-component reads

a(ech) OF 19 L19C! E
for I = Ca, Mg, Na, K, and
acty 1 9 Y lo :
5 = 7 B [TOD 3 + QvgroC 1.2)

for I = Cl, where CT and F! denote concentration of the I -component in the liquid
and on the exchange complex, respectively, 7o and r denote root radius and radial
distance from root center, respectively, ps denotes mass density of solid phase,
and ¢ denote volumetric content of liquid in soil and soil porosity, respectively, vg
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denotes water radial velocity at the root surface, D*! denotes the effective diffusion
coefficient of the /-component and ¢ denotes time.
We assume that cation exchange reactions are subject to Gapon’s isotherm, i.e.

CarrCa 0.5 Fl/2Mg
7M M = K, 2.1)
v g(C'Mg F1/2Ca

,),NacNa F'1/2Ca
(7CaCCa) 0.5 JF'Na

= K>, (2.2)

,71(01( F1/2Ca
(‘YCaCca) 0.5 FK

= K3 2.3)

where v/ denotes the activity coefficient of the I-component which is calculated
according to the Debye—Huckel relation, K; denotes the selectivity coefficient.
To the set (1) and (2.1) to (2.3) we add the balance relation

CEC = F!/2C2 4 p!/™Mg 4 pNa | pK (2.4)

where CEC (assumed to be constant) denotes the cation exchange capacity.

(9) In addition we now assume that water content (#) being constant in space
and time.

Therefore in view of (2) we rewrite (1) in the form (Silberbush et al., 1993)

5 B 1 I
ERIﬂai_z_—a— rD*Iai-f»-’vo’l‘oCI , I=1,...,5, A3)
= ot r Or or
where RI8 denotes a retardation term, given by
1— 1 FIF8 .
~ 20 Gheey 0 M 1 # 5,
RIS = ; ; @.1)
1+ 5280, 5 5 (1- &), if 1=5,
forl,3=1,2,3,4,
RS =1, R = R =0, I,B=1,2,3, 4, 4.2)

where a; = a3 = 2, a3 = a4 = 1 andindices I, § = 1, 2, 3, 4, 5 correspond to
Ca, Mg, Na, K, C|, respectively.

Thus we have a 5 X 5 matrix of retardation terms. In each mass balance equa-
tion (3) for the I-component there are five RI? factors, characterizing the cross-
interactions between the components I and 3.
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By virtue of (2), the cations on the exchange complex are governed by

a\0.5
Fl/2Ca — =) ) ~~—_(CEC), 5.1)
Mg\0.5
F'/™Me -(C—)—-(CEC) (5.2)
1 CNa
] —(CEC), (5.3)
K; d
1 CK
F¥ = %+~ (CEC), (5.4)
K3 d
where
CNa CK
d= CCa 0.5 * ¢ ~Mg\0.5 ~
Mg 0.5 (,yCa)O.S (y€2)05
K=K | —= , Kj= Ky+— ;= -
1 1 7Ca 2 2 7Na K3 K3 K

Initial conditions:

Cl(r, to) = C§(r), I=Ca, Mg, Na, K, CL 6)
Boundary conditions at the root surface, r = 7¢:

oD 8: +0vC = JL; I=Na K, (7
where

K _ (5 K
Jro = Jmaxm + aC%, ®)

where Jpax denotes maximum flux uptake, K, denotes the apparent Michaelis—
Menten coefficient, k denotes the cooperativity (Hill) power index, and « denotes
the linear change of influx with respect to relatively high (above 0.2 mM) concen-
tration.

Na _ 0,‘ CNa < Ccha °
ro o‘locrNa’ CNa > C(I;Ja )
T
where CN? denotes a critical Na* concentration and o’ denotes the linear change
of influx associated with CN2,
In case of I = Ca, Mg, Cl, we check two feasible boundary conditions:
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(A) Considering passive uptake as diffusion through root surface,

ac!
D*’(,TT +vwC! = -PL(CL - CT), I=cCa, Mg, Cl (10.1)
(B) Considering passive uptake with advective flow
~1
%CT =0, I=Ca Mg, Cl (10.2)

Boundary condition at 7 = 7.
Again at this boundary we consider two possibilities:

(A) Continuous supply of ions
Cl(r, t)=C}, I=Ca, Mg, Na, K, Cl (11.1)

(B) No supply of ions

CI
D*I%_T L %‘lcl —0, I=Ca, Mg, Na, K, ClL (11.2)

