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INTRODUCTICN

In 1913 Elema found a soil defect, hitherto unknown in the
Netherlands, on various reclaimed moorlands in the province of
Drenthe, which was described by Hudig and Meyer9 under
the name “Hooghalen disease” after the locality where it was first
discovered. Owing to its frequent occurrence on the Dutch sandy and
sand-peat soils this defect is now well known. Characteristic of the
“Hooghalen disease” in cereals is the “curdling” of the chlorophyll,
giving the leaves a mottled (“tigered”) appearance. As the disease
progresses, the amount of chlorophyll decreases and the plant be-
comes yellow-coloured; the chlorophyll seems to be restricted to
small spots on a yellow background. At worst the plants attain a
uniform dull and pale colour and show a considerable retardation in
development. Young plants keep their normal stature with erect and
apparently firm leaves. In light cases the symptoms are often of a
temporary nature but serious outbreaks cause considerable losses
of crop.

The real cause of the disease was not discussed by Hudig and
M e y er. They found only that its occurence was associated with a
high acidity of the soil and therefore recommended an alkaline
dressing as a remedy. It was in fact proved that the disease could
often be prevented or cured by applying lime or Chilean nitrate
(nitrate of soda), so that it became designated by some as ““acid
disease’, Later investigationsby Jessen®), Gehring ef al. 9
showed that a high acidity does not necessarily couse the mottled
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colouring. The typical chlorotic symptoms did not appear after
applications with salts of magnesium, but heavy dressings of mag-
nesium without increasing the pH did not always appear to be
sufficient for an optimum development of the crop, as was also dem-
onstrated by Van Itallie). Conversely, according to the
experithents of Van Itallie), attempts to restore the normal
colour of the leaves by only increasing the pH were practically
always unsuccessful. - : \ :

Smit and Mulder??) showed that the symptoms of mag-
nesinm deficiency in water culture are in all respects identical with
those of the “Hooghalen disease™ on acid soil. By applying sufficient
magnesium even the worst symptoms could be cured. In some cases
-on acid soils, however, although the symptoms had disappeared, the
plants continued to grow poorly. Thus it would seem more accurate
to designate the mottling and the more serious symptoms as
“magnesium deficiency’’ instead of ‘“Hooghalen disease’”; the term
“acid disease” is quite incorrect, as will be shown later.

The favourable effect of liming on the colour of the leaves is attrib-
uted by most investigators to an improvement in the magnesinm
supply. The investigators, however, do not agree as to the essential
nature of this effect. According to Gehring®, Schmitt)
and Michael?3) itisdue to a mobilization of the magnesium which
has been fixed by absorption in the acid soils. According to van
Itallie®) the activity of the plant with regard to its uptake of
magnesium is increased. Smit and Mulder %) consider mobi-
lization to be of little significance and largely atiribute the improved
uptake of magnesium to a better root development after liming. In
addition a combination of soil chemical and physiological influences
is suggested as a possibility by Michael®™). Van Ttallie?l®

thinks, that apart from the Mg-content, the base surpius in the plant *

which is controlled by the acidity of the soil, may be of importance.

The favourable effect of liming could no doubt be partly ascribed
to the magnesium, which is a constituent of practically all lime
fertilizers. Small quantities of magnesium may be of great significance
because of its considerable activity.

Besides the Mg-content and the pH of the soil, other factors have
been found to influence the outbreak of the disease. Gehring¥)
pointed out the importance of the form and quantity of K-fertilizers
and the form of N-fertilizers. Monovalent cations hamper the Mg-
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uptake, nitrogen in the form of nitrate promotes the Mg-uptake and
enhances the cation-anion ratio in-the plant (van Ttalliell).
Castenmillerl) showed by statistical treatment that in
interpreting the MgO-content of the seil, the humus content should
be taken into account. ' : '

Although magnesium has received attention for nearly 25 years,
investigators have only rarely mentioned any limiting values for the
magnesia content of the soit. The difficulty in determining to a high
degree such criteria is of course associated with the method of soil
analysis which aims at determining small quantities which should be
related to the quantity available to the plant; the high activity of
magnesiam necessitates an accurate method of determination. Strong
solvents, such as 209, HCI proved to be unsatisfactory. Trunin-
ger® and Hasler? extracted with 109, HCl and no longer
observed magnesium deficiency symptoms at contents above 0.1-
~-0.3% and 0.3-0.6%, MgO, respectively. These criteria, however,
are of quite a different order from the limiting value of 60 ppm,
determined in 0.1 & HCl, as mentioned by de Vries1¥. Using
microbiological methods (Aspergillus), several investigators found
the limiting value to be 150 ppm *).

More specific values were given by Castenmiller?), Using
_ 0.5 N acetic acid as solvent he obtained limiting values which were
higher in proportion as the humus content of the soil increased; for
arable land on sandy soil with 59}, humus he gives a limiting value
of 30 ppm, in the case of 109, humus, 50 ppm. The limiting values
may vary according to the kind of crop.

So far it has not been possible to obtain a quantitative relation
between limiting value and pH (or K-supply). However, some results
of trials on experimental plots described by Castenmiller?)
and Sluijsmans?® suggested that the limiting value would be
almost independent of the pH. -

The investigations of Smit and Mulder and others have

shown that the mottling in oats is caused by Mg-deficiency. It has

been our aim to investigate the influence of various factors associated
with mottling. Although previous investigafors have provided im-

¥) Shortly before receiving the proof of -this paper we found mors limiting vatues
{(50-120 ppm, determined in 0.025 N CaCl,) menticned by Schachtschabel
[Schachtscha be 1, P., Das pflanzenverfiigbare Magnesium des Bodens und seine
Bestimmung. Z. Pllapzedernihr. Dﬁpg. u. Bodenk. 67, 1 (1954)).
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portant indications in a qualitative respect, the description of the
quantitative significance of the factors has been insufficient.

More knowledge is needed concerning evaluation of the MgO-
content of the soil and its interchange with other soil chemical
factors in relation to the supply of crops.

An investigation into the significance of pH in this connechon
is necessary in view of the contradictory results obtained by previous
investigators some of whom actually did find an influence of pH
(Van Itallie®)™); Smit and Mulder)), whereas others
could not decide upon its influence with any degree of certainty
(Castenmiller?); Slujjsmans?s)).

