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1. INTRODUCTION

I the course of an investigation into the effect of nitrogenous fertilisers
on the growth and yield of cereal crops, it was observed that lodging is often
thelimiting factor in atfaining maximal yields by increased nitrogen supply.
This is particularly the case under the humid conditions prevailing in the
Netherlands during the greater part of the growing season of the cereals.
Although for the production of high grain yields some bending over of the
ripe plants is desirable, severe lodging both from the point of view of grain
formation and of harvesting is unprofitable.

In order to learn the circumstances under which lodging occurs, & num-
ber of field and pot experiments with rye, wheat, barley and oats have been
carried out from 1940 to 1949, In most of the field experiments nitrogen
dressings have been combined with applications of other nutrients and
with variations in rate of seeding and in spacing.

Although many papers have dealt with the problem of lodging, there is
considerable disagreement amongst various authors as {o its cause. The
first investigators who studied this phenomenon came to the conclusion

*) Agronomist of the “Landbouwkundig Bureau der Nederlandse Stikstofmeststoffen-
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- that lack of silicic acid was responsible for the inadequate standing ability

of cereal plants (see Swigcicki®e)). Although the view that lodging has
to be ascribed to an inadequate uptake of silicic acid may be found in a
number of subsequent papers, the fact that normal cereal plants could be
cultivated in nutrient solutions from which silicic acid was withheld made
it clear that the Si-deficiency hypothesis was untenable.

Sachs®), Koch?) and many other investigators have associated
tendency to lodging with etictation of the lower internodes of the stem as a
result of a high rate of seeding or high fertility, particularly abundant
nitrogen. The long and weak lower internodes which resulted would have
little resistance to bending as a result of which lodging of the crop would
easily occur,

Kraus?®) who has made a very comprehensive study of lodging
phenomena in cereals, admits that etiolation of the lower internodes makes
the culm more liable to bending, and therefore has to be considered an
important factor in causing tendency to lodging; he denies, however, that
lodging occurs simply as a result of etiolation. Plants with strong stems may
also lodge when their root development or the anchorage of the roots in the
soil is inadequate. The view of Kra us concerning the importance of a
well-developed root system in lodging-resistant plants is alse found in some
more recent papers. Caffrey and Carroll?® who have investigated
a number of oat varieties for various characters related to tendency to
lodging came to the conclusion that a large proportion of well-developed,
strong, unbranched anchor roots extending horizontally through the soil
may provide the best possible anchorage for the plants. In addition to such
a root system, lodging-resistant plants should have sturdy lower stems.

The view that both strength of straw and development and anchorage
in the soil of the root system are important factors in procuring a strong
standing ability of cereal crops is found in a number of papers (Hanley )
Halliday?!®), Hamilton3®) Thelatter has made a comprehensive
study of the root development of eight oat varieties possessing a different
degree of lodging resistance. Varieties with a high degree of resistance were
generally found to produce large, widely spreading and rigid coronal roots.
Varieties which lodged easily were found to possess smaller and more
flexible roots, which had a greater tendency to grow downward in the sgil.
It is difficult, however, to decide to what extent the resistance to lodging of
these oat varieties has to be attributed to the development of their root
systems since the latter was found to be significantly correlated with the
diameters of the lower parts of the culms. '

Many authors have investigated resistance to lodging in connection with
the breeding of new varieties of cereals, They have studied various plant

~ characters in relation to resistance to lodging with the purpose of making

use of these characters in isolating varieties with a high standing ability.
This is of particular importance to those breeders who are working in regions
where lodging does not occur regularly. There is, however, decided disagree-
ment between various authors as to the relative importance of various
plant characters as an index for lodging resistance. This is largely-due to
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the fact that a considerable amount of the variation in these characters
fourd in a population of different strains has to be ascribed to environ-
mental influences. Apparently the intervarietal differences between most
plant characters related to lodging resistance have only a relative value.
When the growing conditions have been changed these differences also may
undergo considerable change. Brady % measured a numhber of plant
characters of three cat varieties differing in resistance to lodging. It was
found that the variety having the greatest standing ability had the shortest
lower internodes, the thickest fifth internode, the thickest culm wall, the
greatest number of vascular bundles, the greatest thickness of thick-walied
tissue and the thickest sclerenchyma cell walls, Although these findings
may demonstrate the importance of many attributes in strengthening the
culm of oat plants, according to Bra d y, these characters cannot be used
as an absolute index for lodging resistance since they appear to be variable
under the influence of various growing conditions. In agreement with
Garber and Olsen!?) the thickness of the sclerenchyma cell walls
was fourd to be the most independent of soil variations. Even this charac-
teristic, however, was considered too unstable a factor to be of use as an
absolute criterion of the lodging-resistant ability of a variety.

According to S alm on %) breaking strength of the straw may be used
as an index for resistance to lodging. It would be even a better measare of
tendency to lodging than lodging itself since the latter is closely related to
the occurrence of adverse weather conditions. Davis and Stan-
t o n 1% found a relatively gocd agreement between standing ability of cat
varieties in the field and breaking strength of the straw. Clark and
‘Wilson?®), however, were unable to find a correlation between lodging
index and breaking strength of the culms in field experiments including 24
varicties of summer wheat and 17 wvarieties of barley, They obtained a
significant correlation between diameter of culm and breaking strength.
Atkins?) ¥ found no significant correlation between lodging and
breaking strength of the straw. Nevertheless he believed that breaking
strength determinations can be used o predict lodging behavior in the
field and consequently can be used in a bveeding programme to isolate
lodging-resistant strains. Breaking strength of the straw was found to be
closely correlated with culm diameter and with weight per unit length of
culm 2t the base of the plants in wheat. Since the latter can be determined
more easily than breaking strength, this author substituted weight per unit
Tength of culm for breaking strength determinations as a measure of lodging
resistance. Van Do bb e n ®)obtained a poor correlation between weight
of basal culm and lodging resistance of a number of varieties of barley,
oats and wheat.

Albrecht?) found no correlation between breaking strength of the
straw and length of the internodes in wheat plants. The former was found
to be positively correlated with culm diameter, weight per unit length of
culm and wall thickness of the culms, The positive correlation between
- strength of straw and thickness of sclerenchymatous ring was much less
close than that between strength of straw and development of vascular
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bundles. Culm wall thickness and relative development of vascular bundles
were considered by this author foc be the most important attributes in
connection with resistance to lodging. Accordingto Moldenha we r )
lodging-resistant varieties of wheat have a greater number of vascular
bundles than varieties which lodge easily. This does not agree with the
results obtained by Caffrey and Carroll who found more vascular
bundles in an oat vaviety which was very liable to lodge than in one which
had a high resistance to it, Hamil ton!?) found the greatest number
and size of vascular bundles in lodging-resistant oat varieties.

Welton?®) and Welton and Morris?®) ascribe lodging to a
low weight of dry matter per unit length of culm. This may result from a
relatively low content of lignin and other carbohydrates and a high water
content or from the development of slender culms, According to Hamil-
ton!® a lodging index of a particular variety must include diameter of
culm, root type and height of the plant, the relative importance of these
characters being given numericallyas 10 : 51 1.