At the root surface we take into account dissolution and precipitation of CaCO3
and pH change as a result of cation-anion influx balance. By virtue of the following
thermodynamic relations (Garrels and Christ, 1965)

[HyCOs] = 107146 P, (12.1)
[HCO; ] = 10—6-36[3[2%)% (12.2)
[CO%?] = 1071033 [}E?]; ) (12.3)
[Ca’*) = 10-8-3‘[—6%%—_—] (12.4)

combined with the equation of electroneutrality, we obtain the algebraic equation
of 4th order for Ht concentration (CH)

4
2 b, (CH)" = 0, (13)
n=0
where
B 2 x 10—18'16PC02 b = 10_7'82PC0;
h=-—egEg 0 T T mEc,
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2 x 109.85(71{)2

b, =2CMe 4 cNay CcK _ 9, b3 =0 by =
2 + + 3 ) 4 7C3Pcoz

where Pco, denotes partial pressure of CO,.

For known values of M8, ¢Na, cK (0 and Pco,, and by solving (13) we
obtain CH. From (12.2)—(12.3), we calculate concentrations of HCOj3 and CO3 .
The concentration of Ca®* is corrected by relation (12.4).

3. Numerical Algorithm

The set of Equations (3) to (13) is nonlinear and it is extremely difficult to solve it
analytically. Instead we rely on a numerical algorithm based on fully implicit finite
difference scheme.

Consider a nonuniform grid applied at the inter-root distance

{1?1, T2 5eey z'n}’ Ty =Ty, Tp =Ty, (14)

" where z; denotes the spatial coordinate of node ¢, and n denotes number of nodes.
Steps of the coordinate mesh are defined by

A; =z — x4, i:2737'--7n—17A1:07 An+1=0, (15.1)
while intermediate steps are given by
AH—O.S = (AH—I + A,)/Z, 1= 1, 2 yeesy M (152)
The finite difference scheme for Equation (3), following Samarskii (1977), is
Byi+1 B3
Z(RM)J C; - C;
B=1
= (z Dl CliH _ gl
T Apposa; \TOSTH0S Aiyr
+0 i+ (16)
i+l _ olit+l
—z; D’-.‘I 2 i—1
1i—0.54_05 Ai
I,j+1 Ij+1
Tovo . g G — G -
+1:12—D’:Tz1+0'5Di+0-5 Ai_H ! , 1 —2, 3,..., n— 1,

in which j denotes a time index and 77 denotes the length of time step.
The parameter of perturbation, w;, which gives an approximation of order O(A?)
in spite of the first-order approximation of the advective term, is given by

-1
0.5A;v79
=14+ ———— . 17
w ( + D;.“Ia;,- ) ( )
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When applying (16) near the boundary (say, at 7 = g, i.e. ¢ = 1 and Ay = 0),
we exchange the second term on the r.h.s. by the its exact expression at the boundary.
Hence, if for example we refer to (7) we will obtain (in view of (7) and (16))

B+l _ B,
vt _ opi
T

Atryo. STOZ(RM)’
ﬁ.—

18)

= 2140507405 X, wp + D*IAH'OS

1,; 1,j+1
~wyro( R — v Cy ).

Similarly, we obtain the finite difference schemes for boundary conditions (10.1),
(10.2), (11.2).

Applying the finite difference approximation to (3) and (7) to (11) yields a
matrix form for each node, :,

-AC,1+B,C,-EC;y1=G;, 1=2,3,...,n-1, (19.1)
B{C{ = E{Cy + Gy, (19.2)
-A,C, 1 = —Bncn + GTL7 : (193)

where C; = {C,-I 7+1Y denotes the vector of concentrations at node i at time level
(7+1),

Ai={d"}, Bi={’}, Ei={]"}

are square (5 x 5) matrices and G; = { g{ 7} denotes the vector of coefficients.

For example, fort =2, 3,..., n — 1 we have

0, I ,

a{ﬁ = ol # 5 (20.1)
zi—o.sDi_o_swi/Ai, I=2,
0, I

biIﬁ = x] AitosTovp 76 > (202)
zi10.5D105 (wi + ﬁf) /A1, I=23,

o, | RIS 148,

i = o # (20.3)

| —pIsisAiseszi _ 16 _ b,Iﬁ’ I=p
TJ 1 1
gl E RIP3Di05%i S0 0B (20.4)

=1 Ti
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The coefficient matrices, in (19), are functions of system state variables. We
use an iterative procedure to solve the nonlinear algebraic set of equations. At each
iteration we solve (19), find new values of C’I-I , which are then introduced into
FiI in (5). Using Equation (13) and relations (12), we determine concentrations of
Ht, Ca?t, HCO7, CO%‘ at 7 = ro. We then update the coefficient matrices of
(19) to yield a new iteration. The procedure is repeated until a desired degree of
convergence is obtained, namely

s+1 s

max [C; — C;| < ¢, 2n

where s denotes the number of iteration (s = 0 corresponds to the j time level), ¢
is a predetermined accuracy.