In the literature on the subject frequent reference is made to the
K-supply but for practical purposes it is necessary to know the
extent of its influence in terms of separate figures for the K-dressing
and the K-content of the soil.

The influence of the humus content found by Castenmil-
fer') must, wherever possible, be tested ‘within a clearly defined
soil unit, since his conclusions were based on investigations of soils

~with varying properties.

METHOD OF CROP ASSESSMENT

Agricultural practice has shown that slight mottling in cereals
does not affect the yield. This is corroborated by accurate obser-
vations on experimental fields. The symptoms of disease have
proved to be a better guide than the yields. This experience has, in
studying the Mg-supply of cereals, led us to focus our attention on
mottling as a starting point. It goes without saying that our method
of procedure demanded accurate observation.

A graphical or mathematical presentation of the observed phe-
nomena required a practicable method of evaluating the various
degrees of motiling. SIuijsmans?®® and his assistant Bos k-
m a suggested for this purpose a scale from 1 to 10. The figures
correspond with the appearance of the plant according to the
following table:

10 = no mottling, plant quite sound
9 = plant very faintly mottled _
8 = plant faintly mottled throughout; mottling especially on leaf edges
7 = plant clearly mottled, but gederal appearance still green '

‘6 = plant strikingly mottled; connected dark spots on lighter background
plant yellowish green -
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5 = plant considerably mottled; chlorophyll spots, largely detached, on
yellow background; plant greenish yellow

4 = chlorophyll in great number of spots on yellow background; plant
yellow )

3 = plant clearly yellow with occasional distinct green chlorophyll spots

2 = plant strikingly yellow; little chlorophyll left

1 = plant completely yellow; no chlorophyll visible.

Experience has taught us that the employment of this scale results
in satisfactory agreement between various valuers in judging the
“syndrome’’ of one particular plant. In judging a crop in the field
the important thing is to represent the diverse syndromes occurring
on the plot as one average figure. This procedure naturally entails
some variance betweern the figures of various valuers. The error in
the evaluation of the mottling figures amounts to approximately
0.3 units (estimated area 48 sq. metres).

The relation between syndrome and yield will not be discussed in
the present article, but it may be worth mentioning that according
to observations on some trial fields under oats in 1953 a limit for
decrease in yield was found, which corresponded to a syndrome of
710 7.5, i.e. a syndrome with a figure higher than 7.5 was not associaled
with a lowey yield.

Anticipating the results, it may be worth noting in this connection
that a visual assessment in studying the Mg-supply of cereals is of
great importance. In several of the chartsin this article responses can,
1o a large extent, be seen within the mottling range 7 to 10. These
would not have been found if attention had been paid only to the
yields. '

SOURCES OF DATA

The data are derived from 39 simple manurial experimental fields
(crop: oats var. Marne), laid out in the ““Gelderse Vallei” in 1953
under an extensive fertility research scheme in this area, which is
characterized by “cover sands’ and is situated in the centre of the
Netherlands in the provinces of Gelderland and Utrecht. )

The object of these field trials (treatment and non-treatment) was
to check manurial effects. Each experimental field consisted of 6
subplots each of 48 sq. metres, arranged for K, P, PK (twice), PMg
and PKMg. The additions per hectare in- the form of various
compounds were: 80 kg P,0, as double superphosphate, 120 kg K,O
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as potassium salt (muriate of potash) 609,, 40 kg Mg as magnesium
sulphate (MgSO,.H,0) and 50 kg N as nitro-chalk. These were
applied at the time of sowing the oats. In this way the effect of the
various fertilizerscould be related to the contents of the corresponding
elements in the soil (as determined chemically).

Prior to the experiment a soil sample was taken from each experi-
mental field. The pH, humus content, content of exchangeable mag-
nesium and K-number were determined. 4

The pH was determined in 1 N KCIL The organic matter content was
calculated from the loss on ignition,

For the determination of exchangeable magnesium the soil was extracted
with 0.5 N NaCl; the MgO-content was determined colorimetrically.

The K-number was flame-photometrically determined in a 0.1 N HCl
extract (1. unit = 0.09 g K,0 per [000 g humaus}.

On the [1th and 12th of May 1953, the degrees of mottling were evalu-
ated *) according to the above scale; the height of the crop varied from
10-30 ¢m. '

Abont the 20th of May leaf samples were taken from the subplots and
the total-N and MgO-content was determined.

The data obtained enable the influence of a magnesium fertilizer
(at 40 kg MgO/ha) on the appearance of mottling to be investigated.
At the same time the relation Detween mottling and various soil
factors can be studied **).

STATISTICAL TREATMENT

In the introduction various factors which may influence mottling
were discussed. In this series of field trials there was an appreciable
variation in MgO-content, K-number, humus content and pH. Not
only the influence of the Mg- and K-fertilizers on mottling can be
studied therefore, but also the influence of these soil factors. The
difficulties in computation are largely due to the fact that the experi-
ments were made under natural conditions. Since many of the soil
factors are interrelated it is often difficult to determine which
particular factor is responsible for a given response. In drawing

*) The cbservations were made by K. Boskma, J. Bouwkamp and C.
Sluijjsmans.
*%) A table with the compiled data is cbtainable on request at the Agricultural Experi-
ment Station and Institute for Soil Research T.N.O., Groningen, the Netherlands.
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conclusions therefore great attention must be paid to eliminating
any errors arising from these interrelationships.

We have confined ourselves to investigating the factors mentioned
above. We shall try to give an answer to the question as to what
factors can be shown to influence mottling. At the same time the
investigation can be regarded as an attempt to find the best way of
describing the influence of these factors,

The difficulty in a complete graphical method for analysing the
observations (Ferrari?) is the comparatively small amount of
data available and the great number of possible factors. For this
reason we have employed a numeric graphical method described by
Ezekiel?. Thismethod involves a multiple regression calculation
so as to eliminate the influence of the interrelationships. Afterwards
a graphical technique provides a better approach to the study of the
factors involved. _ ’

We assume that mottling ¥ is determined by a number of factors
Xy, % ... %, a sub-plot & with certain values for these factors is
associated with a mottling value v*. The expectation value of mottling
E(y) is a function of the growth factors, 4.e.

Ely) = fx, %2 o0 7),

The object of this investigation is to obtain this function from the
available data.

Our initial hypothesis is that this relationship is represented by
the formula:

y= f](x]).—l» folzg) + - falxa) + ¢

The terms f(x,), f,(x,), efc. indicate that a (regular) change in x,, x,,
efc. is associated with a (regular) change in y. This change may be
curvilinear or rectilinear.