Droogleever Fortuynvan Leyden?! studied lodging
phenomena in seven rice varieties. She concluded that in addition to a
well-developed oot system and strong longer internodes the development
of a strong leaf sheath enveloping the internodes may be a valuable
character in procuring standing ability. In some rice varieties with weak
stems the styongly developed leaf sheaths enabled the plants to remain
in an upright position until barvest time. This statement is in agreement
with an earlier communication by Ramiah and Dharmalin-
g a m ), Furthermore these authors stress the importance of diameter of
culm internodes and thickness of culm wall in securing lodging resistance
in rice plants.- Rivera’® ascribes the inadequate standing ability of
plants supplied abundantly with nitrogen to the high water content of
their culms.

With regard to the effect of mineral nutrition on lodging resistance there
is agreernent amongst various authors as far as the influence of nitrogen
supply to the plants is concerned. Excessive amounts of available nitrogen
in combination with favourable growing conditions often lead fo the for-
mation of a heavy crop possessing a high tendency {to lodging. As far as the
cause of this nitrogen effect is concerned, however, the opinions of varioys
authors differ considerably. According to Kra ns 2%, the great increase
in weight of the higher parts of plants supplied with excessive nitrogen
is often the cause of the increased Hability to lodging. In addition the lower

"internodes may be weakened owing to reduced wall thickness and reduced

thickening and lignification of the mechanical tissues of the culm. The
latter is in agreement with the results oblained by Kissel?), Wel-
ton?®) and Welton and Morris?®). The former found a reduced
cell wall thickness'in oats and grasses treated with nitrogenous fertilisers.
The effect was more pronounced in the parenchyma than in the scleren-
chyma tissues and more so with nitrate than with ammonium nitrogen as
the ferfiliser. Welton found fhat oat plants grown on a fertile soil,
rich in available nitrogen, had thinner culm walls and a less completely
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lignified sclerenchymatous ring. In accordance with these structural .dif-
ferences the content of carbohydrates, including lignin, was found to be
lower in the lodged plants. In contrast to these results, Phillips et
al. *%) found a higher lignin content in the straw of lodged wheat plants
dressed with sodium:nitrate than in straw from non-lodged control plants
which had not been fertilised with nitrogen. According to these authors a
high lignin content makes the stems less resistant to lodging.

Purvis?) investigated the effect of potassium deficiency on the
standing ability and the anatomy of the stem of Daclylis glomeraia. The
strengthening effect of potassinm was found to be very pronounced. Fre-
gquently the grass on plots without a K-dressing was completely flattened,
whereas that on the neighbouring plots supplied with potassium was still
standing. In contrast to the strengthening of the plants, the thickening of
the sclerenchyma cell walls in the stems was not favoured by an improved
K-nutrition. The sclerenchyma walls were thinner where potassium had
been supplied especially during the eariy stages. Apparently the rigidity of
the plants well-supplied with potassium was not the result of anatomical
strengthening. T u b bs %) found potassium-deficient barley plants to
have much weaker lower internodes than plants which had been fully
manured. P-deficient plants and particularly those with nitrogen deficiency
had the strongest lower internodes. This was concluded from measurements
of the force required to crush 1 cm length of straw. In agreement with
these measurements the culm wall thickness of the lower internodes of
potassium-deficient plants was found to be much less than that of fully
manured plants. The thickness of the sclerenchymatous ring of K-starved
plants was practi¢ally unchanged in comparison with normal plants but a
striking reduction of lignified parenchyma was found in the former plants.
Krantz and Chandler ) found that potassium dressings decreased
lodging in corn {maize) only in those cases where visual symptoms of K-
deficiency occurred in the undressed plants.

Kissel?®) observed a thickening effect of phosphate dressings on cell
walls in oats and in two grasses.

The lodging of cereals due to fungal attack (Cercosporella hevpolrichoides)
was not considered in the present investigations. When the density of the
crop is not too great, nitrogen dressings may enable the plants to partly
overcome the detrimenial effect brought about by this fungus (Bock-
mannd). Care was taken to ensure that the crops in which lodging
phenomena were studied were free from Cercosporella attack.

2. EXPERIMENTAL METHODS

Experiments were laid out on various soils in the northern part
of the Netherlands. The cereals were sown at the rate of approxi-
mately 100 kg per ha in the case of oats and barley and 150 kg per ha
in the case of rye and wheat. The spacing was generally 20 cm; in
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some experiments various spacings have been used. Nitrogen was
applied in different amounts, ysually in' the form of ammonium
nitrate limestone. In those cases in which no interactions between
nitrogen and other nutrient elements were to be studied, the whole
area was amply dressed with phosphate, potassium and in some
instances with magnesium and copper. Where the effect of phos-
phorus, potassium and other elements in relation to nitrogen
nutrition on lodging were to be studied, the experiments were laid
out on soils poor in these elements.

Degree of lodging has been recorded as a lodging index rangmg
from 0-10. These indices were obtained by multiplying area of
lodged crop by degree of lodging (0 = erect, 10 == total area com-
pletely flattened). .

In order to determine the effect of excessive amounts of nitro-
genous fertilisers on various plant characters, indépendent of lodging,
part of the crop onsome plots was supported by ropes so that the
plants were forced to keep their upright position (see Plate 1)..

- In some cases use was made of pot experiments for studying the
effect of different fertiliser treatments in combination with different
degrees of illumination.

For the measurement of various plant characters in relation to
tendency to lodging samples of from 50 to 100 culms per plot were
collected at different stages between flowering and ripening. For
this purpose the plants were dug out of the soil in such a way that
the upper parts of the roots remained attached to the base of the
culm. No attempt was made, however, to collect the whole root
system. The samples were used for measuring a number of plant
characters such as length and diameter of internodes, weight per
unit length of culm, and thickness of culm wall, thickness and
lignification of sclerenchymatous ring, wall thickness of scleren-
chymatous cells and number of vascular bundles. The latter charac-
ters were measured microscopically in hand-prepared cross sections
cut from the middle portions of the second lowest internodes. To
weaken the lignified tissues the straws were beiled in water for 15
minutes. They were stained by phloroglucinol and hydrochloric acid.

In those cases in which the relation between lodging and root
development were to be studied, a method employed by Dr M. A. J.
Goedewaagen') %) of this station-was followed. A pit was dug
approximately one meter deep and half a meter wide. A board 90

v
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by 30 cm and studded with pins 8 cm long and 5 cm apart, was then
pushed into the vertical wall of the pit. The soil was cut ! em beyond
the end of the pins after which the slab of soil containing the roots of
approximately ten cereal plants was carefully dug out and removed
to the laboratory. Because of the pins the soil could be washed away |
without altering the natural structure of the root system.

