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CRITICAL POTASSIUM POTENTIALS FOR THE YIELD AND

NUTRIENT UPTAKE OF SOME CROPS GROWN IN SOILS IN A

CONSTANT ENVIRONMENT

--ABSTRACT

The quantity/potential relations of potassium in soils from
six series were evaluated. A linear.relationship was observed

between AG and log(exchangeable K) for each soil./ The

K,Ca+Mg
effects of the clay content and mineralogy and CEC of the soils
on this relationship are discussed.

Pot experiments were conducted in a constant environment
to obtain yield responses of perennial ryegrass and creeping red

fescue to the mean K potential (AG ) during growth on the

K,Ca+Mg
six soils. 'Exhaustion' and 'optimum' K potentials (AGexh and
AGopt respectively) for both grasses were derived from second
degree polynomials fitted to the response curves on five of the h
soils. .The micaceous Worcester series soil produced little

yield response because of its high rate of release of non-
exchangeablé K._

These critical K potentials varied with soil type. For bofh
species, AGth increased with decreasing CEC of-the §oil. This
may, however, be an artifact produced by the large ‘'crop:soil'
ratio used, which caused large changes in soil K potential during
cropping and thus accentuated the importance of the amount of soil
K available to the plant.

Wheat, sweet corn, leafless peas,'field beans, sugar beet and

clover were grown for 4 weeks on a Newport series soil in pots in a
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constant environméﬁt. The yield responsé curves wére divided into
3 linear sections, for positive, zero and negative response, by a
ﬂumérical iterative meéhod, and from these, exhaustion, optimum and
toxicity (AG, ) K potentials were derived.

Values of AGexh were similar for all crops. The AGopt values
increased in the order lequmes<cereals<sugar beet. Potassium potent-
ials which produced decreases in yield were far greater than any
likely to be encountered in a natural system. It is suggested thaf
yield reductions at high K potentials were caused by inhibition of
the uptake of other cations rathef than by toxic levels of K in the
plant tissue. |

The influence of the K contents of the seeds on the critical K
potentials is discussed.

An ancillary experiment showed that the light energy input to
perennial ryegrass did not affect the work output of the plant in

K uptake, as measured by the critical K potentials.
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1. INTRODUCTION

1.1 Chemical potentials and soil potassium

The chemical potential of a component in a s&stem is defined (Moore,
1972) as the change in the Gibbs free energy of the phase with a
change in the number of moles of the component, the temperature,
pressure and number of moles of all other components being kept

constant, ie.:

h =
1

= (3G/8ni)T.P n ceeaa(141)
AN

where Hu. = chemical potential of component i

G = Gibbs free energy

n, = number of moles of component i
T = temperature

. P = pressure
nj = number of moles of other ions.

Because absolute free energies are not easily measured, chemical
potentials in solution are usually referred to the standard state of

unit activity. Then,

/

ui:RT ln ai . oooo-(1'-2)
where a; = activity of i in mol 17

R = gas constant = 8.314 J deg”! mol™"

T = temperature

w; = chemical potential of i referred to the standard state.

In a multiphase s&stem, in equilibrium, the energy status of a

component in the most mobile phase defines its energy status in the
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system. Thus, the chemical potential of a species in the soil solution
vor vapour phase defines its free energy throughout the whole soil
system, if the system is in equilibrium. Talibudeen (1974) described
this eqbilibrium,

Nutrient in___sNutrient in _._ 3 Nutrient in solution

soil matrix < "surface phase S or vapour phase
The matr}x ~ surface reaction is generally very slow, whereas that
.between éurface and solution/vapour is relatively-Fast. Therefore the
sﬁrface and solution phases are generally taken to represent the labile
pool of a mineral nutrient in the soil, and its chemical potential in
these two phases is that which is most important in the short term
nutrient supply.

Arnold (1962) describes potassium equilibria in soil thus:-

Non- (slow) Difficultly (slow) Readily  (fast) Water

exchange- ——— Exchange- .\ Exchange- _.._..A soluble
able < able < able < potassium
potassium potassium potassium

Kinetic studies of K release from soil (Talibudeen EE;El"‘1978)

suggest three categories of soil K,

ra)  matrix K is that which forms part of brystal lattices of soil
minerals,

b)  peripheral K is held more loosely on sites in the weathered

periphery of the clay particles,
c) -surface K is associated with negative charges surrounding
so0il particles and is in instantaneous equilibrium with

surrounding solution.

Arnold's representation could, therefore, be better expressed:
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- slow slow fast

Ma&rix ;;::ii.PeriEheral ;;::ﬁf Sur;ace ;;::ji SolEtion

So when the soil is in equilibrium, the chemical potential of
potassium in the soil solution defines the free energy of K throughout
the soil. However, chemical potentials of the K™ ion cannot be

determined because activity coefficients can only be measured for

pairs of oppositely charged ions, not for single ions. Mean ionic

activit; coefficients (Everett, 1959) denoted f*, for cation and

anion pairs are defined thus:-

/(') ceeen(1.3)

fe = (F+F, £Y7)

where f+, v+, f- and v- are activity coefficients and valencies of
cation and anion respectively. This has led to the use of ion
activity products of oppositely charged ions, or ratios of ions of the
same charge, inAthe presence of a common counﬁer ion, to measure the
chemical potentials of nutrient ions relative to that of another ion

predominant in the system.

1.2 . The -Ratio -Law

Following up the theory advanced by Terasvuori (1930) and work carried
out’by Talibudeen (1947) on jute fibre, Schofield (1947) proposed and
confirmed the 'Rétio Law' pertaining to cations in solution in
equilibrium with exchangeable cations on soil. This was stated as
follows:-

- "When cations in a solution are in equilibrium with a larger
number of exchangeable ions, a change in the concentration of the
solution will not disturb the equilibrium if the concentrations
of all the monovalent idns are changed in one ratio, those of all
the divalent ions in the square of that ratio and those of all

the trivalent ions in the cube of that ratio."
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Thus (HD)/(K%), (H)/(€a™)% and (#5)/(1") 13 are constant in any

solutions in equilibrium with a given soil. This rule was found to
hold for soils with a predominantly negative surface charge in
electroiyte concentrations up to 0.01 M.

Aslyng (1950) furthericonfirmed the Ratio Law for Rothamsted
soils by showing that their 'lime potential', pH - %pCa (where
p = negative logarithm and H and Ca are activities), measured in
dilute solutions of Ca salts, was independent of the calcium
concentration in the equilibrium solution. The lime potential was
derived by combining the ion product of H" and DH-_in water with the
potential of calcium hydroxide.

Similarly Schofield and Taylor (1955a) demonstrated how the
chemical potentials of bases in soils could be determined by
measurement of the activities of the base chloride and h&@rochlﬁric
acid in solutions in equilibrium with the soil, eg.,

8c, /aH = (aCa .aCl)/(aH.aCl) = (aCa .aDH)/(aH.aDH) eeeed(1.4)

ay X aUH is a constant so
pH - %pCa = p(HC1) = gp(CaClz) = %log aCa(UH)Z + 14.2  .....(1.5)
.