In contrast to the complete graphlcal analysis (Ferrari?) we
assume the absence of inferactions.

The processes aze as follows. We begin by assuming that the terms
Hixy), fal#g), efe. represent rectilinear changes. By means of the usuai
methods *) we compute the multiple regression equation:

¥ = bioga®; + bagga s T banga s + byt e

the parameters  and ¢ being the regression coefficients and the constant,

*) The required normal equation can be volved in various ways; we employed the
Doolitle method (Ezekiel?),
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respectively. £.g. in a particular case {PK-plots) the equation turned out
to be:
-y = 0.00466x — 0.1348x, | 0.0070x; | 1.6305x, — 0.69

#y, %3, % and x Tepresenting the MgO-content, the humus content, the
potassium content and the pH(KCL) of the soil, respectively, It should be
noted that the regression coefficients are partial coelficients, i.e. they indi-
cate the influence of a particular factor when all other (also correlated)
factors are held constant.

Subsequently we compute from this regression equation the 3% estimates
of ¥ by substituting in each case the corresponding values for »,, #,, #; and
%4 Each estimate 3’ is then subiracted from the value y that has actually
been found; these differences #’ (residual values or deviations) for a number
of the PK-plots have been given in Table L.

TABLE1

Mottling values 3’ calculated from regression equation and the residuals (deviations)
2 (for PK-plots)

Experimental , ,
field ¥ ESY 2 £ R ¥ ¥

i 128 - 25 5.2 25 4,75 7.55 —0.30

2 10.00 30 2.7 31 4,95 8.64 1.36

3 . 1000 | 84 7.7 22 4.60 9.84 - 016

4 500 | 23 10.2 8 3.85 5.34 —0,34

5 5.25 15 6.3 13 3.90 5.61 —0.36

The values of #° represent that part of the deviation in the mottling
values which has not been covered by the linear regression equation. The
accuracy of the estimate 3’ is given by VI{z)2/(n — m) in which # denotes
the number of data and m the number of degrees of freedom, Accuracy may
possibly be increased by a further, but graphical, process. This graphical
analysis is made as follows. Suppose that pH (= #;} has the greatest®
influence. The mean values of #), x, and #; are now substituted in the
regression equation, giving the equation

y = 1.6305%, + 0.27.

This equation, presented graphically in Figure {, shows the relation between
x4 and y (y estimated from x;) in the case of mean values for the other
factors. Then for each case the residual values z° are added in the graph;
along the abcissa the corresponding x, value is measured off and along the
ordinate the corresponding z* value is measured off, the regression line
serving as zero basis. The result for plot 2 is indicated in Figure 1 by a
circlet, efc. The spread of the points about the line has been reduced because
the influences of x|, x5 and x; (provisionally assumed to be rectilinear) have

Plant and Soil VI
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been eliminated. Figure 1 now offers the possibility of a better approach
to the equation ¥ = fy(#4). '

To this end we draw a freehand curve, passing as well a8 possible through
the swarm of points; this fitting takes place in a direction parallel to the
y-axis. The easiest way to do this is to defermine the mean (indicated by x)
of a limited number of groups of points; then through the mean points a
smooth curve is drawn. The result, ¥ = fi(#,) is shown in Figure 1.

meithing . . s
nor . P AR LR

DM

N 1 L . ! L

a7 96 43 38 535 56 €0 64

Fig. 1. The assumed rectilinear influence of pH on the degree of mottling
and the first graphical approximation.

The equations ¥ = f{(v), ¥ = fa{x;) and ¥ = f3{x;) can be determined in
the same way by means of the equations y = 0.0466x, + 6.14, v =
— 0.134B%, + 8.28 and ¥ = 0,0070x; } 7.48. The corresponding curves
cannot be given through lack of space.

Utltimately we obtain four curves which provide a betier estimate of the
influences of the various factors on mottling than the supposed linear
influences. The influence of each factor is determined after eliminating the
supposed rectilinear influences of the other factors. It is to be expected that
elimination by means of the curves obtained last will result in a better
estimate of these influences.

"The subsequent procedure is as follows: a new valuation 9" of y is
obtained by means of the equation

¥ = fix) + falwg) + falre) + Falzg) + ¢
y’* indicates that it is a second estimate of ¥, The constant ¢/, which differs
from the constant ¢ in the linear regression equation, is computed according
to the formula:
o ey B {Filw) + falwa) + falvg) + alndl ,_ ‘

%

the summation is made for the 39 sets of values. The values for fi(#,),
f2(%3), eto. are obtained by substituting the values of ¥ obtained from the
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appropriate curve for the field trial, e.g. in the case of x; = 4.75 this is
8.50, in the case of x4, = 4.95 this is 8,45, efc. The result has been partly
shown in Table II. By means of the regression equation found the second
estimate 3’ of ¥ and the residuals 2"/ = ¥ — 9"’ can then be computed.

TABLE IT
Computat:on of the secend estimate 3" of ¥ and the residvals (deviations) 3” (for .
PK plots)
Fxperimental |y | iated | Falw) | st | Br 1 @ | v g
field e 14, i 2ie, v z -
1 8.50 7.35 7.40 7.65 30,90 |—22.67| 8.23 ; —0.98
2 8.45 7.70 7.90 7.70 3175 9.08 0.92
3 8.45 10.60 7.20 7.60 33.85 11.18 | —1.18
4 5.15 7.10 6.90 7.50 26.65 3,98 1.02
5 5.50 8.75 7.40 7.63 26.10 : 3.53 1.72
moliting .
10r . *
& ST ’._1”(*4)
T m0g)
18
2l
24
Lo . ; . . : Lo
0 36 <0 4 48 52 56 6.0 6 7

Fig. 2. The influence ¢f pH on the degree of motiling; first and second
graphlca.l apprommatlons

In Figure 2 we have started from the function y =f3(#,). The unexplained
residual values z*’ are again added in this graph, the curve serving as zero
bagis, We now ascertain the possibility of obtaining a new curve from the
swarm of points. A smooth curve is now drawn as well as possible through the
swarm of points; fitting is again made easiest by determining the means for
a number of groups. The curve y = f,(x,) given in Figure 2 is now pro-
visionally assumed to be the best estimate of the function y = fs(x,).