Analytical methods

Lignin was determined according to a modified method of Klason
{cf Brauns?). 1g of ground straw was weighed into a flask of 11
capacity. To this 20 cc of 80 percent sulphuric acid was added and the
mixture was allowed to stand at 20° C for 30 minutes with occasional
stirring. The mixture was then diluted with water to 500 cc and boiled
gently for a further 30 minutes to complete hydrolysis of carbohydrates.
The residue was filtered on a weighed filter in a Biichner funnel, washed
free of acid with 11 hot water, treated once with acetone, dried, weighed
and ashed. A second sample treated in a similar way was used for deter-
mining nitrogen. Lignin was calculated on an ash-free and protein-iree
basis. In some cases the ground material was refluxed for 8 hours with a
mixture of two parts ethanol and one part benzene, followed by an extrac-
tion with water of 60° C during 24 hours.(¢f Goss and Phillips??).

3. PLANT CHARACTERS RELATED TQ TENDENCY TO LODGING

Lodging of cereals often results from the combined effects of an
inadequate standing power of the crop and adverse weather con-
ditions prevailing during some part of the period from ear emergence
to ripening. When growing conditions during the period of stem
elongation have been favourable for the development of plants with
a great tendency to lodging, these plants may remain erect if, during
the subsequent two months, there is no heavy rain and wind. On the
other hand plants relatively resistant to lodging may fall down
when exceptionally bad weather prevails from flowering to ripening.

From these considerations it will be seen that tendency to lodging
is not identical with lodging itself. Since the grower can influence the
Lability of a crop to lodging but not the weather conditions, it is
clear that investigations concerning the effect of various conditions
on lodging have to consider tendency to lodging rather than lodging
itself. This applies particularly to those regions where rainy weather
does not prevail regularly between ear emergence and ripening of
the cereals. In the Netherlands as in other regions with a marine
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climate where such weather is very common during July and August,
tendency to lodging will often resuit in the cereal crop falling down.
There are exceptions, however, and the amthor has therefore in-
vestigated the effect of a number of nutritional conditions on lodging
itself as well as on a number of plant characters closely related to
tendency to lodging. Before discussing the relative value of these
plant characters as a measure for tendency to lodging, a short
description will be given of the structure of the culm of cereals *). v

Generally the culm of cereals is a hollow cylinder consisting of from

. % to 7 internodes. The length of these internodes is smallest at the base of

; the culm; it increases considerably towards the top. Although from the

point of view of resistance to bending it is most desirable that the ower

internodes have the greatest diameter, very often this is not the case. The

highest and the lowest internodes have generally the smallest diameter.

The wall thickness and the degree of lignification, however, have their
greatest development in the lower parts of the stem.

The leaf sheaths which surround a considerable part of the internodes
presumably play an important role in strengthening the stem particularly
when the tissues are still green and weak. This does not apply to the lower
internodes, the sheaths of which wither at an early stage.

Anatomically the culm internodes consist of the following tissues:

@) The epidermis,

5 A zone of sclerenchymatic tissue beneath the epidermis, called

i “hypoderm” by some authorg 28), The lignified fibres have narrow lumina
and strong walls. The number of lignified cells as well as the wall {hickness
is variable. ’

¢) Embedded in the sclerenchymatous ring are bands of green assimi-
lating parenchyma which run parallel along the stem.

4) Large-celled ground parenchyma extending from the sclerenchyma-
tous ring to the central cavity. The walls of these parenchyma- cells are
sometimes lignified.

e} Vascular bundles. There exist two types of vascular bundles, viz. small
j ones which are situated in a ring in the sclerenchymatous tissue whilst
nearer to the centre in the parenchyma large bundles are found, arranged
! more or less regularly in a ring.

! Ashasbeen stated earlier, lodging may occur as a result of irrevers-
ible bending or breaking of the lower internodes or of uprooting z.e.
bending or breaking of the roots. Although the author has observed
in some cases, particularly following heavy rain storms, that lodging
of cereals was due to uprooting without any bending of the stems,

*) For a more detailed description of the culm of wheat plants see Percival?),
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in by far the majority of cases irreversible bending of the stem at its
lower internodes was found to be associated with the lodging of the
crop. Sometimes a combination of bending of the lower internodes
and of bending and breaking of the roots may be found to occur in
lodged cereals (see also Kraus 24).

From these considerations it may be seen that the tendency of a
crop to lodging depends on one or more of the following three
characteristics:

a. Resistance of the culms to bending. This applies particularly
to the lower internodes which have to resist the greatest moment of
force.

b. The development of the root system and its anchorage in the
soil. A culm highly resistant to bending may be useless in preventing
lodging if its roots are weakly developed.

¢. Weight of the higher internodes of the stems plus leaves and
heads in relation to the length of the culms. The heavier the higher
parts of the stem and the greater the distance from their centre of
gravity to the base of the culm the greater the moment of the forces
acting upon the lower internodes and the roots.

a. Resistance of the culm to bending

The resistance to bending of a culm internode depends to a large
extent on its diameter and wall thickness. Since the diameter of the
lower internodes is often correlated negatively with its length, the
latter characteristic likewise has been studied in relation to liability
to ledging. It sheuld be stressed, however, that the length of the
lower internodes as such has no effect on its resistance to bending.

TFurther characteristics of the culm which may be considered to
be highly important in connection with tendency to lodging are the
structure and chemical composition of the culm wall. The cccurrence
of a sclerenchymatous ring in the outer layer of the stem undoubted-
ly contributes materially to the strength of the culm. Since the
number of lignified cells as well as the wall thickness of these cells
varies considerably under the influence of external conditions, much
attention should be paid to these characters in relation to tendency
to lodging. The number of vascular bundles and their structural
composition as well as the lignification of the ground parenchyma
also may be related to the strength of the culm.



v

EFFECT OF MINERAL NUTRITION ON LODGING OF CEREALS 255

b. Root development and tendency to lodging

Lodging-resistant crops should have, in addition to sturdy lower
stems, a large proportion of strongly developed coronal roots which
extend more or less horizontally through the soil. Roots with a
greater tendency to grow downward in the soil are of less importance

in this respect %) 1¥).

c. Weight of higher internodes, leaves and head

Whether the tendency to lodging is due to an inadequate resist-
ance of the lower internodes to bending or to a poorly developed or
poorly anchored root system, in both cases it will be affected ad-
versely by a heavy weight of the upper parts of the plant. This weight
may be considerably increased by adhering rain water. Welton
and Morris?®) found that in oat plants this may amount to
approximately one-fifth of their own green weight.

4, EFFECT OF NITROGEN NUTRITION ON LODGING AND ON PLANT
CHARACTERS RELATED TO TENDENCY TO LODGING

a. Nitrogen nutvition and lodging

The effect of nitrogen nutrition on the lodging of cereals has been
investigated in a number of field experiments laid out on different
soils during the years 1940 to 1949. A considerable increase in lodging
was observed in most cases when the nitrogen nutrition of the plants
had been more excessive (FFig. 1). This is in agreement with practical
experience and with the results of many experiments described in
the literature.