The chemical potential (u) of—Ca(DH)2 is given by:

no= U+ 2.303 RT 1log a ceees(1.6)

Ca(DH)2
(where u, is the chemical potential of the standard state). Thus
(pH - %pCa) is directly related to the chemical potential of calcium

hydroxide.in the soil.
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This was also applied ta the equilibrium of H' ions and K+; Na*
or A1 jons in soil. The ratio (aM)1{§/aH was found to be constant
in chloride solutions up to 0.1 M for K¥, 0.04 M for Na*, 0.02 M
for'Ca+4 and 0.002 M for AL where z is the valency of the cation
M. This complied with the findings of Talibudeen (1947) working on

jute fibre. ’

Schofield and Taylor (1955b) proceeded to employ this theory to
the measurement of soil pH. pH measurements on various soils made in
constant calcium concentrations, are directly proportional to their
lime potentials and hence can be meaningfully compared with one
another. A 0.01 M CaCl2 solution Was found to provide a suitable
medium in which to make the measurement. It:hssufficiently concentrated
not to be significantly altered by soil electrolytes but sufficiently
dilute for anions not to eenetrate the electrical doubleAlayer at soil ~
surfaces. This work showed that such determinations are independent
of soil:solution ratio. The concentration of Mg++ was included in the
expression for the lime potential, ie. pH - 4p(Ca + Mg), because some
soils contain appreciable amounts of Mg and exchange of Mg.for Ca has
little effect on the measurements.,

iTaylor (1958) determined the negative logarithms of the
equiiibriUm activity ratio, aK/(ata)%, (ie. pK - %pCa) in some
Rothamsted soils by an interpolation method. Soils were equilibrated
with solutions of CaCl2 containing various amounts of K to give a seriee

jie% activity ratios larger and smaller than that of the soil. The
amount of K gained or lost by the solution after equilibration was
plotted against the final activity ratio invthe solution. The activity
ratio of a solution from which no K would be gained or lost on

equilibration with the soil was then interpolated, to giVe the true

activity ratio of the soil.
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Beckett (1964a) used a similar technique to show that a Lower

, . ey coinl . Vx5
Greensand soil had the same equilibrium activity ratio (aK/(aCa+Mg) )

in KC1 + CaCl,, solutions up to 0.06 M.

2

1.3 Free energies of cation exchange .

The free energy of exchange (AG ) of two ions in a solution is

exch,
defined as the net free energy change when a chemical equivalent of
one ion‘(A)_is transferred from the standard state (unit molarity)

to the éolution, in which its activity is ap mol.l—1, and one chemical
equivalent of another ion (B) of like charge, is transferred from the
solution, where its activity is ag mol 1—1, to the standard state

(Woodruff, 1955a). So for A, the free energy change per equivalent

is given as:-

AGA

(RT 1n GA)/ZA‘ N ceeea(1.7)
and for B

AGB

-(RT 1n aB)/zB veeee(1.8)

where Zy and zg are valencies of A and B respectively. The exchange

energy is therefore:-

AG

exch. (RT 1n aA)/zA - (RT 1n aB)/zB

RT 1n ((aA)VZA/(aB)VZB) e (1.9)

The free energy of exchange of two ions in a solution is in fact equal
_to the difference in their chemical potentials.

This is a hypothetical exchange in which the transferences do not
- alter the activities of either ion in either the solution or the
standard state. But in finite volumes of solution, one must consider
exchanges of infinitely small quantities, extrapolated to chemical
equivalents, so that existing activities are not altered.

When a soil or clay is in equilibrium with a solution, the partial
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molar Gibbs free energy.(E) of any diffusable species is constant
throughout the system (Arnold, 1962). Therefore, in a soil suspension

in equilibrium, AG of two cations, measured in the solution, is

exch.
equal to the free energy of exchange of the cations on the clay or
soil. A dilute electrolyﬁe solution can therefore be used as a tool
to measﬁre cation exchange energies on soils and cla?s (Woodruff,
1955a). , The problem of measuring the activities of cations is over-

come by using a common anion. Arnold (1962) derived the free energy

for potassium-caleium exchange in soil:-

(Cre)soir = Crersolution | | ceee(1.10)
(EbaClz)soil =.(Eba012)solution ""'(1‘11)
'(Ek+ + Ebi‘)soil = (ﬁk; + Ebl—)solution ...5.(1b12)'
(Eba++ + 2661")8011 =V(Eba++ + 2_-.Cl‘)solutv:;i.on ..,,,_,(1_13)

combining (1.12) and (1.13) gives the difference in the partial

molar free energies of K* and ca™™ ie.,their'exchange energy in the

soil:
o
By ca = e = HBpar+)goin
= G+ = 4CpH)go1ution e (1.94)
-G.K+=G0+RT ln 8K+ .-.0-(1-15)
and .G‘Ca.H_ = GO + RT -].n aCa.H. ...0.(1016)

Where G0 is the free energy of the standard state. Therefore,

86y cq = RT 1n(ay .,/ (o s) D) ceeea(1.17)
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This is a characferistic of a soil which is constant as long as the
amounts of K and Ca in the surface phase remain constant. The
Ratio Law dictates that it will not be altered by soil to solution
ratio or anion concentration of the equilibrium solution, provided
cations are not exchanged.

Woodruff (1955a) showed that for Putman Clay, AGK,Ca was less
negative, the higher the %K saturation and the lower the total base
saturation (Figure 1.1). Negative values indicate that k* is held
on the clay surface preferentially to Ca**., Therefore the lower
the %K saturation the greater was the average selectivity of the
exchange sites for K¥. As base saturation decreases protons and

- . ' . + . .
aluminium ions occupy otherwise K -selective sites.

1.4»1Quantit&/intensitjnrelationships of soil..potassium

A quantity/intensity (Q/I) 'curve' relates the change in intensity
(or potential) of an ion in an equilibrium reaction in solution,
or an adsorption reaction, to the addition or removal of the ion
which produced the change. . Perhaps the best known example is a

pH buffer curve, defining the relationship between the volume of
acid or alkali added to é solution and the resulting change in

its ;H.

Q/1I curves are used to study the ion exchange properties of
spils, particularly in relation to the supply and availability of
-Bétaséium to plants. They relate changes in the exchangeable
potassium to the free energy of exchange of k¥ for the predominant

cation on the exchange complex (usually Ca*™ in neutral or calcareous

soils).
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L

The activity ratio (AR), aK/(a )*, in a solution

‘ Ca + Mg
equilibrated with the soil, has frequently been taken as the
intensity factor in the Q/I relationship, as it is closely related

to the K-(Ca + Mg) exchange energy (AG = RT 1n AR). Matthews

K,Ca
and Beckett (1962) developed a rapid technique for determining the
K-G/I relationship of soils. They equilibrated soil samples with
chloride solutions, cbntaining a range of K:Ca ratios, initially for
one hour. The final activity ratios, aK/(aCa . Mg)% in the
equilibrium solutions were plotted against amcunts of: K" adsorbed or
desorbed by the soil, AK (ie. lost or gained by the solution). The
shape and position of the resulting curves (eg. Figure 1.2) were
independent of soil:solution ratio and total chloride concentration
up to 0.06 ﬂ,'as predicted by Schofield's Ratio Law. The true AR
valﬁe of each soil, (AR)D, was interpolated from the curve as the
AR of a solution whose K concentration would remain unchaﬁged on
equilibrium with the soil (cf.'Taylor, 1958; Beckett, 1964a). The
method involves no absolute measurement of exchangeable K.