The same process is applied to the other factors, so as to obtain provisio-
nally best estimates for the functions v = fi(x,), ¥ = fa(#p) and ¥ = fz(x3).

It is usual to apply further approximating processes in this way; definite

)
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estimates are generally obtained after 3 or more repetitions. Smaller values
for the standard deviations of z indicate that the last result can, to some
extent, he regarded as a better estimate of the “true’ influence., Further
repetitions can be considered unnecessary when the standard deviation of
z no longer shows a decrease.

The curves ultimately found can be represented in various ways.
Y may be expressed in terms of absolute values; another possibility,
however, is to do this only for the most important factor, the influ-
ence of the other factors being represented as deviations. Only the
first method is used in this publication.

~This briefly described statistical method has the advantage of
providing a quick way for describing a limited number of data; the
disturbance introduced by correlations between the independent
factors is eliminated as much as possible.

The method has, however, certain disadvantages. In the first
place no interactions are indicated and in our particular problem
this proved to be important. A purely additive conception about the
influence of MgO-content and pH does not lead to entirely correct
results. One result may be that after correction in the several repeta-
tive stages, mottling figures over 10 are obtained. This w111 be refer-
red to later,

A second disadvantage is that the curves obtained relate to mean
values of y, corresponding to the other factors. Consequently, in the
case of a sufficient magnesinm supply, expressed by the asymptotic
part of the curve, this part remains below 10. A vertical upward
shift from the curve, parallel to the y-axis is sometimes permissible.
This shift is only possible if its validity is evident from other
investigations. o

A method of indicating the statistical reliability of the results
was described by Ferrari?® 4). Reference was then made to the
possibility of making a final attempt to improve upon the function
found graphically. This can be done be choosing from all possible
equations of the form

y = ay.fyley) + “2-f2(x2) + a5 [3{xs) 4 @y f4l%y),
in which a,, @, ¢lc. represent coefficients to be determined, the one
which gives the best agreement with the actual experimental results.
In this particular case there are in each case 39 possible equations,

vi=a, () Fay. foleh) s fo{h) Fag. [l (=1,2.3, ... 39).
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The normal equations which can now be formed enable the best
estimates for a,, ,, @; and a, to be made. We expect that the best
estimate, 4, (¢ = 1, 2, 3, 4} will be in the vicinity of unity and the
deviation of 4, from zero (0- hypothe51s) can be tested by means of
their standard errors.

For a given level of probability $, those functions in which & lies
between the two limits 4} and 4, (where a; << af) are acceptable. If
0 occurs within these limits then f,{x,} = 0 is also an acceptable
estimate and the experimental data can be described, omitting the
particular factor concerned.

Tt may also be asked to what extent a; = 0 and a; = oo are
probable. This entails the calculation of the one tailed of a confidence
interval for a, of O to oo. If the probability is high (e.g. 0.05) then
f{x) =0 is an acceptable estimate, ‘

It is clear that in determining the probablhty 4, allowance should
be made for the number of degrees of freedom. For the-computation
of p the graph in Ezekiel’s book was used?.

MOTTLING AND ITS DEPENDENCE ON VARIOUS FACTORS *)

We have tried to describe the extent of mottling in each trial plot
in terms of four soil factors: magnesia content, pH (KCl), K-number
and humus content. Plots PK (twice) and K have been represented
together, because an effect of the phosphate fertilizer could not be
demonstrated. By graphical analysis we find the effect of these soil
factors on the degree of mottling in oats, with or without a potassium
fertilizer, combined or not combined with a magnesium fertilizer.
The influence of the fertilizers can be determined by compdring the
effect of various additions.

Tt has already been said the level of the curves obtained i§
somewhat misleading. The explanation is that the level is closely
connected with the mean mottling figure to which the correction
is applied. In studying the results therefore, it will be advisable to
pay more attention to the form of the curves and to differences in
slope between the curves {interaction) thé,n to the level. With this
method of statistical analysis it is 1mp0551ble to determine inter-
actions directly. On the other hand the presence of interactions
between dressing and soil factors may appear from a comparison

#*) The computations have been made under the direction of P, Holstein,
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between the curves. Its reliability can be computed when those
factors are investigated, which determine the extent of the differ-
ences between treatment and non-treatment. Some idea of the inter-
actions between the soil factors is obtained by dividing the data into
groups ¢.g. a low and a high pH. The two groups are then analysed
separately.

" For the sake of completeness it may be mentioned that the mean
magnesia content, the K-number, the pIH and the humus conient of
these 39 trial fields are 31.8, 20.1, 4.51 and 4.9, respectively. These
should be taken into account in considering the results,

Let us begin with the results for the P-plots. The 4 soil factors
mentioned earlier are included in the investigation. The results are
shown in Figures 3, 4, 5 and 6.

101 molthing : LMY
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-}
er =y
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{ Aumus content
1 L 1 i 1 o)
] 2 4 6 8 o 2

Fig. 3. The relation between humus content of the soil and the degree of
mottling for ditferent treatments. For the meaning of the difference in
curve level in this and following charts, see text.

What is most striking is the absence of any effect of the humus
conttent of the soil. In the Netherlands consideration is given to the
humus content when advice is given to farmers concerning magnesium
applications (Castenmiller?). The new results imply that
the humus content does not play an essential role in the appearance
of mottling. The humus centent is probably an indication of certain
(unknown) soil conditions that influence the magnesium supply. On
all trial plots this effect was found to be absent (Figure 3). According
o this investigation therefore, it would seem that no allowance need
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be made for the humus content in practical advisory work in a more
or less uniform area. _

The considerable influences of the magnesia content and the pH
vl the soil are also of striking interest (Fig. 4 and 5). The form of the

10 mottiing

F
', . MgO ppm

1 i i . ;

a IIO 20 30 40 50 60

Fig. 4. The relation between MgO-content of the soil and the degree of
mottling {for different treatments.

curves for magnesia content and for pI is approximately the same.
Despite the differences in scale, the impression is that the influence
of the pH is greater in the variation occurring in this area. The
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Fig. 5. The relation between pH of the scil and the degree of mottling for
different treatments.

limiting value for the magnesia content is about 35-40 units; the
limiting value for pH is about 4.80. .
The antagonistic action of potassium is evident from Flgure 6;
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the higher the potassium number of the soil, the higher appears to
be the degree of mottling. A rise of the potassium number of 20 units
increases the degree of mottling by 1.5 points.

motth‘ny

0+ : . ’
\PKMQ
P Mg
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P
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1 1 L J
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Fig. 6. The relation between K-number and the degree of mottiing.