On different soils and in different years, however, the results were
not identical. This was partly due to differences in soil fertility,
particularly in available soil nitrogen and moisture supply, and
partly to differences in climatic conditions. Soils rich in available
nitrogen require less fertiliser nitrogen to produce a heavy crop with
a great tendency to lodging than do poor soils. In addition to the
nitrogen supply of the crop, favourable climatic conditions during
the period of elongation of the basal culm internodes of the cereals
are required for the production of plants with a great liability to
lodging. If during this period the weather is very dry or cold the rate
of growth of the plants is reduced as a result of which tendency to
lodging.is low while lodging itself even at excessive nitrogen levels
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does not usually occur. Such conditions, which may be common
in regions with a dry climate, are relatively exceptional in the
Netherlands. They may be found more frequently on high sandy
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Fig.l. Effect of nitrogen dressings on lodging of oats, summer wheat and
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soils with a poor water-holding capacity than on peaty and clay
soils. The oats on Experimental plot 598 suffered from such a
drought period in 1940 and practically no lodging occurred even at a
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dressing of 200 kg N per ha (Fig. 1). On Exp. plot 590, however,
where the plants did not suffer from shortage of water in 1940, the
crop was almost completely lodged when 110 kg of nitrogen per ha

or more had been applied.
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Fig, 2. Effect of nitrogen dressings on yield of oats andzwhea.t {1g=100Lkg).

When the drought period is of a short duration, as was the case
with Exp. 598, grain production may not be reduced appreciably.
Straw production on this plot, however, was much lower than that
on Plot 590, where the grain production suffered sericusly from
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lodging (Fig. 2). When the drought period persists for a longer period
of time, however, the grain yield will be considerably lower,
The important effect of climatic conditions on lodging may be
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Fig. 3. Effect of nitrogen dressings on yield of rye (19 =100 kg).

seen particularly from those experiments in which the same cereal
was cultivated on the same area in different years (Experiments
589 and 649 in Fig. 1}. The large differences in lodging of rye
observed on these plots may have been due to differences in weather
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conditions during the growing period of the crops resulting in plants
with a widely varying liability to lodging. They may also have been
caused, however, by differences in weather conditions between
blooming and ripening. Heavy rain storms during this period may
beat down crops which under more favourable weather conditions
would have remaimed erect.

On Plot 649 the absence of lodging in 1942 was apparently a
result of the very dry spring, with no rain between April 10 and
May 10 (cf Fig. 4). As a result the crop responded inadequately to
the nitrogen dressings which had been applied on April 17. The rain
storms which ‘eccurred rather frequently in 1942 were unable to
bring about lodging of the crop.

In the case of Plot 589 the severe lodging of the crop in 1947 ap-
parently resulted from both a relatively high tendency to lodging
due to favourable growing condltlons in the spring and a heavy

thunderstorm on June 5,

A further factor which may be responsible for the differences in
lodging in different years is the amount of available soil nitrogen
which may vary under the influence of temperature and rainfall
in the preceeding months. From the course of the yield curves in
Fig. 3 it could be concluded that the rye of Plot 649 in 1942 was
supplied less abundantly with soil nitrogen than in 1944 and [949.

b. Effect of nitrogen nutrition on plant characiers velaied to tendency
lo lodging

l. Length of internodes. One of the plant characters
which have been studied extensively in relation to lodging is the
length of the various internodes of the culm. It is a well-known fact
that etiolated plants form long, slender and weak stems. Since
nitrogen nutrition promotes the stooling of cereal plants and the
formation of leaf material, it will bring about a considerable shading
of the lower parts of the stem.

For the measurements of the internodes samples of from 50 to
100 cuvims from plots dressed with different amounts of fertiliser
nitrogen were collected at various times between flowering and
ripening. In some cases samples have been taken from lodged and
non-lodged areas of the same plot or from general fields. The results
of these determinations are given in Table 1 and in Fig. 5. Since the
number of internodes of the various culms of the samples varied



EFFECT OF MINERAL NUTRITION ON LODGING OF CEREALS 261

from five to seven, or sometimes eight, average values have been

_caleulated of culms with equal numbers of internodes.

It should be stressed that the length of the internodes has been

RYE WHEAT
Exp. tield 649, 1949 Exp. tield 607, 1940

50 [Length of internode,cm = ON{o 5OrLength of internode,em  * SON(e)
° GO N(e) o [4ON(T)
L + BON) L + [40N(s)

* 120N

4G+

Entﬁernodz7 ) B B 4 lnslernode6
WHEAT WHEAT
Exp. field 650,1942 . Gen, field 1943
Length of internode,cm - ISSHE% Length of internode,cm - 5
-] | [+
50 -';“ + 1SONE) 5C
40 40
30 301
2C 20
10 10
O =% ——= 3 $ © 53
internode Internode

Fig. 5. Length of internodes of cereal culms at different nitrogen dressings.
e = erect, 1 = lodged, s = supported plants, 1st = highest internode.

ascertained with the naked eye, so that values which could not be
easily measured in this way, viz. those shorter than 2-3 mm were
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TABLE 1
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omitted. Had a more accurate measurement been possible, the
number of internodes in all culms of a particular crop would prob-
ably have been the same. Under certain circumstances the lower
internodes may reach measurable lengths, in other cases they remain
very short or even rudimentary. Since it is highly probable that
culms of the latter type have very compact and sturdy basal parts,
attention has been paid to the relationship between number of
internodes and nitrogen nutrition, '

The results of the measurements show that plants with an ex-
cessive nitrogen supply and which in general are very liable to lodge,
have longer lower internodes than those grown on the same field
with a low or moderate nitrogen supply (see also Fig. 5) #).

It is remarkable that the upper two internodes of plants well-
supplied with nitrogen are frequently considerably shorter than
those of plants dressed with moderate amounts. This is particularly
true when lodging has occurred at an early date. When plants
with a high liability to lodging had been supported by ropes so
that they remained erect (Plate I) the upper internodes attained a
normal length. This clearly shows the inhibiting effect of lodging on
the growth of the upper internodes. The lower internodes of these
supported plants, however, had approximately the same length as
those of the lodged plants, indicating that the relatively long lower
internodes of the latter plants was not a result of lodging.

The negative correlation between length of lower and higher
internodes may likewise be found more or less clearly in unlodged
plants. This will be seen when plants grown in a greenhouse are
compared with those grown outdoors (cf Fig. 6). The former have
longer lower internodes but shorter higher ones. It may also be
concluded from the fact that plants with a larger number of measur-
able internodes have the shortest upper internodes (Table I). In
the latter case it is assumed that an increase in the number of inter-
nodes simply means an elongation of the lowest so enabling them to
be measured. |

*} Since the number of measurable interncdes is frequently higher when the nitrogen
supply to the plants has been more abundant {see Table I), it will be clear that the dif-
ferences in length of lower internodes between plants with varying nitrogen supply, will
become more proncunced when average values for all plants in one sample have been
calculated. In this case the assumption has been made that the number of internodes in
all cuims of a certain variety is constant. In Figs. 5 and 6 these average values have been
plotted.
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When a comparison is made between the lengths of the lower
internodes of plants grown under various climatic conditions

501 Length of internode,cm -

* Exp.5869,1941(8)
oo e 1047(2)

50

30

201

o]

[nternode

WHEAT

Length of internode,cm

« Gen.field,1943(2)
o Exp.650,1942(2)

Ny
e

[ 2

wh
IS

(] 7
Internoda

RYE

50

40

[ Length of internode,cm
. » Exp.549,1949(2)

- ¢l sbowae (R

Internode
QATS
LGgth ot intcrnoda,ém
. (Q)
5013 e
A
F A
\
40\

& 7
Internode

Fig. &. Length of internodes of cereal culms at different nitrogen dressings.
e = erect, ] = lodged, g = grown in a greenhouse, 0 = grown in the field,
Ist = highest internode.