For many.Soils, Beckett (1964b) has interpreted the type of
K-Q/1 curve shown in Figure 1.2 as consisting of a linear part and a
curved part) asymptotib to the y axis, at high and low activity ratios
-respéctively. He sudgested that the linear part describes K—(Cé + Mg)

exchange on sites not specific for K* in-accordance with a Gapon-type

equation:-

L
Exchangeable K/Exchangeable (Ca + Mg) = k aK/(a Y% ...(1.18)

Ca + Mg

where k is a constant dependent on surface charge density (Beckett,

1964b).
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Greensand Soil, (from Beckett, 1964b).
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Beckett (1964c) suggests that these unspecific exchange sites
are on the planmar surfaces of the clay particles and that extrapolation
of this linear relationship to AR = 0 gives a value for the size of
the labile poollof potassium. The K -~ Q/I relation of some soils
has no linear part; indeed it has been contended that Q/I curves do
not have truly linear sections (Addiscott, 1970c). /o
The curved section of the relationship, according‘to Beckett
(1964¢), describes exchange on K-selective sites, possibly at the
o

edges of the clay plates.

Other workers have presented semi-logarithmic Q/I curves:

K,Ca+Mg

These present an expanded view of the relationship at low AR values

Q/1og(AR) or Q/AG (Addiscott, 1970a; Ehlers et al., 1969).
and, since an AR value of zero is, in practice, uhattainable, perhaps
a more precise one. The Gibbs free energy of the K - (Ca+Mg) exchange

reaction, AG +Mg? is a true measure of the selectivity of exchange

K,Ca
sites for K relative to Ca+Mg (and log(AR) is directly proportional

to this).

1.5 Patassium buffer capacity

The K buffering capacity of a soil is the amount of K that must be
~ added to, or removed from, the soil to produce unit change in K
intensity ie. it is the slope of the K - Q/I curve.

Beckett (1964b) defined K 'Potential Buffering Capacity' thus
. 2, =1 |
. PBC = dQ/dI = dK/d(AR) in meq M * kg eevea(1.19)

Later (1967, 1971) he applied this term specifically to the slope
of the linear part of the K:AR relationship and called it 'Linear

Buffering Capacity'. However, Addiscott and Talibudeen (1969)
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suggested that if was incorrect to assume that the greater part of
the Q/1 curve was linear, qQoting theoretical treatments which
predicted that it was curvilinear (Deist, 1966). Also Addiscott
(1970¢) showed that, on three soil types, each given several long-
term K manurial treatments, the K buffer capacity decreased
continuously with %K saturation of the CEC, indicating that the
Q/I curves for these soils were not linear. Talibudeen and Dey
(1968a and b) used the buffer capacity (dQ/dI)0 at (AR)D in comparing
K supply from a range of contrasting soils. It seems unlikely that
the buffer capacit9 would change much from (dQ/dI)0 during a
groWing seéson in the field. |

Addiscott and Talibudeen (1969) suggested that the term PBC is
inaccurate when referred to the AK:AR relationship because the true
thermodynamlc K potentlal is related but not. -equal to AR. ‘Talibudeen
and Dey (1968b) suggested that "the only sound theoretlcal basis for
defining the K buffering capacity of a soil is the amount of K

released per unit change in the partial molar free energy of soil K".

This idea is supported by evidence concerning the variation of
-activity coefficients of adsorbed K with %K saturation of the CEC
(Deist and Talibudeen, 1967).

/SeVeral.workers have shown that the K buffering capacity of a soil
is not altered by changes in exchangeable K. Beckett et al. (1966)
FQ?nd that K depletioh of various soils by cropping for three months
in small pots, with beans, barley or cauliflower, displaced their

Q/I curves down the Q axis, thus decreasing (AR) , but did not alter
the slopes. Similarly; Addiscott (1970c) showed that some Rothamsted

and Woburn soils, from the same sites but given different K manuring

for many years, had superimposable Q/I curves but displaced along
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the Q axis by amounts equal to the difFerence in exchangeable‘K of
the soils (see also Moss, 1967, on West Indian Volcanic soils).
These results imply that for a soil, a single curve relates
exchéngeable K to AR or AGK,Ca+Mg regardless of K manuring or
cTopping history.

However, more extreme K depletion by more than 100 years
cropping in the field with_winter wheat, as in the 'No K' plot of
the Broadbalk experiment, increases the slope of the §Q/I and also
displaces it along the Q axis as in short term cropping (Matthews

and Beckett, 1962).

1.§=,The-31gn1f¢cance-of»the‘exchange~en3rgy, AGK,Ca+Mg’ to plant

. potassiwh optake -

Schofield (1955) proffered 'nutrient potentials' (the chemical
potentials of nutrients in soil) as measures of the work the plant
has to do to remove nutrients from soil.

" He observed that the concept of phosphate potential (monocalcium
phosphate potential = LpCa'’ + szPUZ, Aslyng, 1950) was similar
to that of water potential. As with water, additions or removals
of phosphate from the adsorbed pool raise or lower the chemical
potential of the whole pool. Schofield quoted the pF value of water,
(pF = -log (water potential)), above which it is unavailable to plants,
as being 4.2. The concept of such a limiting potential for phosphate
“would be unrealistic as it would take many Years for field crops to
remove all the available P in the soil. But the phosphate potential
gives a measure of the 'level' or intensity of phosphate in the
soil.

For reasons discussed in Section 1.3, the thermodynamic potential

of potassium in soil is taken as its partial free energy referred to
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that of calcium + magnesium, this being expressed as the free energy

of K-(Ca+Mg) exchange,

AG = RT ln(ak/(a- >%) eeesa(1.20)

K:Ca+Mg Ca+Mg

To justify any importance of this to plant K uptake, an attempt must
)%

be made to explain the significance of (é

CatMg’ *

Woodruff (1955p) suggested that a low exchange energy for Ca->K
exchangé (~14.6 kJ molf1), and thus a low activity ratio, would cause
K deficiency in plants, due to antagonism from an excess of Ca'’
ions and conversely a_high exchange energy would cause Ca deficiency.
Certainly low exchange energies cause K deficienc&,,because they
result from low chemical potentials of potassium, but there is little
evidence to suggest that excess Ca suppresses K uptake., In fact,
evidence from solution culture showed that, whilst yieldAand K uptake
of flax and ryégrass both increased wifh the K concentration of the
solution, neither were affected by the K:Ca ratio in the solution
(Wild, et al.,1971).

The free energy of‘K—(Ca+Mg) exchahge'is a diffefence'df two
chemical potentials,

i AG

K,Ca+Mg = uK - uca-{-Mg 'oo-.o.(1'.21)

and is therefore the chemical potential of K referred to that of Ca+Mg.
The significance of uCa+Mg is as a reference potential, valid where
Ca+Mg dominate. the exchange complex. In very acid soils, AL or

a combination of AL and Ca+++Mg++ have been used as reference ions

(Singh and Talibudeen, 1969; Tinker, 1964a and b).
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Nutrient uptake by plant roots is a kinetic process. However,
kinetic models require knowledge of the nutrient concentration at the
root'surface, which can only be readily gained in flowing culture
solutidns. -A simpler approach is to consider that the root reduces
the nutrient concentration at its surface to a small constant value
that is an average for the whoie root system and dependent on the
average absorbing ability of the roots. It can then be assumed that
the rate of uptake will be dependent on the rate of transport of the
nutrient ions to the root surface, which in turn will depend 1argely
on the nutrient concentration in the bulk soil solution.