Detailed representations of the numerical behavior of the algorithm is beyond
the scope of the present report. However, the performance of the numerical scheme
was investigated in terms of its ability to conserve mass of each component, its
onsistency and convergency as well as stability. The scheme was found robust
and mass was conserved in deviation of one percent.

4. Sensitivity Analysis

The sensitivity of the model output was assessed in terms of ion uptake by roots,
defined by

T
JE =277 /0 JI (1) dt, (22)

where J! denotes the total mass uptake of the J-component per unit length of a
root, and 7" denotes the simulation time period. We evaluated JTIO by using (8) and
(9) concerning K+ or Nat uptake, respectively. Since the ions Ca**, Mg+, CI~
are assumed to be taken up passively, the appropriate influx, JTIO, with respect to
(10.1) is given by

JI = —PLo[CL — CX(r, t)], I=Ca, Mg, Cl. (23)
However, when regarding condition (10.2), we use
JL = 0uyCl(ro, t), I=Ca, Mg, CL (24)

In order to take into account the influence of Nat concentration on K* uptake,
we used the following relations for parameters in the Michaelis— Menten isotherm
(Silberbush and Ben Asher, 1987, 1989)

Jmax = Joax — MCR? (25)

K, = K4 3che (26)

o ?
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h = h0 + \Ch2) (27)

where CN? denotes Na* concentration at the root surface (r = ro) and JO,,, K2,
RO, A1, Az, A3 are empirical coefficients.

Sensitivity analyses were conducted to assess the effect of parameters (actually,

as ratios in relation to an assumed average) on the simulated nutrient uptake.
Their individual values (see Table I) were changed between 0.25 and 4 times the
assumed ‘average’ levels. The values of parameters 8, vo and D*! were taken from
Silberbush and Barber (1983), the concentrations Cﬁf‘ and ng were taken from
Bouldin ef al. (1992), the values of parameter p,, ¢ and C{, were set at a feasible
level. A representative value of Pco, commonly used in soil models, is 0.01 Bar
(Jurinak, 1984). All other parameters, mentioned in Table I, as well as initial values
of concentrations were obtained experimentally with sorghum plants grown in soil,
which was treated with different concentrations of NaCl (Silberbush, unpublished
data).
The values of FOI (I = Ca, Mg, Na, K) presented in Table I were calculated
according to (5). The charge balance between cations and CL™ is compensated by
carbonates. Initial concentrations of HCO5, CO%‘ and pH were calculated by (12)
and (13). Their values were found to be equal to 4.31 and 0.016 mmolL~! and
7.37, respectively.

The parameters p;, ¢, CN® and C{ were not changed. The parameters Pco,
and 6 were changed in the range from 0.5 to 2 times their listed (Table I) values.
Parameter D*! was changed only in the case of I = K. The sensitivity analysis
was conducted for boundary conditions (7), (10.1) at r = rg and (11.2) atr = ry.
The simulations were carried out for conditions of relatively high initial concen-
tration of NaCl in the soil solution in order to appreciate the influence of the soil
salinity on K uptake.

Predicted ion uptake as a function of the most influential parameters are
described in Figures 1 to 5. Those figures demonstrate that increasing volumetric
moisture content (#) will raise the uptake of all ions. This can be explained by the
effect of the increase of total amount of water being taken up by the roots. Varying
the water radial velocity at the root surface (vg) had qualitatively the same influ-
ence as 6 on uptake of Ca?*, Mg?*, Nat and Cl1~ (Figures 2 to 5). The increase
of vy induces a rise of the concentration near the root surface and the increase of
uptake of these ions by the roots. Such result was obtained since we assumed that
the parameters o/ and P (I = Ca, Mg, Cl) are constant. In the case of K, uptake
the parameter of the maximum K+ influx, JK , decreases when the concentration
of Na™ increases near the root surface (see formula (25)). As a result we observe
the drop of potassium uptake (Figure 1b) following the increase of vy.