(different years, greenhouse as compared with field conditions) it
will be seen that the differences between these plants are sometimes
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of much more importance than those found in plants of the same
field grown at varying nitrogen levels. In the experiments with rye
it was found that the length of the 5th and 6th internodes from
plants grown in 1941 (Exp. 589) was more than twice the length of
corresponding internodes from plants grown on the same field in
1947 (cf Fig. 6}. In 1949 (Exp. 649) the length of the 6th internodes
of lodged plants was four times the length of similar internodes in
1942 (Exp. 660). In the former year even the lowest internodes
showed a considerable elongation. Since the spring of 1949 was
characterized by exceptionally warm weather (cf Fig. 4) it is highly
probable that the very rapid growth of the cereal plants which was
further promoted by a favourable water and nitrogen supply in
many fields has resulted in long, weak, lower internodes which had
little resistance to bending. In this year lodging occurred in practi-
cally every rye field in the Netherlands.

.Similar differences in the length of the lower internedes- were
found in the experiments with oats and wheat. Plants grown in a
greenhouse had usually considerably longer lower internodes than
those grown in the field (see Fig. 6). This is probably due to the
higher temperature and somewhat reduced illumination under
greenhouse conditions.

Although the long lower internodes of plants grown at high
temperatures and with favourable water and nitrogen supplies are
undoubtedly a valuable indication of the weakness of those plants,
the data of Fig. 6, however, clearly show, that the length of these
internodes cannot be used as a general index for liability to lodging.
The lodged rye plants of Exp. 660 in 1942 for instance had consider-
ably shorter lower internodes than the non-lodged plants o Exp.

649 in [947. Similarly the erect wheat plants of the 1943 experiment,

had considerably longer lower internodes than the lodged plants of
Exp. 650 in 1942. Apparently the long lower internodes of the erect
plants had more resistance to bending than the relatively short ones
of the lodged plants. Differences in root development and weight
of heads and leaves may also have played a part in affecting the
liability to lodging. .

2. Number of internodes. Although it is not known
whether plants with a greater number of internodes are more liable
to lodging than those with a relatively small number, it is probable
that the latter plants have more sturdy basal parts so that they
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have a greater resistance to lodging than those with a higher number.
From the results of Table I it can be seen that {avourable growing
conditions, particularly nitrogen supply, may promote the number
of internodes measurable with the naked eye.

RYE

Exp. field 49,1949 Exp. field 589,1947
45rDiameter of internode,mm. 1O~ 4 5Diameter of internode,mm . om
40 40} Pl

. ONE + CN@
10 o 60 N{2) 1ok o 30ON(@)
x 120 N(D « GONE)
sk 5l % 140N{H
i 1 1 1 'ntlernoizl 1 1 1 inlfer‘rndzl
| 2 3 4 5 6 7 I 2 3 4 5 6 7
WHEAT
Exp. field 50,1942 Gen. field 1943
4srDiameter of internode,mm . 10~ 45|—Diumzter of internode,mm . 10~

| + O N 1 5 . (2)
. =150 N(s} o {IY
10 +150 N lo)
sk
Internode Internode
C i 1 1 1 — O L i 1 1 1 H

1 ]
3 4 E 6 7 [ 2 3 4 5 6 7

-

Fig. 7. Diameter of internodes of cereal culms at different nitrogen dres-
sings. e = erect, | == lodged, s = supported plants, 1st = highest internode

3. Diameter of internodes. The culm diameter was
measured at the middle of the internodes. The results of a number
of measurements are given in Table II (see also Fig. 7). It will be
seen that the 3rd or 4th internodes generally have the greatest
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diameter. Plants supplied with inadequate amounts of nitrogen
have smaller culm diameters than those with a normal nitrogen
supply. With excessive amounts of nitrogen the diameter of the
higher internodes may sometimes be increased ; the lower internodes,
however, have equal or smaller diameters,

When culms with different numbers of measurable internodes in
the same samples are compared it appears that as the number of
internodes increases the diameter of the lowest ones decreases. This
means that increase in internode numbers which may be brought
about by excessive nitrogen dressings may reduce the resistance to
bending of the culm base,

4, Culm wallthickness. Culm wall thickness like culm
diameter is an important property in providing resistance to bending
and hreaking of cereal cuims. The thickness of the culm wall was
measured microscopically in the same sections which were used for
the measurement of anatomical features. These sections were cut
from the middle portions of the second lowest internodes. The

_results of these measurements are givenin Table I11. It will be seen
that lodged plants which have been supplied excessively with
nitrogen may have thinner culm walls than erect plants grown on
the same scil at a lower rate of fertiliser dressing. This was the case
with the oat plants of Exp. 661, the wheat of Exp. 650 and the
wheat of the farmer’s field. In the case of the rye plants of Exp. 649
no effect of nitrogen nutrition on culm wall thickness was observed
while those of Exp. 58% even had the greatest wall thickness at the
highest nitrogen dressing. '

In those cases in which culms with different numbers of measur-
able internodes in the same sample had been investigated, it appear-
ed that those with a greater number of internodes generaily had a
greater culm wall thickness in the lowest internodes. This means
that the decrease in resistance to bending of these plants as a result
of decreased culm diameter of the lowest internodes was presumably
counterbalanced by an increase in culm wall thickness of these
internodes. :

5. Thickness of sclerenchymatous ring. The thick-
ness of the sclerenchyma zone of the culm was measured at two
quite different places in the transverse section of the second lowest
internodes viz. a) where vascular bundles were absent and b) where
a small vascular bundle was situated inside the sclerenchyma. In the
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TABLE IIT

Effect of nitrogen nutrition of cereal plants on culm wall thickness and anatomical characteristics of the
second lowest culm internodes

Number ; Lignified L
Thickness of | | Thickness
Lodged] Number of Culm tissue as Number
. sclerenchy- of scleren-
Cereal, exp., | Kg N | () or of inter- wall . %, of of
, 2 R matous ring, chyma
year and soil | per ha ! erect | cuims nodes thick- total vascular
- cell walls,
e} used **) per ness, 4 area of bundles
culm A¥FEN D *E) Lo, ring &

Winter rye, i’} e 14—16 & 5434-21(85+ 14| 121 16| To+4 | 3.5+0.17 | 24408
£49, 1949, 910 7 5934418449 J 1350 20] 68404 | 3.640.25) 26208
peat 60 e 18 & 509 L 258144 112147 7943 §3.4L0,15| 274096

| 60 1 8 6 587 427|764+4 | 116+3 | 6447 |3.540.22| 264 1.6
4 7 635+ 61\78 0120 116110] 5543 |3.540.17 | 3011.2
120 i 26—230 & 5784 17]82+5 | 1244-4 65+3 1244010 | 27408