Nye (1977) described the radial flow rate of a nutrient toward

a root in the axis of a cylinder of soil, thus:

Ir = 2 ﬂrDIQfIdCI/dr + 2 anCI ceeea(1.22)
where Ir = amount of a nutrient crossing a radial boundar&iin
unit time (mol cm™' s 1),
r = radius of soil cylinder,
DI = diffusion coefficient in free solution (cm2 sf1),
8 = volumetric moisture fraction in the soil,
’ fI = diffusion impedance factor,
v = flux of water towards the root (cm sf1),
and CI = concentration of nutrient in solution (mol cm—3).

If the nutrient concentration at the root surface is constant,
the diffusion rate varies with the bulk soil solution concentration.
The mass flow contribution also varies with the bulk soil solution
concentration. So, the principal soil factor controlling uptake |

of nutrient ions, by plant roots, is the concentration of the ions in
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the soil solutidn. The equilibrium concentration of K* in the soil
solution is determined by two factors: a) the partial molar free
energy of K™ in the labile pool of soil K in equilibrium with the
soil solution, and b) the total anion cencentration in the soil
solution. The latter yariés with soil moisture content, leaching,
cropping etec; so a measurement of solution K concentration at any
instantwin time does not have great significance to the continuing
supply of K to the plant root. Also, because it varies with anion
concentration, and therefore with soil:solution ratio, in the manner
defined by the Ratio Law, meaningful estimates of K concentration are
difficult to make.

. \,
The activity ratio, aK/(a )h, does remain constant as the

Ca+Mg
soil solution is diluted, provided no anions are removed from or
added to the suspension. Thus AR can be viewed in two wgys, a) as
RT ln(ak/(aca+Mg§h), a fundamental thermodynamic paramefé% and
b) as a readily measurable ehtify related to K concentration in the
soil solution.

The force which drives diffusion is the change in the chemical
potential of the ion with distance in the direétion of diffusion
(Barrow, 1966). Thus, according to Stout and Baker (1978) the

diffﬁsion of K in soil can be defined by the equation given by

Mokody and Low (1966) for clays:

I = -ABCKXK(dGK/dx) eeees(1.23)
where JK = diffusive flux

A = cross sectional area of diffusion path
B = Tortussity factor
C,, = the concentration of exchangeable K

X\, = the average mobility of K
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and (dGK/dx) = fhe change in relative partial molar free energy
with distance in the direction of diffusion.

The K concentration, and therefore the K potential, to which
a plant root can reduce the soil solution in part determines the
diffusive flux towards the root at any given K potential in the
bulk soil. This depleted rhizosphere K potential is a measure of
the root's absorbing power and, assuming it is constant during any
particular phase of the plant's growth, rate of K uptake will be

" related to K potential in the bulk soil.

1.7 . Quantity vs. intensity measurements as indices of so0il gotassium

. status
Measurements of exchangeable K are inadequate as indications of K
supply to plants because the quantity measured depends oqzthe extracting
electrol&te chosen and also, although they measure the size of a
labile pool, they do not determine how labile it is.

Arnold (1962) obtained a good positive correlation (r = 0.88)
between exchangeable K content and K uptake by ryegrass during 36 days
cropping in 64 soils, whose exchangeable K contents ranged between

1). But over the range

0 and 400 mg kg"1 (approximately 0-10 meq kg~
100—&00 mg kg—1 exchangeable K, which included 36 of the soils, the
correlation was poor (r-= 0.35). However the correlation coefficient
betweeﬁ K uptake and AGK,Ca+Mg values for 32 of those 36 soils was
“0.87. |

Jancovié and Németh (1974) gave a more extreme example of the
limitations of exchangeable K content as a measure of the relative

availability of soil K to plants. They obtained a negative

correlation between yields of sunflower seeds and exchangeable K on
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five soils, in field trials with 3 K treatments on each soil. However

there was a positive correlation (r = 0.59) between yield and the

K,Ca)'
Feigenbaum and Hagin (1967) investigated the relationship

K concentration in the soil solutions (related to 4G

between AGK Ca values of six soils, given six K treatments, and K
b

uptake of wheat in a pot experiment. When the results from the sandy
loams (CEC-s 95 and 136 meq kg—1) were treated separately from

those of the fou; heavier soils (CEC-s 330 to 470 meq kg_1), good
correlations between AGK,Ca and K uptake were obtained for each

group of soils.

The regression cbefficient was numerically greater for the

heavier soils because of their greater buffering capacity.

-0.03 AG + 123

Sandy loams r K,Ca

0.959 ; K uptake

5ilty loam - clay © = 0.894 ; K uptake

-0.04 AGK,Ca + 210

_Plottiﬁg K uptake against.exchangeable K showed a very poor
correlation. |

.McConaghy and Smillie (1965) obtained a linear correlation
(r-= 0.92) between (AR)  values, up to 2.2 x 10—3, of some basaltic
soilg and %K in the first cut of rYegrass in pots. Differences in
(AR)o values accounted for difference in K uptake from soils with
similar amounts of exchangeable K. Fergus et al. (1972) observed a
’»highly significant correlation between the initial K potential
(expressed as %p(Ca+Mg)-pK) of 10 soils and %K in the first cut of
ryegrass (in.pots). They'also showed that, when McConaghy's and
Smillie's'(AR)O values were converted to this logarithmic form, a

linear correlation with %K in ryegrass was obtained over the whole
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" range of values. The regression lines for these two sets of data

‘'saturation of the CEC or K concentrations in 0.01‘ﬂ‘CaCl

were very close to one another and also to that obtained by

Arnold et al. (1968) between %K in potato leaves and K potential.

AGK,Ca+Mg values and exchangeable K content of soils correlated
equally well with K uptake of wheat (Hagin and Bazelet, 1964).
Hagin and Kayumjisky (1966) found that %K in peanut plants, grown

in the field, correlated better with AG values than with %
K,Ca+Mg

2 and water

extracts of the soil.
On several Indian soils, Ramamoorthy and Paliwal (1965@ obtained
correlations between erop responses of paddy and "potassium adsorption

ratio" (:(AR)d); .Halevy (1977) found that yield responses of cotton

K,Ca+Mg

Soil K potential decreases as K is removed by a crop, and so,

correlated equally well with AG values and exchangeable K.

can ohly be expected to be related to the initial uptake of K. As

deseribed in Section 1.5, K buffering capacity (dQ/dI) defines the

‘quantity of K that can be removed per unit change in intensity and

thus the degree to which the intensity changes as K is removed.
Therefore its use as an index of the K supplying power of a soil

has been investigated by several workers. Singh and Talibudeen (1969)
meaéured the K buffering capacity of 8 Mala?sian soils, taken as the
slopevof the linear part of the AK:GK/(éAl)1/} felationships.
They found that this was significantly correlated with K uptake by

the legume Pueraria phaseoloides.

Talibudeen and Dey (1968b) suggested that "if the clay fraction
of British soils governs their cation exchange properties, PBC
(potential buffering capacity) per unit of clay in the soil should
be more meaningful as an intrinsic soil property in K exchange"

than PBC of the whole soil. However they obtained a negative
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correlation betwéen this and cumulative K uptake by ryegrass, from
soils from 25 British soil series, after 16 and 60 weeksAcropping
in pots. Neither was K uptake related to the PBC of the whole soil,
but a positive, though not significant, correlation was obtained
between K uptake and the buffer capacity, dK/d(log(AR)O). In this
type of exhaustive cropping experimént, it is perhaps not surprising
that intpnsity parameters of the scil, measured before cropping,
do not describe K SUpply very.well because release ofIK from the
peripheries of the clay crYsﬁal lattices may contribute significantly..