The result of the investigation into statistical reliability is shown
in Table TIT,

TABLE IIT
The coefiicients d; and the probabilities $; for P-plots
Factor . a; $d; Pla’s = 0)
magnesia content . . . . . . . . 0.77 0.29 0.008
pEH. . . . ..o 1.03 0.21. 0.000
K-number . . . . . . . . . .. 1,07 0.33 0.003

From this it appears that the effect of magnesia content has been
somewhat overestimated, because @, ought to be 1. The ultimately
best estimate is therefore obtained by multiplying the scale of the
mottling axis by 1/4. The influence of the other factors has been
estimated correctly. We have set the level of significance at 0.05.
The last column of Table IIT indicates that the statistical relia-
bility is very high in all cases.

Proceeding to the discussion of the results obtained for the PK-
trial plots, it will be seen that similar results were obtained (Figures
3, 4, 5.and 6). There is no influence of humus, the effect of the mag-
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nesia content and the pH are considerable, and there is less influence
of the K-number.,

It appears to us that the curves for the PK-plots are in all cases
lower than the corresponding curves for the P-plots. An explanation
for this has been given previously.

The only difference between the two plots is the amount of potassinm
applied. We know that the action of potassium is antagonistic; in
consequence the average degree of mottling on the PK-plots is
greater. Corrections applied to the mean mottling figure therefore
lower the whole PK-curve. It may be possible therefore to nullify an
injurious antagonistic action of potassium by adding an adequate
amount of magnesium.

The statistical reliability of the results is indicated in Table IV,

TABLE TV
Coefficients 4; and the probabilities p; for PK-plots
Factor ] Sdy | pla’s = 0)
magnesia content . . . . . . . . 1.00 0.18 0.0C0
pH., . . . . - . o000 0.97 Q.14 0,000
Ke-number - ... . v v 0 . . . 0.84 0.58 0.065

The statistical reliability of the factors, magnesia content and pH,
is very high. The probability $ for the effect of the potassium numbex
is slightly too low; under the circumstances therefore, we can only
conclude that there is an indication of some influence of the potassium
number. Indeed, other trial plots alse showed evidence that the
influence of the K-number decreases when potassium has been/ applied.

" The effect of the various soil factors has decreased considerably
following an addition of 40 kg MgO. A magnesia treatment to this
extent not only largely succeeds in obviating the injurious effect of
too-low a MgO-content of the soil, but also too low a pH. As already
stated, this was known previously. It will be appreciated that from
the beginning the appearance of mottling has been associated with
a poor -magnesium supply. The question is whether the defect can
be entirely prevented by larger additions of magunesium. Other in-
vestigations have demonstrated -that complete preventmn is indeed
possible in this way.

A shift in level is again apparent, now in an upward direction.
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The explanation is, of course, that due to the magnesium treatment
there is a lower average incidence of mottling.

The same is true for the plots treated with both magnesium and
potassitm. The antagonistic action of the potassium is now, however,
less apparent,

It is clear that these more or less considerable influences with a
similar number of data are statistically less reliable. This is shown
in Table V.

TABLE V
The coefficients 4; and the probabilities $; for the PMg- and PMgK-plots
' PM PMgK
Factor . & . - &%
G | sa pla’; = 0) P sg;, | plag=0)
MgO-content .| 0.74 0.55 0.088 0.42 0.48 0.20 *)
pPH ..o 0.78 0.46 0.050 1.10 0.35 0.005
K-number . . 1.29 0.77 0,053 0.86 0.88 | 0.160

*) Extrapolated {rom the graph

The supposition that there is no influence of various soil factors
is in most cases not contradicted by the data and the hypothesis
based on a curve may therefore be rejected. In some instances, how-
ever, there is a more or a less strong indication of an influence. Only
in the case of pH the zero hypothesis must be rejected for both plots.
This shows that a magnesium treatment can more or less completely
counteract a low MgO-content (in fact, the effect of the magnesia
content has in one case been considerably overestimated); this is
not (vet) the case for the pH with a treatment of 40 kg MgO.

A consideration of each figure individually will provide a clear
survey of the influences of the various treatment on the effects of
the soil factors.

Figure4 shows the influence of a potassium or magnesium dressing
singly or combined, on the appearance of meottling with varicus
magnesia contents of the soil. If the slope and the form of the curves
are compared, the influence of a magnesium treatment proves to be
considerable. The difference in level is, as already shown, mis-
leading. From investigations by Sluijsmans we know that no
mottling appears on a soil containing sufficient magnesium, but that
improving the pH only is not effective enough {Figure 7). This infor-
mation enabled us to construct Figure 8, in which the difference in
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level has been eliminated by vertical displacement. The shift to the
left of the limiting value when a magnesium treatment is given or a
potassiym treatment is omitted, is demonstrated. An addition of 40kg

mottiing
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" i A
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Fig. 7. The influence of the pH on the degree of mottling in oats on re-
claimed peat soil; I at low MgO-content, IV at high MgO-content of the soil.

MgO brings about a decrease in mottling, which at the most is equal
to a rise in the magnesia content of the soil by 12 to 13 units. The
effect of a fresh treatment is therefore smaller than the corresponding
amount of magnesia in the soil, as extracted with NaCl.
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Fig. 8. The relation ‘between MgO-content of the soil and the degree of
mottiing, after correction for the difference in level.

It may be asked whether the differences between the subplots
are real, 7.2. whether the interactions between the magnesia content
and the various treatments are statistically reliable. An answer to
this has been found by resorting to the following device. The differ-
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ences in mottling due to the fertilizers have been related to the
various soil factors. If the P-plot shows mottling 9 and the PK-plot
7, the difference 2 is then used as the dependent factor. The result of
this analysis therefore shows by what factors this difference is
determined and n what way this difference, between e.g. the P-plot
and the PK-plot, is influenced by the factors found. After this the
statistical reliability of the results can be tested.