Winter rye, a0 e 59—60 — 5701177312 — — 3.940.11 —
589, 1947, &0 e &0 — 567157142 — — 4.1+0.11 —
sandy 140 1 59—70 — 726-£17]64 41 — — 253010 —

S.wheat,Gf*), 80 3 21—30 & 1009279612 | 13043 8243 (574011 314105

1943, peaty 80 1 27—30 ] 87641971 £2 | 10842 7143 | 434003 30408
Oats, 651, 0 € 20—24 5 736445|714-4 [ 11716 8412 [6.440.20[23L1.0
1942, peaty 3—6 [ 9334861924 16| 150411 754£8 | 7.3 40.26 | 2216
160 1 25—29 S 5664 16(70+2 | 11012 84+2 { 53401522404

27—33 6 6724 23|96 L4 [ 13443 6942 | 63101422405

S. wheat, 0 e 25—238 5 J034221844-3 | 11643 9940 | 5940.10] 25402
650, 1942, 9—11 6 3164 45|96 L6 | 1404-6 8815 | 5710187125410
peaty 150 1 22--24 5 649248143 | 1254-4 9342 | 46L0.15 ) 26L058
44—48 [ 7244201903 (13043 8142 1324013 | 26403

*} Gf = general field.
*#) Culms collected: Exp. 649 shortly after blooming, Exp. 589 two weeks, Gf and Exp/. 661 a few days and
Exp. 650 four weeks before harvesting.
®#%) A: no vascular bundle, B: vascular bundle inside sclerenchymatous ring.

latter case the sclerenchyma zone always is considerably thicker.

Asmay be seen from Table III the thickness of the sclerenchyma-
tous ring was unaffected by the nitrogen nutrition in the case of the
rye of Exp. 649 and the wheat of Exp. 650. In the oats of Exp. 661
nitrogen manuring tended to reduce the development of the scle-
renchyma. In the rye of Exp. 589 and the wheat of the general field
the thickness of the sclerenchyma zone of the lodged plants was
considerably reduced. Since a strong sclerenchymatous ring is of
much importance for the standing ability of the culm, a reduction

Plant and Soil V
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of this tissue undoubtedly enhances the liability of the plant to
lodging.

6. Thickness of sclerenchyma cell walls. Of all the
anatomical characters studied thickness of sclerenchyma cell walls
was affected most consistently by nitrogen manuring. In the lodged
rye plants of Exp. 58% and Exp. 649 the greatest reduction in ligni-
fication was found (Table ITT and Plate’ IT A and B).

7. Thickness of lignified parenchyma cell walls,
In addition to thickness of sclerenchyma cell walls, lignification
of the exterior layers of inner parenchyma was found to be clearly
reduced in the case of ample nitrogen supply. Although no measure-
ments of this character have been carried out, the microphotographs
clearly show the differences in wall thickness of these parenchyma
cells (Plate IT A and B).

8. Arca of lignified tissue in sclerenchymatous
ring. As was described in section 3, bands of green parenchyma
are embedded in the sclerenchyma. The extension of these bands
appeared to be affected by the nitrogen nutrition of the plants.
Lodged plants, supplied excessively with nitrogen often have larger
parenchyma bands than those supplied poorly with nitrogen. This
may be concluded from Table III, column 9, where a large area of
lignified tissue corresponds with a poor development of the paren-
chyma bands.

9. Lignin content of basal culm internodes. The
results of a number of lignin determinations in the second lowest
internodes of cereal culms are recorded in Table I'V. It will be seen
that in general the lodged plants have a lower lignin content in
their basal culm internodes than the non-lodged plants. The differ-
ences are less pronounced, however, than in the case of thickness of
sclerenchyma cell walls,

10. Number of vascular bundles, According to Mol-
d en hawer?) wheat varieties resistant to lodging have a greater

"number of vascular bundles than those with a great tendency to
lodging. This statement was denied by Caffrey and Carroll®)
but Hamilton?) found a larger number of vascular bundles
in a lodging-resistant cat variety than in a non resistant one.

In the present study it was observed that oat culms have a smaller
number of vascular bundles than rye and wheat culms. The latter
apparently possess the greatest number. No effect of nitrogen nutri-
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TABLE IV
Effect of nitrcgen nutrition of cereal plants on lignin centent cf the lower culm (second
lowest internodes}
Experiment, Kg N Lodged (1) Lignin, 9, of
Cereal ¥) .
year and scil per ha or erect(e) dry matter
Winter rye 589, -0 e 19.34-0,07
1947, 30 [ 19.3.0.28
sandy 60 e 19.5-L0.08
140 1 16.01+0.12
Winter rye 549, 0 8 18.14-0.26
1949, 60 e 17.7+0.04
peaty 60 1 16.940.13
120 1 16.94+0.09
Summer wheat General field 80 e 20.340.35
1943, peaty 19,110,24 %)
80 1 18.614:0.24
17.44-0,37 *¥)
Summer wheat 650, 0 e 19.74-0.03
1942, 15.74-0,17 **w)
peaty 150 1 17.64:0.12
14.34:-0.43 **¥)
Dats 661, 0 e 21.34:0.1¢
1642, 18.64-D.01 *%)
peaty 160 1 20.51-0.04
18.24-0.21 *%)

*) Culms collected: Exp. 589 two weeks before harvesting, Exp. 649 shortly after
flowering, Gf and Exp. 661 a few days and Exp. 650 four weeks before harvesting.
**) Sample pre-treated with ethancl-benzene mixture, followed by an extraction with
water at 60° C, '
*#x¥) Third lowest internodes.
I3

tion was found as may be seen in Table 111 column 11. The degree of
lignification of the vascular bundles, however, is clearly affected by
the nitrogen nutrition. In agreement with the lignification of the
sclerenchymatous ring which is reduced by an ample nitrogen supply,
it was found that the layer of lignified cells surrounding the vascular
bundle was clearly more lignified when the nitrogen nutrition of the
plants had been inadequate.

11. Weight per cm of culm lengthinlower inter-
nodes, Weight per unit length of culm base was found by
Atkins? to be positively correlated with breaking strength of
the straw. It is obvious, however, that ahigh wvalue for this
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character is of much importance in the standing ability of the plant
only if the dry matter available is distributed in such a way that
a high resistance to bending and breaking has been attained.

The weight of an internode per unit of length depends on a) cnlm
diameter, b) thickness of culm wall and c¢) chemical composition of
the culm wall.