Using regression analysis, Barrow (1966) demonétrated that the
“importance of AGK,éa in acgounting for K uPtake_by subterranean

clover (Trifolium subterraneum L) decreased, whilst that of buffer

capacity increased, with time of cropping. A‘multiple regression

containing buffer capacity and AG a terms accounted for up to 89%

K,C
of the variation in K uptake.
Similarly,lMoss and Herlihy (1970) used nultiple regression
analysis to evaluate the importance of quantity and intensity
parameters in the supply of K to ryegrass. After 51 days growth a
combination of buffer capacity + exchangeable K accounted for ﬁore
of the variation in K uptake than did (AR)0 + buffer capacity.
The Euffer capacity was taken as the slope of a chord joining.the
intercepts of the Q/I curve with the AK and AR axes. With prolonged
cropping (up to 977 days) regressions involving the release coefficient
(= the slope of the K release:time relationship) accounted for
progressively more of the variation in K uptake whilst the importance
of other parameters decreased.

Zandstra and MacKenzie (1968) suggested using the product of

exchangeable potassium (Ko, obtained by extrapolating the linear part
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of the Q/I curvarto AR = 0; see Figure 1.2) and the linear buffering
capacity as a measure of K SUpply to plants. This complex function
they misleadingly named "K potential" and suggested that it is a
measure of labile K and its ease of release. It correlated:well
(p-= 0.001) with the logarithm of yield responses of oats and
barley, although not with that of corn. However, 'available K'
extracted with 0.1 M NH,OAc + 0.5 M H,S0, correlated equally well
with log(yield response) . . -

Nye (1966) derived a mathematical model to describe potassium
movement to plant roots in scil by diffusion and plant uptake. This
predicted that plant uptake is proporticnal to the product of the
conceritration of K in the soil solution and the square root of K
buffering capacity:

M, ot Cl_(AC/ACl)% o ...,.(1.245
i
where M = amount of nutrient absorbed per unit area of root

surface after time (t) since the surface was produced.

.Cl = concentration of nutrient in the soil solution.

€ = total concentration'of mobile nutrient ions (exchange-
able K)

€, = initial concentration of nutrient in the soil solution.

, 1
Bradfield (1972) suggested that "in soils of comparable calcium status”

_this relationship could be expressed thus:-

1
K uptake oX (AR)_(BC)? | ceeea(1.25)

where (BC)D is the buffer capacity at (AR)D. He related cumulative K

uptake per unit of dry matter, in rjegrass, grown on 9 soils in pots,
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to the negative logarithm of this function, ie. p((AR)O(BC)E).

Correlation coefficients for 28, 56 and 84 days cropping were -0.91,
-0.80 and -0.75 respectively. A single linear relalionship was also
observed between p((AR)D(BC)E) and % K in strawberry leaves grown

on five different soils.

To summarize, intensity measurements are less ambiquous in
defining the status of labile K in soils and, under certain circumstances,
correlate better with crop uptake than quantity measurements. Because
soil K potential changes as K is removed, a single measurement can
only be related_to short term depletion by crops. Buffer éapacity
describes the degree to which a soil can resist changes in K potential
as K is removed and so; as long as iﬁ remains‘coﬁstant, it is directly
related to K uptake. However, for many soils, buffer capacity varies
with exchangeable K. Thus, intensity parameters have not been accepted

as reliable indices of soil K status for practical agriculture.-

1.8 The concept of critical potassium potentials for crops

The relationship between the supply of a nutrient and crop yield can
be expressed schematically as shown in Figure 1.3 (Russell, 1950).
This suggests exponential crop response to increasing nutrient at

Ver; low levels of supply, diminishing response as the nutrient level
approaches an optimum,no response where the nutrient is not limiting
and negative response where it is present at such a high level és

"to be toxic. The problem arises of how to quantify nutrient SUpply

so that the response curve becomes a characteristic of the crop and
independent of the sﬁil, given that other environmental factors remain

constant. As discussed in the previous section, the concentration of
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Figure 1.3 A general relationship between the amount of a plant

nutrient supplied and plant growth (from

Russell, 1973).
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Nutrient potentiai in soil

Figure 1.4 A diagrammatic representation of the effect of soil

nutrient potential on crop performance, (from Talibudeen,

1974).



44

the nutrient ion in the soil solution is probably most relevant.to
plant uptake, but its chemical potential has more meaning in
relation to K supply from the exchange surfaces in the soil.
Talibudeen (1974) gives a schematic plant response curve, to
a nutrient potential, similar to that shown in Figure 1.4. However
he used a "Plant efficiency index" instead of plant yield, which
is preferred here. Ideally the nutrient potential should be
averaged over the period of growth (Talibudeen and Dey, 1968a;
Addiscott and Talibudeen, 1969; Beckett, 1972). From this curve,
~critical nutrient potentials can be evaluated that are characteristic
of a plant taxon during a particular phase of grbwth, under the
prevailing environmental conditions (Talibudeen, 19745 Talibudeen

and Page, 1978). These are:-

1.  Exhaustion Potential: The nutrient potential below which the
plant is unable to take up nutrient. Deficiency symptoménappear
and dry matter production ceases.

2. . Response Potential: : Plant yield increases rapidly with

nutrient potential. This perhaps better describes a range of
potential values rather than a single one.

3. . Optimum Potential: VYield is maximum, but not total nutrient

uptake.

4, Luxury-Uptake~Potential:..The nutrient supply is greater than

that required for maximum yield but is not at the level which is
~toxic to the plant, so that nutrient uptake increases but there is
no change in Yield. Like 'response potential' this region extends
over a range of potential values.

5. -Toxieity Potential: The potential above which plant yield

decreases.

For any plant taxon, these critical potentials may be different
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at different dévelopment stages. Also, the maximum growth of some
part.of a plant, in the earlier stages, may not result in maximum
yield of the harvested part. For instance, excessive top growth
in'somé roét crops results in poor root yields and, in cereals, too
much spring nitrogen can lead to excess tillering, which reduces
grain yield. ’

Exhaustion and optimum K peotentials have been réported for
several crops and will be discussed lafer. Response potentials are
less well defined and have received little mention in the literature.

. Potassium toxicity does not seem to have been recorded.