As expected the results of this method of presentation confirm
the conclusions that could be drawn from the Figures 3, 4, 5 and 6.
The magnesium and the potassium status of the soil influence the
response to the potassium treatment. In fact, there proved to be no
influence of the pH; in Figure 5 the pH curves may coincide
completely by vertical displacement. The statistical reliability is
shown in Table VI,

TABLE VI
The coetficients d;, and the probabilities p; for the differences between P- and PK-plots
Interaction between potassium treatment and: | i , 54, | Pla; = 0)

magnesia content . , . . . . . .. ... . 1.10 0.44 0.010
potassinmrnumber. . . . . . . . L L L 0.78 0.35 0,018

The interactions between potassium treatment on the one hand,
magnesia content and potassitm number on the other, are statisti-
cally reliable so that an assumption of the existence of these in-
teractions is justified.

Sluijsmans found that onan experimental area on a reclaimed
moor soil (sand-peat) it was impossible to compensate too low a
magnesium status by increasing the pIl; this is shown in Figure 7.
A vertical shift, apparent for the effect of the magnesia content in
Figure 8, is therefore presumably not permissible for the pH.

The interactions between the treatments and the soil factors have
also been studied for the PMg- and P-plots, The result is a different
representation of the differences between the PMg- and P-curves in
Figures 3, 4, 5 and 6. We can again demonstrate an effect of the
magnesia content, the pH and the K-number on magnesium
treatment effect. The statistical reliabilities are given in Table VII.

It may be inferred from the small values of ; that the zero hy-
pothesis, ¢.e. the hypothesis that there are no interactions, is not
valid.
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) TABLE VII
The coefficients 4; and thé probakbilities p; for the differences between PMg- and P-plots
Interactions between magnesium treatment and: I i, Sd, | P, =0
magnesia content . . . . . . . e 0.51 023 | . 0018
PH . . oo e 1.37 021 | 0000
potassium number. . . . . .. e e . 1.37 0.32 | 0.000

The same holds for the interactions between magnesium treatment
and the various soil factors when, besides magnesium, potassium is
added. However, there is.again no influence of the potassium
number; in Figure & this is reflected in the fact that the two curves
run parallel to each other. The statistical reliability is given in Table
VIIL T o

TABLE VIIL
The coefficients 4; and the probabilities p; for the differences between PKMg- and
PK-piots
Interactions between magnesium treatment and: ‘ Ly sd; | pla‘y = 0)
magnesia content . . . . . . . e 1.00 .29 0.000
23 N 0.51 0.20 0.010

The interactions between potassium treatment and the various soil
factors are far less conspicious when, besides potassium, magnesium
has been applied.. The only influence that can be demonstrated with
statistical reliability is that of the pH, as appears from Table TX. It
will be seen that this differs from the result found when the effect
of a potassium tréatment without magnesium was investigated. The
explanation is that in that case, according to Table VI, no influence
of the pH could be demonstrated.

TABLE 1IX

The cosfficients d; and the probabilities p; for the differences between PMgK- and *
PMg-plots
Interactions between potassium treatment and: a; | Sd, Pla’y = Q)
magnesia content . . . . . . . e e e 0.61 3.47 0.74 %)
potassium number. . . . . . . e e 0.62 1.40 0.57 *)
pH . . . .o RN 0.96 0.33 0.005

#) Extrapolated from the graph.

Besides the interaction between the various treatments and the
soil factors there are also interactions between the soil factors them-
selves. It has been said previously that it is possible to approach
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these interactions in a different way. For this purpose the data must
be divided into two groups, the above given analysis being then made
on each group. Through lack of space only the results for the P-plot
are given.

The data were first classified according to the potassium contents
of the soil, The first group contains these cases with a potassium
number below 20 and a mean potassium number of 16.5; the second
group contains those cases with a potassium number above 23 and
a mean of 30.5. The result of this method of presentation is partly
shown in Figure 9. There is a distinct interaction between potassium
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Fig. 9. The relation between the MgO-content of the soil and the degree of
mottling; I at low and IT at high K-number.

number and magnesia content: in the case of little potassium even a
low magnesia content produces no mottling; a high potassium
number increases motthing. Moreover, there is an interaction between
pH and potassium number. A difference from the last result is that
now in the ease of a low potassium status there is stillan unfavourable
cffect of a low pH. A shift of the limiting value to the left in only
apparent if the potassium number is low. This shift amounts fo half
a pH unit per 10 potassium number units.

The statistical reliability of the main effects found is shown by
the data in Table X. :

The influence of the magnesia content in the case of a high potas-
sium status is not reliable; there is only a slight indication of this.
This may be due to the fact that the number of degrees of freedom,
remaining after the division, is too small.
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TABLE X

The coefficienis 4; and the probabilities p; for the P-plot in cases of low and high
. potassium status

Factor dg Sd, Pla’s = 0)
pH and low potassium status . . . . . ., . 0.99 0.12 £.000
magnesia content and high potassium status. 0.55 0.41 0.128
pH and high potassium status . . . . . . . 0.83 0.40 0.045

The interaction between the magnesia content and pH is shown
in Figure 10. The data have again been divided into two groups. The
first group consists of cases with a pH lower than 4.80 and with a
mean pH of 4.40; the second group contains those cases with a high
pH and a mean of 4.95.
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Fig. 10. The relation between the MgO-content of the soil and the degree
of mottiing; I at low and II at high pH.
I

The effect of the magnesia content is considerably influenced by
the pH; a low pH promotes the symptoms. From Figure 5it appeared
that the approximate limiting value for the pH is 4.90. The mean pH
" of the second group in Figure 10 is 4.95. This shows that complete
prevention of mottling with a still higher pH and a low magnesinum
status is impossible. This corroborates the result shown in Figure 7.
There is no shift in the limiting value with a change in the pH. This
confirms the results of Castenmiller?) and Sluijs
mans 16,

Moreover, there is an interaction between potassium number and
pH. This result has not been shown however; it was referred to
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earlier when this interaction could be demonstrated in a different
way (page 282). 7
The statistical reliability is shown by the data of Table XI.