TABLE V
Effect of nitrogen nutrition of cereal plants on weight per cm of culm length (second
lowest internodes)
Cereal Exp. Kg N | Ledged(i) Weight per cm of culm length, mg
and year | per ha | or erect(e) 571) 6 j 7 8
Winter | 649, 0 e — 1634161 174423 —
rye 1949 60 e - 15.94 1.4 — —
&0 1 — 17.44-1.8 | 16,44-0.8 —
120 1 — 13.34-0.8 | 14.6L0.7 | 15.6+1.0
Winter 660, o] e — 16,2406 | 16,54 1.0 —
rye 1942 160 1 — 16.34+1.7 — —
160 s 1) - 15.740.9 | 160 1.6 —
160 s — 12.740.7 | 12341.2 —
Suminer 650, 0¥ e 142408 | 151410 — —
wheat 1942 150 *) 1 1284+ 1.3 | 1424101 — —
150 %) s 12.5406 | 129108 — —
o*nl e 12.6 105 | 15715 — —
150 #*) 1 — 1414-0.6 | 11.8-00.3 —
150 )| 1 15.61 1.6 | 16.1L0.7 — —
150 #¥) S 12,040.7 | 127413 | 144411 —
Summer| General | 80 e — e 19.24+ 0.4 —
wheat | field, '43 80 1 — — 15.64+0.3 —
Oats 861, 0 e 16.6L0.8 [ 19.6 1.0 — —
1942 80 e 17.94+1.3 [ 18.9+ 1.0 —_ —
160 1 13.54+0.6 | 14.84-0.5 — —
160 8 12.7--0.7 | 13,819 — —
%) 100 kg K,O per ha. #%) 300 kg K,O per ha. - !

1) s = supported.
t1) Culms with 5, 6, 7 and 8 interncdes respectively.

As will be seen from the results in Table V the highest values for
this property have generally been found in plants dressed with a
low or moderate amount of fertiliser nitrogen. With an ample
nitrogen supply considerably lower weights have been found.

12. Root system. Preliminary observations on the root system
of lodged and erect plants showed that in general the latter had more



Plate I. Lodged oat and wheat plants amply dressed with nitrogen. Part of the

plots supported by ropes to prevent lodging.




Plate 1. Sclerenchymatous ring and lignified
parenchyma of basal culm internodes of rye, A:
erect plants, dressed with 30 kg N per ha: B:
lodged plants, dressed with 140 kg N per ha.

Plate IIl. Root system of oat plants on pin boards
after being washed free from soil. Leff: erect
plants, dressed moderately with nitrogen : right :
lodged plants, supplied excessively with nitrogen.
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sturdy roots. This was confirmed by a number of experiments in
1953 in which root systems of lodged and erect plants have been
collected and studied. The root samples were taken according to the
method described on page 251 a few weeks before ripening of the crop.
At that time the coronal roots of the non-lodged plants which had
been supplied with a moderate amount of nitrogen were more
vigorous than those of the lodged plants which had been supplied
amply with nitrogen {see Plate TIT and TV and Table VI}. They were

TABLE VI
Effect of nitrogen nutrition (lodging) on weight of roots of cereal plants
: Nitrogen Lodged(1} Yield of roots, g
Field and cereal supply or erect(e) (to a depth of

. ’ 20 em)
2. Summer wheat moderate ) 2.94
excessive 1 1.18
3. Summer wheat moderate e 1.71
excessive 1 1.04
6. Oats moderate e 2.46
excessive 1 1.57
7. Qats low e 2.53
excessive e 3.49
s 1.97
8. Qats moderate e 3.97
excessive 1 1.09

slightly thicker, were much less flexible, had many more branch
roots and had a white colour as contrasted with the yellow-brown
colour of the roots of lodged plants. Furthermore there existed a
pronounced difference in lignification (TableV1I). The coronal roots of
thelodged oat plants were practically free from lignified cells beneath
the epidermis as contrasted with these of the non-lodged plants
which had a zone of lignified cells (Plate VA and B). Degree of.
lignification of the stele was also less pronounced. Lignin as per cent
of dry matter was found to be slightly higher in roots of lodged
plants. The latter need not be contradictory to the anatomical
picture if it is assumed that in the erect plants, in addition to lignin,
other C-compounds in even greater quantities have been used to
strengthen the tissues.
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TABLE VII
Effect of nitrogen nutrition on root characters of cat and wheat plants (corenal rocts at | ¢cm from
culm base).
Lignified laver beneath Wall Thick- Ratio,
Cereal Dia- bypodermis thick- | ness of | thickness
and Lodged | Number | Dia- | meter Namber Thick-| Thick- | ness of | inner | inner cell
nitrogen (I} or | of roots | meter, of of ness | nessof |lignified | cell wall| wall to
supply erect{e) used Pl stele, cell of lignified cells of endto- width of
M lavers layer, | cell wall,| in stele | dermis, endo-
) “w I u u dermis
Oats
Moderate [ 48 9061+ 21|335 19 |2.040.17[47+3.5|3.540.13|13.04£ 0.106.0 4+ 0.22(0.36--0.14
Excessive i 46 8624 28|3694 10[0.340.13] 740.3/2.94+0.51/2.24 0.07)3.44+0.25/0.174-0.13
8. wheat
Moderate € 16 8064 22|341 4+-10]2.94-0.37]70 1-8.2|13.7 £ 0.45{2.4 4-0.08]5.6 4+ 0.34|0.33 4. 0.03
Excessive 1 16 789439323 £ 16[2.140.31{45+16.4|1.8 4:0.27]1.9 4-0.08(4.0 1 0.23|0.21 £ 0.02
3. wheat
Moderate e 14 (8941 47{401 £ 22(3.4 1 0.18(77 4 3.8(2.9 1.0.25|2.0 £ 0.15/4.7 £-0.350.25 1- 0.03
Excessive 1 14 18884 25[366+11|2.640.19|6043.8(2.24+0.15|1.8 +-0.11|3.94+0.21i0.19+ .02

A very marked contrast existed in the degree of thickening of the
inner cell wall of the endodermis (Plate VC and D).
The loss of most branch roots and also the discolouration indicate

that the roots of the lodged plants had been more liable to microbial
aftack than those of the non-lodged plants which were quife intact.
It is probable that the large differences in weight of roots between
lodged and erect plants (cf Table VI) are partly due to the more
severe attack on the former roots by micro-organisms during the
period between flowering and ripening of the crop. That during this
period in cereals a decrease in root weight may occur can be seen
from the data of Schulze3), '

The results of the above-mentioned experiments have shown that
weakness of the basal parts of cereal plants in different cases may
depend on a poor development of different plant characters. In one
case a small diameter of the basal culm internodes will be the
limiting factor, in a second a reduced culm wall thickness, a poor
lignification of the culm tissues, or a weak root system, while in a
third a combination of these factors occurs.

Liability to lodging, however, does not merely depend on weak-
ness of lower culm or root system but on also lack of proportionality
between sturdiness of the basal parts of the plant and weight of the



Plate IV. Culm bases and root systems of oat plants. A : erect
plants, suppiied moderately with nitrogen. B: lodged piants,
supplied excessively with nitrogen.