Critical K concentrations. in solution were determined for

several plants in flowing culture solutions (Asher and Ozanne, 1967§
wild, et -al., 1974). Solutions of constant concentration continually
_circulated around the roots, so a depletion zone cannot develop

close to the root surface, and there is no adsorbing surface in the

" medium to restrain ions. Therefore, rate of uptake depends only on
the plant and the solution concentration. This can be expressed

(Wild, et -al., 1974),

F =X [K] ceeee(1.26)
! 2 -1
where F = flux into the plant (g K atom cm “s~ ')
o< = root absorbing "poWer" (cm 5—1)

[K] = K concentration in the circulating solution.
These authors found that ©& varied with plant species and with [K].
However its units are those of 'linear velocity' not 'power', the
latfer being meaningless in this context. Expressed Fully, the

units of o4 are: mols of nutrient -absorbed per. unit .concentration at -
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.the-root-surface“per unit of root surface area per second. It is

therefore the rate of nutrient absorption per unit of root surface
per unit concentration. If ¢ was constant the rate of uptake per
unit of root surface would vary linearly with concentration, which
seems unlikely. A negative exponential relationship, with a
vertical asymptote at the concentration at which all the uptake
sites (nhatever their nature) are permanently occupied,. seems more
probable. ‘

Table 1.1 gives K concentrations which gave maximum yields for

various crops and also the corresponding chemical potential transforms,

uK = RT ln aK = RT ln[K] n--oo(1027)

assuming [K] approximates to a . These concentrations are considerably
lower than would be expected in soil solution, certalnly For max imum
yield (cf. Nair and Talibudeen, 1973), because rate of uptake from a
flowing culture solution does not depend on transport processes in

the soil. Wild et al..(1974) showed that, even in sand culture, a
considerably greater K concentration was required in the solution than
in flowing solution culture for maximum yield. The chemical potential
ot K in culture solutions cannot be compared to AGK,Ca measured in
soil; because the latter is K potential referred to Ca potential. A

" _
measurement of RT ln(aK/aCaz) in a solution culture would have little

relevance to K supply in the absence of an exchange surface.

1.9 The exhaustion potassium potential

Talibudeen (1974) described this as the chemical potential of a

nutrient in the soil (or any growth medium) which allows very little



TABLE 1.1 - Potassium concentrations and equivalent chemical potentials for

maximum yield of crops grown in flowing culture soclution.

CROP

Silver grass (Festuca myuros)

Rye grass -(Lolium rigidum)

Brome grass -(Bromus -rigidus)
Veldt grass (Ehrharta longifolia)

Cock's-foot (Dectylis-glomerata)

Sweet vernal grass . (Anthoxanthum .odoratum)

Oats (Avena sativa)

Barley (Hordeum vulgare)

Vetch (Vicia sativa)

Subterranean clover (Trifolium subterraneum)

Rose clover (Trifolium lirtum)

Barrel medic (Medicago tribuloides)

Field pea .(Pisum -arvense)

Red clover (Trifolium pratense)

Trefoil -(Medicagoe -lupulina)

OPTIMUM CONCENTRATION

- M x 10

24
24
24
24

33
33

1000
1000
95
95
95
.24
24

6

- OPTIMUM POTENTIAL

(RT 1n[K] at 27°C)
k3 mol-1
26.5
26.5
26.5
26.5

25.7
25.7

17.2
17.2
23.1
23,1
23.1
26.5
26,5

28.7.
3.17

REFERENCE

Asher and
Ozanne
(1967)

Wild, et al,
(1974)
Asher and

Ozanne -
(1967)

Wild, et al.
(1974)

Ly
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dry matter produétion in the plant and leads to ité eventual death.
Addiscott (1970b), diécussing K potential, distinguished between
‘uptake potential' which corresponds to cessation of K uptake,

and 'exhaustion potential’, which corresponds to cessation of growth.
In relation to crOp.production, there seems little point in
attempting to make this distinction, even assuming that there is a
difference.

In the exhaustion situation, the rate of diffusion of the
nutrient to the plant root is Very low and, if the concentration
gradient is the main factor limiting diffusion, the concentration
in the bulk solution approaches that at the root surface. The
nutrient concentration to which the roots can reduce the solution
at their interface depends on the root absorbing 'power'. Root
absorbing 'power' therefore determines the concentration to which
the nufrient in the bulk solution must be réduced'beforeJAiffusion
to the root surface is halted. Therefofe, root absorbing 'power',
at least partly, determines the exhaustion potential of a plant.

HoweVef, critical nutrient concentrations for plants are
generally loWer in flowing culture solution than in the.soil solution
(see Section 1.8) so the nutrient concentration in the lek soil
solution is probably never as low as that at the root surface.
Factors other than the concentration gradient eg. tortuosity are also
important in limiting diffusion rate in the soil.

. Potassium exhaustion potentials (AGexh.) for crops are difficult
to measure in soils, because, as the soil is stressed, K is released
from initially non-exchangeable sourées.. Quite large amounts of K
have to be removed before the supply is reduced to an exhaustion

level. Fergus, Martin, Little and Heydock, (1972) exhaustively
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cropped 10 soils with setaria (Setaria sphacelata, a millet) in pots.

Potassium removed by the plants varied between 0.79 and 81.0 meq per
pot (1920 cm3 soil per pof) in from 3 to 16 cuts before growth
ceased.l The resulting exhaustion potentials of the 10 soils ranged
between -17 and -29 kJ mol~" and had a mean value of -18.8 k3 mol™'.
Fergus,-gEJgif,.(ibid) suggested that despite the range, this mean
value "can be taken as the practical limit for seteria."

Marfin and Fergus (1973) carried out similar experiments with
4 crops on 5 soils. The resulting exhaustion potentials varied
more with soil type than with the crop. They suggested that this
may have been because of different solubilities of K in different
clay minerals, hence different rétes of release from different
mineral éssemblages. |

Talibudeen and Dey (1968a and b) cropped a variety of soils
with perennial ryegrass, taking cuts until dry matter prodUctibh'Was
reduced to ﬁ.US g per 200 g soil pef 4 wéeks. Soils from the
'Rothamsted Classical Experiments' had Final (AR)O values of

- 1 -
between 2.8 and 10.2 x 10 4 M? (-20.4 and -17.2 kJ mol 1) with a mean

-~ 1. - :
of 5.8 x 10 é_mz.(—18.6 kd mol‘1). Perennial ryegrass reduced the

-4 %
(AR)0 values of 25 other British soils to between 3 and 12 x 10 4 M?-
(-19;3 and -16.8 kJ mol_1) giving a mean exhaustion value of

5.7 x 1074

ﬂ% (-18.6 kJ mol*1), very close to the mean value for
Rothamsted soils. In similar experiments, Islam and Bolton (1970)
obtained exhaustion values for perennial ryegrass on Rothamsted and
Woburn soils. These were 1.5 - 3 x 107> M? and 2.8 - 3.8 x 107> M
(-27.7 to —26.0-and -26 to -25.4 kJ mol~1).For Rothamsted and Woburn
soils respectively; considerably lower than the figures of Talibudeen

and Dey for Rothamsted soil. Although the soils used came from

different fields, they were not very different mineralogically, so
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they were probabiy more exhaustively cropped in the latter work.

Addiscott and Johnston (1975) determined K potentials of 5
Rothamsted and 1 Woburn soil after exhaustive cropping with ryegrass.
To ensure that the K supply was exhausted, the soils were sown with
a setond crop of grass after the first had died. The mean exhaustion
K potential for the Rothamsted soils was -23.,3 kJ ch.l"1 and for the
Woburn soil -21.8 kJ mol”1. The value on Rothamsted soil agreed
well with Addiscott's (1970a) calculated 'uptake potential' for
perennial ryegrass (23.4 kI mol~1). The derivation of the latter
was based on the assumption that K uptake was best correlated to
the amount of labile K that coﬁld be removed'before this limiting
potential was attained. Then, for each soil, the K removals (AK)
required to reduce its K potential.to each of a series of arbitrary
vvaers were calculated. Correlation coefficients were cobtained
betwéen these sets of AK values and K uptake by ryegrassh%rom the
so0ils. The 'uptake potential' was evaluated graphically, as the K
potential giviﬁg rise to the maximum correlétion. This method gave
.differeht values for Rothamsted and Woburn soils. The values on Woburn
soils increased with time, indicating rapid K release,.but those on
Rothamsted soils were fairly constant at about -23 kJ mol™ .