Predicted uptake of ions was most sensitive to changes in root radius, ry. An
increase in rq increased predicted ion uptake. This may be explained in view of
linear relationship between root surface area and rg. Note that uptake was calculated
with no consideration to root growth. In real life conditions, a specific root area



Kt UPTAKE BY ROOT SYSYTEMS: II

TABLE 1.

Soil and root parameters for sensitivity analysis.

133

Symbol Parameter Initial value
Po mass density of solid phase 2650 kgm™?
¢ porosity 0.50 m™*m™?
6 volumetric content of liquid in soil 0.25m>m™?
v water radial velocity at the root surface 5 x 10~° msec™!
0 root radius 2x107%m
r half distance between root 5x107%*m
D! the effective diffusion coefficient of I ion in soil
(identical for all jons) 3.45 x 1072 m®sec™!
Peo, partial pressure of CO; 0.01 bar
CEC cation exchange capacity 100 meqkg ™!
K, selectivity coefficient of isotherm Ca&Mg 0.5
K, selectivity coefficient of isotherm Ca&>Na 100 mmol®* L ~%3
K; selectivity coefficient of isotherm Cas>K 15 mmol®31~93
Jo maximal influx of K* when CN* = 0 6 x 1075 mmol m~2 sec™!
K? apparent Michaelis—Menten constant for K influx
when C* =0 1.48 x 1072 mmol L™"
h® cooperativity (Hill) index when Cry = 0 1.49
Al coefficient of linear change of J2,, 4% 108 Lm2sec™!
A2 coefficient of linear change of K, 0.75 x 107°
A3 coefficient of linear change of h 0.014 mmol~'L
o coefficient of linear change of K* influx 5% 107" msec™!
o coefficient of linear change of Na* influx 2.5 x 107" msec™!
cha critical concentration for Na* influx 0.1 mmolL~!
Pa permeability of root surface for Ca?* 10~® msec™!
P permeability of root surface for Mg?* 5% 107" msec™!
Pg permeability of root surface for Cl~ 2.5 x 10~¥ msec™!
ce concentration of Ca?* at the inner side of the
root surface 0.25 mmol L~!
che concentration of Mg®™* at the inner side of the
root surface 0.25 mmol L~!
Cg concentration of Cl~ at the inner side of the
root surface 0.3 mmol L™!
cs initial concentration of Ca?* in the soil solution 2.42 mmol L™!
ce initial concentration of Mg?* in the soil solution 1 mmol L™!
cht initial concentration of Na* in the soil solution 30 mmol L~!
ck initial concentration of K* in the soil solution 0.5 mmol L~}
c§ initial concentration of Cl1~ in the soil solution 33 mmol L~!
Fol /X2 jnitial concentration of Ca** on the exchange complex  63.3 meqkg ™!
Fy/™e  initial concentration of Mg?* on the exchange complex ~ 20.9 meqkg™"
Fls initial concentration of Na¥ on the exchange complex ~ 14.2 meqkg ™!
F¥ initial concentration of K* on the exchange complex 1.6 meqkg~!
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Fig. 1. Effect of varying parameters on predicted K uptake for 10 days.

is an important factor of nutrients uptake by plants. Yet, our simulation may be
considered as a first approximation in order to study this effect.

Concerning boundary conditions at » = rj, we found that in the case of (11.1),
i.e. when continuous supply of ions occurs at the external boundary, the value
of r| has no effect on ion uptake. When applying boundary condition (11.2), i.e.
there is no supply of ion at the external boundary, a decrease of r caused a small
reduction of the ion uptake. However, it was reported (Silberbush and Barber,
1983) that the decrease of the ion uptake in this case may be considerable because
of areduction in the amount of soil supplying components to the root by advection
and diffusion. Still there is no contradiction between their and our results, because
of the difference in the initial amount of ions in the soil: initial concentration of
Kt in our simulation was almost twice as much as in the above mentioned report.
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Predicted K* uptake was rather sensitive to changes of effective diffusion
coefficient, especially at low diffusion values. We found that, a decrease in DX,
lowered K+ (Figure 1a) uptake but somewhat increased Ca®* uptake. This may be
explained by the fact that when D*¥ decreases, the concentration of K* atr = rg
also decreases. This, in return, will lead to an increase of CaCO3 solubility yielding
an increase of Ca®* uptake by roots.