TABLE XI
The coefficients 4; and the probabilities p; for the P-plot in the case of low and
high pHl o
Factor | 4 sd, ! pla; = 0)

" magnesia content and lowpH . . . . . . . . 1.25 0.40 0.008
potassium number and lewpH . . . . . . . 2.48 1.05 0.018
magnesia conteni gnd highpH . . . . . . . - 1.43 0,72 0.038
potassium number and highpH . . . . . . 0.82 0.55 Q.080

The influence of the potassinm content in the case of a high pH is
not indicated with sufficient reliability. This resuli was expected; an
antagonistic effect of potassium decreases in the case of a better
magnesium supply (high pH}. o

MOTTLING AND MAGNESIUM SUPPLY

On the ground of the fact, that mottling in oats is caused by an
insufficient Mg-supply, it may be expected that the magnesia content
of the leaves is more or less determined by the same factors (and in
the same way) as is the degree of mottling, Moreover, a relation .
between the degree of mottling and the magnesia content may also
be expected. _ S ~

The content figure have been treated in the same way as the
mottling figures. The magnesia content of the soil, the pH and the
potassium number are again taken as independent factors. When the
crop was sampled, the stages of development in the various experi-
mental fields varied a great deal. Besides the date of sowing, other
vartables may also have determined the stages of development
when the samples were taken. It is desirable to eliminate any influ-
ence of these differences in development on the MgO-content. Like -
other investigators we have chosen the nitrogen content of the leaves
as a measure of the development ; this has been included as the fourth
independent factor in the analysis.The N-content has been correlated
with various factors, such as the pH and date of sowing,

Before discussing the results, we give first the influence of the
diverse treatments on the MgO-content of the leaves, averaging the
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39 trial plots. In Table XII are presented the mean differences
between the various trial plots with the two-tailed probability ;.

TABLE XI1
Increase of the MgO-content of leaves due to P- and K-treatments with the
probabilities $;
Treatment | increase | Pi
Potassium witheut addition of magnesium, . . . . 0.,0095 0,002
. with addition of magnesium . . . . . . 0.0005 Q.75
Magnesium without addition of potassium . . . . 0.0208 0.000
- with addition of potassium ., . . . . . 0.0118 0.000
Potassium and magnesium . . . . . . . . . . 0.0213 0.000

It would appear that not only the magnesium treatment but also
the potassium treatment has increased the MgO-content. In hoth
cases the effect is comparatively small but nearly all increases are
statistically reliable; the probabilities are smaller than the 0.05
level of significance. The only exception is the potassium treatment
when magnesium has also been added.

The increase in the MgO-content of the leaves by the potassinm
treatment is remarkable for two reasons. In the first place, no an-
tagonistic effect of the potassium addition on the magnesia content
is apparent and, in the second place, potassium treatment actually
tends to increase the degree of mottling as has been shown in the
preceding section. An acceptable explanation for this seemingly
anomalous situation might be that the antagonistic effect of the
potassium is not apparent in the amount of magnesium absorbed
but appears in the symptoms in the leaves because the rise in the
K,0-content due to potassium treatment has probably béen rela-
tively greater than the increased MgO-content. This will be
referred to later on. .

Those factors will now be discussed, which prove to be related to the
MgO-content of the leaves. It should be noted that the differences in
level between the curves found is caused by differences between plots
in the mean MgO-content of the leaves; here again more attenticn
must be paid to the form of the curve than to its level.

The influence of the magnesia content of the seil on the content
of the leaves is illustrated for the various plots in Figure 11. If these
effects are compared with those on mottling, three things are notice-

Plant and Soil VI
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able. First, that in case of high magnesia contents of the soil a so-
called luxury uptake of magnesium is apparent ; with adequate mag-
nesium the curves still show an upward trend. The second notable
fact s the correspondence in location of the region of maximum
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Fig. 11, The relation between the MgO-content of the soil and the MgO-
content of the plant.

curvature; this part of the curve in both cases lies approximately at
a content of 25-30 ppm. The third notable point is the clear differ-
ence in the response to magnesium treatment. A magnesium
freatment causes mottling to disappear almost completely so that
there i no longer any influence of the MgO-content of the soil. In
the case of the MgO-content of the leaves the influence of the MgO-
content of the soil still remains. The data concerning the statistical
reliability are shown in Table XIII. The effects are all statistically
reliable. ‘
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Fig. 12. The relation between the pH of the soil and the MgO-content of
the plant.

The response in the MgO-content of the leaves to differences in
pH, as shown in Figure 12 for the various plots however, dilfers
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from that due to the MgO-content of the soil. The effects appear
similar to those of the pH on mottling. The influence-of pH (P-and
PK-plots) disappears when the limiting value exceeds 4.80 approxi-
mately; above this value the curves are horizontal. It should be
remembered that the limiting value found for mottling was also
4,80, Another difference is that there is now a clear influence of the
magnesium treatment on the form of the curve. For details as to the
reliability of these results see Table XIII. From this it appears that
the pH effect in the case of the PMg-plot was considerably under-
estimated ; 2 is 3.33, so that the scale must be multiplied by the factor
1/3.33. The effects of pH are all statistically reliable, except those for
the PEMg-plot.

From the above there appears to be a clear difference in response
in the MgO-content of the leaves to the magnesium status and the
pH of the soil, If allowance is made for the response in mottling to
a modification of these two factors, we get the impression that the
nature of the effect of pH is different to that of the magnesia content
of the soil. Without further investigation nothing more definite can
be said, but we wonder whether, from what has already been dis-
cussed, it may be concluded that the influence of the pH is only of
an inhibitory nature. This inhibitory influence is no longer apparent
when the pH is high or when a supplementary magnesium treatment
is applied. This inhibitory effect may be due to stunted growth of
the root system or perhaps of a different physiclogical or soil-
chemical nature (see introduction).
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Fig. 13. The relation between.the K-number of the soil and the MgO-
content of the plant.

Theinfluence of the potassium numberof the various plots, asshown
in Figure 13, and, according to Table XIII, all statistically reliable,
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calls for little comment. The general picture is in agreement with the
effect of the potash number on the appearance of mottling. The lower
significance in the case of the potassium treatment — also found in the
case of mottling — is corroborated; the slopes of the two curves are
less steep. The effect of a potassium treatment in increasing the MgO
content of the leaves, referred to above, is, however, not in agreement
with this result.
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Fig. 14. The relation between the N-conient of the plant and the MgO-
content of the plant,

The factor exercising the greatest influence on the MgO-content
proved to be the N content of the leaves. Figure 14 shows this influ-
ence for the four trial plots. It appears that a change in the N-content
of 19, is associated with a change in the MgO-content of the leaves

| of 0.06%,; in view of the variation which occurs, this is indeed a
‘ considerable effect. The older the crop, the lower the MgO-content
proves to be. The effects of the N-content are statistically reliable
as is shown in Table XIIT.