ﬁAddiscott.énd Mitchell (1970) used the same technique to

determine the 'uptake potential' for potatoes on Rothamsted soils
a) after 27 days growth and b) when the tops senesced, ie. when the
" soil K reached exhaustion level. Theylobtained values of -17.4 and
~20.5 k3 mol™" respectively. After the final harvest they also
measured K potential in the exhausted soils of -19.7 kJ mol—1. They
suggested that tﬁis 'exhaustion potential' was numerically close

enough to the 'uptake potential' to be considered the same entity.
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Barrow, et al. (1967} measured the K potential of soils which

subterranean clover (Trifolium subterraneum). had exhausted after

several cuts. The plants remained alive but there was no net
increase in dry weight; fresh gfowth and K uptake were only
facilitated by K release from senescing leaVeé. The resulting
exhaustion potentials decreased with increasing K buffering capacity,
with én\ asymptotic minimum value of apprcximately -25.1 kJ m01_1.
This variation, tﬁey suggested, could have been caused by K release
from broken roots remaining in the soil, which would have fhe
 greatest effect on the K potentials of the soils with the lowest

' K buffering capacity.

From field experiments in Israel, Hagin and Devrat (1963)
reported a limiting K potentiai (corresponding to éevere deficiency
symptoms.and VEry low yield) of -20.1 k3 mol™" for vétch_and
Dovrat (1966) obtained a limiting value of 17.8 kJ mol™! for a
berseem—vafch mixture,

Exhaustion K potentials can also be derived by extrapolating
yield : K potential curves to zero yield, although this does not
take into account the possibility that the response curve may be
sigmoid and therefore not,easy to extrapolate. Alternatively, one
'coﬁid éxtrapolate K uptake or concentration: K potehtial curves
to obtain an exhaustion potential, but the same problem arises.
Koch, et .al., (1970) obtained K potential values of -17.2 and
"215.5 k3 mol”! for zero % K in corn leaves,‘by extrapolation.
Similarly fitted lines to % K: K potential relationships gave
exhaustion potentials of about -17 kJ mol™! for setaria (Fergus,. et al,
1972) and potatoces (Arnold, et al., 1968) and -20.7 kJ mol”" for

ryegrass (McConaghy and Smillie, 1965).
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Table 1.2 summarizes K exhaustion potential data discussed here.
It can be seen that it isa difficult parameter to measure for a crop,
in soil, and that it varies with soil type. With the Q/I
relationship, the exhaustion potential can be used to delineate the
quantity of potassium irn a soil, initially available to a crop
(Addiscott, 1970b; Beckett, 1972; Beckett and Clement, 1973).' It

can be used to compare the ability of crops to remove K from soils.

1.10 - The optimum potassium potential

The optimum K potential (AGopt.)’ for ahy crop can be loosely defined
as that which gives maximum yield. How rigorOUSly it can be defined
.depends on the shape of the yield response curve of the'crop to K
potential in the growth medium., If yield increases with K potential
is

to a maximum and then decreases at higher K potentials, AGopt

easily interpolated. If however Yield rises to an asympﬁatic maximum,
a more arbitrary value of AGopt. must be chosen such as that which
gives 95% maximum yield. (cf. Arnold, et al., 1968; Tinker, 1964b;
Singh and Jones, 1975).

The K potential of a soil generally decreases as K is removed.
So, for maximum yield, the optimum K potential must be passed through
during growth and has to be estimated as a mean value for the period
of growth under investigation. It is defined by yield response, not
uptake and therefore must be sensitive to other environmental factors
“which affect yield. For instance, increased light intensity may
produce a larger plant. The K uptake resulting in maximum yield, will

then be greater, and therefore the optimum K potential will also

increase.



CROP

Setaria
Rhodes grass
Siratro
Lucerne

Perennial ryegrass

Vetch

Berseem and Vetch
Subterranean clover
Corn

. Potatoes

Potatoes (after 27 days)

" (top senescence)

_ TABLE 1.2

NO, OF SOILS

31

T S

22

S N e

Potassium exhaustion potentials.

~-AG EXHAUSTION

1

(kd mol™")
29 - 17
17.5 - 10.4
17.8 « 10.3
16.1 - 9.1
20.4 - 17.2
19.3 - 16.8
25.4 - 27.7

23
23.7 - 21.8
20.7
20.1
17.8
- 25.1
17.2 - 15,5
17
17.4
20.5

REFERENCE

Fergus, et al. (1972)

“Martin and Fergus (1973)

Talibudeen and Dey (1968a)

" " (1968b)
Islam and Bolton (1970)
Addiscott (1970)

Addiscott and Johnston (1975)
McConaghy and Smillie (1965)
Hagin and Dovrat (1963)
Dovrat (1966)

Barrow, et -al. (1967)

Koch, et al. (1970)
Arnold,et al. (1968)

Addiscott and Mitchell (1970)

i
N
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Data on optimum K potentials for different crops are scarce and
host values offered are the results of single measurements ie. not
mean values for a croppingiperiod. Scheffer, Ulrich and Lisanti
(1962)lgave K potential vélues, in the soil before cropping, for
the optimum'supply of K for several crops in field experiments.
These were, for wheat énd-barley, sugar beet, potatoes and grapes,
~14.4, <12.6, ~10.2 and -7.5 k3 mol~| respectively.

On 20 Indian soils, Ramamoorthy and Paliwal (1965 found

1

that AG values of between -12.8 and -11.8 kJ mol™

K,Ca+Mg
corresponded to yield responses of paddy, in field experiments,
of 5% or less. Hagin and Koyumdjisky (1966) failed to obtain
any.yield.response of peanuts to K fertiliser on soils in which
the lowest K potential initially was -14.2 kJ mol™ 1.

Singh and Jones (1975) determined optimum K potentials for
beans, celery, tomatoes and potatoes, using a sbrption isotherm
technique. Solutions containing a range of K concentrations and
'0.01 M with respect to CaCl,, were equilibrated (24 hours) with
samples of a silt loam to obtain a K adsorption isotherm (ie. K
adsorbed vs. K concentration in the equilibrium solution).
| values. were also calculated. The isotherm

Equ1%1br1um AGK,Ca+Mg

was then used to calculate the AGK,Ca+Mg values of 2 kg samples

of the soil, with a rangevof KCl additions. The crops were grown

on these soils, in pots, and AGD t determined as those values

fm@hich gave 95% of maximum yield: for beans, tomatoes, celery and

potatoes (tops) -10.5, -10.4, -9.9 and -9.6 kJ mol-1 respectively.
Arnold, et al., (1968) related yields of potato tubers, grown

on two field sites, with 4 levels of K fertiliser, to both initial
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and fipal (AR)0 values of the soils. The initial and final values
cbrresponding to maximum yield were approximately 0.005 and

3 . » |
0.0016 M (AGK,Ca+Mg = -13.2 and ~16.1 kJ mol '). The AGoth'as

measured before cropping, is thﬁs considerably lower than values
ocbtained by other workers. This demonstrates the limitation of
using this singlé measurement to make comparisons between soils.
A more Yaluable measurement would perhaps have been the mean of

the initial and final AGK,Ca+Mg values which corresponded to
1

max imum yield ie. AG = -14.6 kJ mol ",

pt. |
Tinker's (1964b) yield response curve of oil palms, grown in

1/3

L
several acid soils, to ARul(z»aK/((a. N P(aAl) ), unified

Ca+Mg
activity ratio) shows that an AR , value of approximately 0.006
gave 95% maximum yield. This transformed to energy units, gives a

A value of -12.8 kJ mol™'. Although not directly

GK,Ca+Mg+Al R
~ comparable with AGK,Ca+Mg values, exchange energies involving

aluminium are useful indices of K potential in acid soils.