It was found that Ca?* uptake was the only one which was sensitive to changes in
the partial pressure of carbon dioxide (Figure 2). An increase of Fco,, significantly
raised solubility the of CaCO3 and Ca®t uptake by root. At the same time, this
increase of Pco, caused pH decrease near the root. Although our model does not
relate Pco, to the K uptake, still via exchange reactions we found very little effect
on the predicted value of J¥.

Uptake of K+ was more sensitive to changes in cation exchange capacity (CEC)

- Y e . T Y »k. 7 2" S S
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(Figure 1). The reason may be as follows. As time evolves, a depletion zone of
K" is intensively formed near the root (Figure 7). Hence, the concentration of this
component considerably decreases in comparison to other cation concentrations.
As aresult, part of the ions Ca?t, Mg?*, Nat from the soil solution substitutes K+
on the exchange complex, which causes additional K* uptake by the root. As we
have higher CEC values, this may be considered as a greater pool for K* in soil
which, in return, will yield more intensive potassium uptake.

The influence of the selectivity coefficients K| and K, (isotherms of Ca?t <
Mg?t and Ca?* < Nat, respectively) is rather negligible for all components
and therefore this effect was not described graphically. However, our numerical
sensitivity analysis demonstrates that increase of K| constitutes the decrease of
soil selectivity to Ca?* which in return reduces its participation in the exchange
reactions. This results in greater amounts of Ca* in the soil solution which can be
taken up by the roots. On the other hand, in view of (5.4) when K| increase, the
amount of Kt in the exchange complex decreases and its uptake by root decreases
as well. The obtained results indicate that for a /'y change ratio of 0.25 and 4, the
difference of Ca®* uptake was 3%, while 2.5% for K uptake. In the case of Mg2*t
and Nat, K| had even a less influence on their uptake. Sensitivity of the model
to K, is negligible for all cations, yet some effect is noticeable on Nat uptake
(Figure 4). We note that an increase in Na' uptake follows the increase in K. The
explanation may be the same as in the case of the influence of K| on Ca?* uptake.

The influence of the selectivity coefficient K3 (isotherm of Ca®t < Kt)on K+
uptake is more pronounced than that of K| and K, but, less significant than that of
vy, §, D*X and J2,, (Figure 1b). An increase of K3 decreases the soil selectivity to
K*. This causes a decrease in the amount of K* on the exchange complex which
in return, reduces its availability for root uptake.

We found that parameter of maximum K+ influx (J2,,) was the second most
influential (after ro) in dominating K+ uptake (Figure 1a). As J2,, increases, the
influx of K* increases too, but not linearly. Note that for large values of JO,, its
influence reaches an asymptotic value. This can be explained due to the fact that
a depletion zone is formed very quickly near the root surface. This depletion is
associated with a high affinity of root to K* influx and a limited rate of ion supply.
Uptake of potassium may be increased by its diffusive or advective transport to the
root. Nutrient uptake for other ions is less sensitive to changes in JO,,. Yet when
JO. is raised, it somewhat increases the value of J¢? (Figure 2).

The apparent Michaelis—Menten constant (K ;) had appreciable influence, on
predicted K* uptake. As K? increases, K* uptake decreases. The increase of K,
may be achieved through the parameters K2 or A, (see (26)). Their influence on
JX is shown on Figure 1b. Unlike K ,, the cooperativity index ( h°) had an opposite
effect on K* uptake. An increase of k° raised JX (Figure 1b). Other parameters of
Kt influx, i.e. A|, A3 and o had very little impact on predicted potassium uptake.
Coefficient of linear change of sodium influx ('), had an effect only on Nat
uptake. As o' increases, JN? increases in linear proportion as expected from (9)
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(Figure 4). We found that o’ had no influence on other ion uptake because of low
soil selectivity to Nat.

Following Figures 2, 3 and 5, we note that an increase in P or decrease in CTIO
will raise J! (I = Ca, Mg, Cl). The influence of the increase in CTIO on the uptake
of the latter /-components, complies with the magnitude of difference between this
concentration and the concentration at root surface (C!(rg, 1)).

In order to study the influence of NaCl concentration in soil solution on K+
uptake, we made simulations with high initial concentrations of Nat and C1~. Note
that the effect of Nat concentration on Kt uptake is formulated in (25) to (27).
In our example increasing the initial Nat and CI~ concentrations up to 100 mmol
L1, reduced somewhat linearly K* uptake by a factor of 3.2.