Finally we investigated the significance of the differences between
the subplots, shown in Figure 11, 12, 13 and 14. Qur aim was to
| . find out the statistical reliability of these differences (Interactions).
i As before, the differences between two plots {each time) were taken
‘ as dependent factors and these were represented statistically. Most

' differences in the form of the curves were proved tc be accidental.
As exceptions to this are the interactions between magnesium
treatment and pH. Consequently there is sufficient reason to regard
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TABLE X11X
The coefficients d; and the probabilities p; for the trial plots, D, PK, PMg and PKMg
Plot } Factor | 4 sa, | pia’y=0)
P magnesia content. . . . . 0,79 0.21 0.003
pH . . e 1.04 0.32 0.005
K-number. . ., . . . . . 0.71 0.24 0.004
N o leaves . . . . . . . 0.9% 0.18 0,000
PK magnesia content. 0.88 0.18 0.000
pH. . . .. 1.19 0.33 0.004
K-number. . . . . . . . . 071 0.26 0,015
N 9, leaves 1.05 0.12 0.000
PMg magnesia content, . . . . . . 1.19 0,22 0.000
PE. . ... 3.33 1.73 0.049
K-number 1.06 0.27 0.002
N 9, leaves 1.60 013 0.000
PKMg magnesia content. 0.84 0.35 , 0.000
pH . . . 0.88 0.72 0.160
K-number . . . 0.87 0.34 Q.019
N o, leaves 1.05 2,16 0.000

the diffevences in response to.the pH between the P- and PMg-plots

and between the PK- and PKMg-plots as real.

At the beginning of this section we mentioned the possibility of an
expected relation between the degree of mottling and the MgO-
content of the leaves.
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Fig. 15. The relation between the MgO-content of the plant and the degree
of mottling; without correction for the N-influence, -

The mottling figures e.g. for the P-plot when plotted against the
corresponding MgO-contents show a poor relation (Figure 15). How-
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ever, the MgO-content was found to be closely related to the N-
content. [tis reasonable to take this relation into account in studying
the significance of the MgO-content for the appearance of mottling,
because the mottling symptoms change as the plant gets older.
Therefore all data have to be reduced to an equal nitrogen level,
This is done by correcting the MgO-contents for the effects shown in
Figure 14 to N-content of 2.959%,. The mottling figures now show a
very clear relation with these corrected MgO-contents (Figure 16).
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Fig. 16. The relation between the MgO-content of the plant and the degree
of mottling; after correction for the N-mfluence.

A similar treatment of the PK-plot data gives the relation shown
in Figure 17,.in which, for comparison, the relation found in Figure

16 is also presented. Both curves indicate the relation at a nitrogen
level of 2.95%,.
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Fig. 17. The relation between the MgQ-content of the plant and the degree
of mottling; for P-treatment and PK-treatment (dotted line).
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The limiting value for the MgO-content of the leaves in the case
of this N-content, below which mottling appears without potassium
treatment, approximates to an MgO-content of 0.209%,. It is clear
that, apart from the unknown weather conditions, no absolute
significance can be attached to this value. According to the nitrogen
leved, 4.e. the stage of development, the limiting value will vary;
taking into account the rectilinear nature of the nitrogen effect, the
variation may be fixed at 0.06% per 1% N. The higher the N-
content of the crop the higher is the limiting value.

The N-content is not the only factor affecting the limiting value.
Figure 17 shows that the I{,0-content of the leaves is also signifi-
cantly concerned. With the addition of 120 kg K,O per hectare the
limpiting value of an average shows an vpward change of about 0.02.
The K,O-content of the leaves was not defermined, so that the
increase in this content with the potassium treatment is unknown.

The difference in situation and in slope between the two curves
showing the relation between mottling and MgO-content with and
without potassium treatment, demonstrates an antagonistic action
between potassium and magnesium. The degree of mottling increases
when, at the same MgO-content, the potassium supply and therefore
presumably also the K,O-content, is higher; the lower the MgO-
content, the greater is the effect,

Accordingly in giving a limiting value for the MgO-content of the
leaves, taking as the norm thé appearance or non-appearance of
mottling, not only the nitrogen content but probably also the K,0-
. content of the leaves must be taken into account. .

It would not have been surprising if the relation (not yet dis-
cussed] between mottling and MgO-content of the leaves for the
PMg- and PKMg-plots could have been represented by the same
curves as for the P- and PMg-plots, respectively. This might be
expected, if the mottling picture is determined by the amount of
MgO per gram dry matter (after N-correction). The curves found,
which are omitted for the sake of brevity, however, prove to be
higher than those shown in Figure 17; the difference, caused by the
potassiom treatment, is again apparent, just as in the case of the
plots without magnesium treatment.

The results discussed in this section enable us to test the correct-
ness of what was found in the preceding section.
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By means of the relations existing between the various soil factors
and the MgO-content of the leaves and between the MgO-content of
the leaves and mottling, we now can compute the influence which
the soil factors exercise on the degree of mottling, provided the
relation (not subjected to N-correction) is employed between
mottling and MgO-content of the leaves. This is necessary because
in the diagrams in which mottling is plotted against the various scil
chemical factors, no allowance is made for the stage of growth.
These computations made for some trial plots, lead to a satisfactory
agreement between the results,

CONCLUSIONS

The results obtained clearly show that the extraction and analytic
methods employed are suited for the determination of the amount
of magnesium in the soil which is available to the plant. It was found
that besides the magnesia content of the soil, other factors influence
the availability to the plant. Under the present conditions these
proved to be the pH, the potassium status and the potassium
treatment.

The great significance of judging the crop according to the degree
of motthing is evident from the results obtained. Mottling is more
susceptible to a change in the magnesium supply than is the yield of
the crop. The responses are in large measure apparent within a
mottling range of 7.5 to 10; only below mottling figures 7-7.5 a
decrease in yield was found. '

The result may show that we are justified in concluding that
mottling in oats is due to an insufficient MgO-content or too high a
ratio of potassivm to magnesium in the leaves, in which the stage
of development of the plant also plays a part. According to this
investigation the MgO-content of the leaves is defermined by the
MgO-content of the soil, the magnesium treatment, the pH, the
potassium supply and the stage of growth of the crop.

SUMMARY

The disease of oats and other cereals, known in the Netherlands as
“Hooghalen disease”, is characterized by a more or less striking degree of
mottled colouring of the plant, vesulting from the “curdling” of the
chlorophyll. At worst the plant becomes yellow-coloured throughout. Slight