- 1.11  The present work

The aim of‘this work was to determine'thermodynamic K potentials
(AGK,Ca+Mg) in the growth medium,corresponding with critical levels
of d}y matter yield for different crops, and examine the factors
which affect them. The first objective then,was to obtain precise
Qield response curves to a wide range of soil K pctentials in a
constant environment. A constant environment obviétes the major
‘factors influencing yield response curves in the field, ie. the
climatic environment, and also the water regime in the soil.
Critical K potentials for crops, quoted in earlier work

(Beckett, 1972; Talibudeen and Page, 1978), have been determined

in glasshous and field experiments by single measurements before
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and/or after crobping. The K potential changes as K is removed
from thevsoil to an extent determined by the K buffering capacity
of the soil. In this work, theréfore, estimates were made of
average soil K potentials during limited periods of growth and
yield responses were related to these;

The critical K potentials determined previously have been
mainly AGexh. and AGupt.’ corresponding respectively with minimum
yield and/or zefo K uptake and with maximum yield but not necessarily

optimum K uptake. The toxicity level of K, AG has not

tox.’
received an? éttention previously because it is of little practical
importance. However, it was considered worthwhile in this work

to determine AGtox. for various crops, in an attempt to show that

toxic K potential thresholds do exist, for reasons that are not
clearlyvdefined.

Pot experiments were thus designed to obtain yield gésponse.data
from which exhaustion, optimum and toxicity K potentials couid be
derived by curve fitting procedures. The supply of other nutrients
and also the total anion concentration of the so0il had to be
balanced for all K treatments.

Critical K potentials are measures of the work cépability of
thefplant in K uptake and‘shbuld be independent of soil type. However,
evidence reviewed earlier (Sections 1.7 and 1.9) suggested that yield
responses of some crops to soil K potential vary with soil type.

"It was therefore necessary to see how K uptake varied with K potential
on contrasting soils and to ascertain whether or not critical K
potentials Vary with soil properties, particularly texture and

cation exchange capacity, which control soilK potential. If, Fof any crop :

soil combination, these 'critical' values vary between soils, it
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becomes important to determine which critical potentials are most
crop specific; and what experimental factors affect them.

Growing crops in a limited Qolume nf soil leads to substantial
depletion of the exchangeable K and large changes in K potential.
So, for this type of work, the 'soil : plant ratio' should ideally
be very large. However, the spatial limitation of working in
constant environment cabinets necessitated working with small pots
and did‘not allow investigations of the effect of larger soil
VDlUmBS; The relationship betweén crop specificity of critical K
potentials and 'soil : plant ratio' provides anotnér possible line
of research.

The moisture content of the soil was also recognised as an
important controlling factor in the supply of K to plant roots,
especially in a small volume of soil where it changes rapidly.

The principal environmental factors which might aFFé&t critical
K potentials for crops are light intensity and temperature. The
amount and quality of light regulates the energy -input to the plant
for photnsynthesis and this study is concerned with energy output
by_the plant for K uptake. An experiment was designed to see if
there was an interaction between the two.

'So experinents weré‘conducted to 1) determine and comnare
critical K potentials for some cereal and broadleaf crops in
their early stages of growth; 2) determine and compare critical K
~potentials for two grasses on contrasting so0il types; 3) examine
the effect of light intensity on the yield - K uptake - soil K.
potential relationship and on critical K potentials for ryegrass.

In the long term, this work is aimed towards defining crop

nutrient requirements (in this case, K) in terms of the chemical
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potentials of nutrient ions in the soil : water system so that the
nutrient can be maintained at the correct level for the crop in the

soil during aspecified growth period.
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2. GENERAL METHODS

2.1 Selection of soils

Soils were chosen for, a) low organic matter contents (<2.6 % organic C)
e.g. soils in arable cropﬁing in recent years, (comparisons between
‘soils of high organié matter content are difficult in nutrition
studies because of unequal mineralisatioﬁ of N, P and S during pot
experiments);
b) a low total N content (all but one are 0.2% or less) for the same
reason;
c) low exchangeable K or %K saturation of the CEC (all but one have
- less than 4% K saturation) so that good crop responses to K could be
obtained, and also so that the labile K could be reduced to an exhaustiﬁn
level in a short time, by cropbing in ﬁots without added K;
d) a range of CEC-s and therefofe buffer capacities;
and e) availability and accessibilityvof soil already sampled Sf of
the site for sampling.
Soils from Rothamsted and ADAS experiments met most of these

requirements.

2.2 , Soil Analysis

Air dry soil wifh < 2 mm crumb size was used in this work unless
otherwise stated. Details of all routine soil analyses are given in
Hﬁthg Rothamsted manual, Analysis of Crops, Soils and Fertilisers.
| The International Pipette method was used for mechanical analyses.
Water holding capacities were measured by the method of Gasser (1962).
Exchangeable cations were extracted from the soils by leaching with
M NH,0Ac at pH 7 and assayed by atomic absorption spectrophotometry.

Cation exchange capacities were determined by steam distillation of

the NHZ saturated soils with MgO.
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Soil pH was measured in water and in 0.01 M CaCl2 (1:2.5, soil:
solution ratio). Carbonate contents of the soils were determined by
measuripg the C02 pressuré'produced when reacted with hydrochloric
acid. AVailabie phosphate was estimated as that soluble in 0.5 M
NaHCD3 solution (0lsen method).

Total soil N was determined by Kjeldahl digestion and estimation
of NH4—N‘by colorimetry in the Technicon AutoAnalyser. The nitrogen
mineralizable over a three month period was estimated, with and
wifhout added Ca(NOB)Z’ by an incubation methcd (Gasser, 1961).
Organic C was determined by the‘method of Tinsley (1950).

2.3 Soil preparation for pot experiments

The soils were adjusted to a range of exchangeable K levels
(c. 1-70 neq kg™') by adding K (as KNO, and K,S0,) and also, for
some experiments, by leaéhing K* out with CaClZ solutions .(see below).
Several kilograms of soil were leached (1. kg per.vessel) in the ) |
apparatus shown in Figure 2.1.

To test the process, Batcombe and Newport series soils were
leached with 0.1, 0.5 or 1.0 M CaClZ. The leaching was started by
saturating the soils with 500 ml of solution, before turning on the
peristaltic pump. Initially the pump was adjusted to deliver about
2 1 per day. However; after 24-48 hours when the soil had settled
down, this flow rate was found to be faster than the percolation rate,
Aapd so it was decreased to approximately 1.5 1 per day.
| ‘Table 2.1 shows that, for both soils, only small quantities of K
- were extracted from the soils daily after 72 hours leaching. Also,

leaching the soil for 72 hoﬁrs with 0.1 M CaCl, extracted at least

2
80% of th