The model provides information about pH changes at the root surface. On the
one hand, if the soil is calcareous, dissolution or precipitation of CaCO3 may occur,
affecting pH changes (Nye, 1984; Nye and Ameloko, 1987). On the other hand, a
higher proportion of cation over anion influx, results in an increase in H* efflux
and a pH decrease. In Figure 6 predicted pH changes are depicted for soil with
and without dissolution and precipitation of CaCOj. It is demonstrated that in
calcareous soil, the pH changes are rather small. The phenomena may be explained
by the fact that the balance between cations and anions in soil solution due to their
uptake, is compensated by CaCOs dissolution or precipitation. Changes of pH,
without CaCO3, are more significant and depend on the influx intensity of anion
and cations. A growth in the difference between the sum of cations concentration
and concentration of C1™, causes an increase in pH. Similarly, a lessening in this
difference will cause a decrease in pH. This is exemplified at the first time instant
when a steep rate of K* influx yields a decrease in the aforementioned difference
and resulted in a fall of pH (Figure 6). Afterwards a pH decrease slows down
because of a lower rate of K* influx.

For Ca?t, Mg?t and Cl~ we assumed passive root uptake mechanism and
proposed two kinds of boundary conditions at 7 = 7¢: (1) diffusion through root
surface (see (10.1)), and (2) ion uptake by root with an advective transport (see
(10.2)). In the latter condition there is no selectivity for the uptake of Ca®t, Mg?t
and Cl~ and their influx depends on the water radial velocity, moisture content
and the concentration of these components near root surface (see (24)). Strictly
speaking this may be regarded as a nonrealistic boundary condition. Yet, our
simulation shows that this may be useful when there is no information related to
the parameters P. and CTIO which appear in (10.1). For example, when applying
condition (10.1), we received uptake intensities (J Iy of 0.603, 0.112 and 0.263
(x10™*) mmol/cm root length for Ca?*, Mg?* and CI—, respectively. These flux
intensities became 0.365, 0.139, 4.380 (x10~#) for the above ions when using
the condition (10.2). Therefore we note that for Ca*?* and Mg?* the differences
between the evaluated ion uptake intensities, are minor. For Cl~, the difference is
very big because of its high concentration in soil solution.
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Figure 7 depicts the distribution of ions in the soil solution and on the exchange
complex versus the spatial distance after 10 days period. We notice a depletion
for Ca?* and K* and an increase for other ions near root surface. Such behavior
is determined by the water radial velocity, the reactions between the components
in liquid, solid and gaseous phase, and the parameters of ion uptake. Thus in our
example the depletion of Ca®* in the soil solution was caused by its uptake and
precipitation into CaCOj3. On the exchange complex, Ca’* was substituted by
Mg?t and Nat due to an increase of their concentration in soil solution. This
increase in Mg?* and Nat (as well as in CI™) concentration occurs because of
the low PL (I = Mg, Cl) and o/ values. A high affinity of the root to potassium,
which makes its advection-diffusion in the soil the limiting factor to Kt influx,
causes the depletion of K* in the soil around the root. In this respect, the lower K+
concentration at the root is expected (Silberbush and Barber, 1983). This is also
consistent with experiments reported by Claassen ez al. (1986). As for the other
ions, which accumulated at the root surface, the answer is less clear. Accumulation
of Mg?t was simulated also by Kelly et al. (1992), using the one-component
Barber—-Cushman model in a non-saline soil. Sodium is being actively excluded
by roots (Schubert and Lauchli, 1990), and Ca?*, Mg?* and CI~ are absorbed
rather passively when the concentration is not low. Yet, we still miss the adequate
techniques to measure effect in situ, at the soil-root interface.

5. Conclusion

A numerical algorithm was developed to solve a set of nonlinear transport equa-
tions describing multicomponent nutrient uptake into root. The model emphasizes
adsorption due to cations exchange mechanism, dissolution and precipitation of
CaCOj and pH changes near root surface controlled by the cation-anion influx
balance. The model also accounts for various boundary conditions at the root zone
(passive and active influx) as well as at the external boundary (continues and no
ionic supply). A sensitivity analysis was exercised to assess the influence of vari-
ous soil and root parameters on nutrient uptake. It was found that K+ uptake was
most sensitive to changes of root radius. The next most influential parameters were
maximal influx of K* (J2,,), soil moisture () and effective diffusion coefficient
(D*X). The uptake of other ions was also sensitive to changes of root radius, root
surface permeabilities, concentration of those ions at the inner side of the root
surface and soil moisture. The model allows the prediction of pH changes near
root. Experiments for estimating model parameters as well as validation, are to be
reported in a future publication.
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