Plate V. Transverse sections of coronal roots of oats. A and B : epidermis with
part of cortex. C and D: stele with endodermis. A and C: moderate nitrogen,
erect plants. B and D: excessive nitrogen, lodged plants, The roots of the
erect plants possess three liguified cell layers beneath the hypodermis which are
absent in the roots of the lodged plants, Furthermore the inner cell walls of
the endodermis of the former plants and the walls of the lgnified cells of
the stele are more thickened than is the case in roots of lodged plants.
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upper parts. A crop with relatively strong lower culms and roots
may have a high liability to lodging when the plants are long-
strawed and have heavily developed upper culm internodes, leaves
and ears. On the other hand a plant with relatively weak basal
culms and roots may have a low tendency to lodging because of poor
development of upper parts and of shortness of straw.

c. The cause of the nitrogen effect
The influence of nitrogen nutrition on various plant characters,
as described above, may be attributed to a direct physiological

RYE
Exp. tield 612, 1941

7[ Lodging index 150kq perha 7[ Ledging index 300kg perha
& »
o y
e
4 Prmwmmn——— -
;’
£/
3|. i
2t
\ s s « 11 cm
| [Ny S
i ~
Orr . - sl o
60 8O [«]s] 20 140 60 18 A0 80 ICO 120 140 160 T‘BO
kg N per ho kg N per ha

Fig. 8. Effect of rate of seeding (15¢ and 3C0 kg per ha), spacing (11, 20
and 33 cm) and nitrogen nutrition on lodging of winter rye. Lodging
indices determined 46 days before harvesting. o

effect of nitrogen or to an indirect effect resulting from increased
shading of the lower internodes of the culms. An improved nitrogen
nutrition favours the stooling of the plants as well as leaf develop-
ment. Both factors considerably increase the density of the crop.
In order to study the direct and indirect effects separately the
following experiments have been carried out:

1. Rye and wheat were sown on experimental fields at different
rates and at different spacings. By varying the amount of applied
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fertiliser nitrogen, it was possible to study the effect of mtrogen at
varying degrees of density of the crop.

2. Oats were sown in Mitscherlich pots and supplied with dif-
ferent amounts of nitrogen. A number of pots were exposed to full
sunshine in a greenhouse whereas the others were placed in part of
the greenhouse where direct sunshine was excluded by using
curtains of white paper. Wire frames were used for supporting the
leaves in such a way that the exposure to light of the lower inter-
nodes was not affected by variations in leaf development resulting
from differences in nitrogen nutrition.

I. Field experiments. Winter rye and summer wheat were
sown at the rate of 75, 150 and 300 kg per ha at i1, 20 and 33 cm
spacing. Nitrogen was applied at the rate of 60, 85, 110, 140 and 180
kg N per ha in 1941 and 0, 40, 80, 120 and 160 kg N per ha in 1942,
In both cases ammonium nitrate limestone has been used as the
nitrogenous fertiliser.

The winter rye of Exp. 612 (1941) lodged shortly after flowering.
Ledging indices have been ploited in Fig. 8. The effect of density of
the crop on lodging appeared to be of more importance than that
of nitrogen supply. This may be concluded from the fact that a
dressing of 180 kg N per ha gave no lodging when the rye had been
sown at the rate of 150 kg per ha and at 33 cm spacing, whereas severe
lodging occurred at much lower dressings of nitrogen when the stand
of the crop was more dense. Similar results have been obtained on
Plot 689 with winter rye and on Plot 658 with summer wheat in
1942 (see Fig.9). On Exp. plot 612 the highest grain yield was
obtained at spacings of 20 and 33 cm. At 11 em grain production
was considerably reduced. The rate of seeding had little effect on
yield in this experiment. On Exp. plot 658 a spacing of 11 cm gavea
marked drop in grain yield when the wheat was sown at 300 kg per
ha and when the nitrogen supply was higher than 80 kg per ha. On
Exp. plot 659 a spacing of 11 ¢m gave markedly higher grain yields
than one of 33 cm. At 20 cm the grain yields were similar to those at
11 cm. A rate of seeding of 75 kg per ha was inadequate for obtaining
an optimal yield on both latter experimental plots. On plot 659,
300 kg gave even higher grain yields than 150 kg notwithstanding
the fact that lodging was much more severe at the former rate of
seeding (cf Fig. 9). This demonstrates that in this case lodging
hardly reduced grain production.
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The results of a number of measurements of length and thickness
of internodes are plotted in Fig. 10. The effect of excessive nitrogen
on length of lower internodes was particularly clear in the wheat
plants of Experiment 658 at a rate of seeding of 300 kg per ha. That

WHEAT
Exp.field 658,1942

1T Lodging index ~ ftem 101 Lodging index 33em
or ol
8 L
J T
7t I 7t
/ at
& / & -
/ ~
5 / 5t /,_4/
/ 7
4t / ab ;
ak / 3L // «  75kgperha
/ / e 150kgperha
2r 7 2t / + 300kg perha
/ 7
I / 13
s e 4 ]
O : — et g . _
[s} 40 80 120 160 [§] 40 8C 120 16C
kg N perha kgNperha
RYE
Exp. field 659,1942
107 Lodging index ftem 10T Lodging index 33¢m
[=18 - at _—
ST
8 8t e P
e /
7 ™ e s
A ;
[ R - v
-)-// Jl’
) Sk 4
4 4
3 3
T + 75kgper he
2 = S o o [50kgper ha
- + 300kgper ha
| |
Ok, ) , kgNperha of ‘ , kgNperha
[s] 40 80 120 160 O 40 80 120 16C

Fig. 9. Effect of rate of seeding (75, 150 and 300 kg per ha), spacing (11
and 33 cm) and nitrogen nutrition on lodging of summer wheat and winter
rye. Lodging indices determined 7 days before harvesting.
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RYE
Exp. field612,1941

55 rLength of internode,cm 557 Dicmeter of internode,mm , 10~
50| 50r

* 150-33, 60 kg Nper ha

°e300-4i,60 ., ., . a5}

+300-11080 , , . .

40

35
30|
25
20

* 15033, 60 kgNperha
10 +300-33 60 .. . .
2 300-33,180 « ¢ W . )

Internode
| 2 3 4 5 6 7

| 2 3 a4 5 3] 7
RYE
Exp. field 659,1942
55 rDiometer of internode,mm 107

s0-
ask
40
35
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ok »  75-33, 80 kgNperha:
¢ I50-33, s wa - »

+300-33, 4 b4 v oW
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tnjernodz

6 7

Intgrnode\ =,

[} 2 3 4 5 6 7 L 2 3
WHEAT
Exp. field 658,942

40 Diameter of internode,mm . o)

FN
wm

40,

35 EE

30, 30,

25 25

20 20

tsb 15 * 75.33, 4CkgNperha
° 75-33120 ... .

10 ok +300-11, 40 « - »

¥300-1LI120 + % & .=

ol . ' ol | . , Internode
i 2 3 4 5 6 i 27 3 4 5 ®
Fig. 10. Effect of rate of seeding (75, 150 and 300 kg per ha), spacing (11
and 33 cm)} and nitrogen nutrition on length and diameter of culm inter-
nodes of winter rye and summer wheat. 1st = highest internode. For
lodging indices see Tables VIII and 1X.
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this effect was indirect, resulting from shading of the lower inter-
nodes through increased stooling and leaf formation, may be con-
chuded from the fact that plants sown at a rate of seeding of 75 or
150 kg per ha and at a spacing of 33 cm did not possess longer lower
internodes when dressed with excessive nitrogen, Apparently in the
latter case the increased leaf formation was inadequate to prevent
the exposure to direct sunlight of the lower internodes.

Similarly plants with equal nitrogen dressings possessed con-
siderably longer lower internodes when the density of the crop
was greater because of a higher rate of seeding or a narrower
spacing,

In the case of the rye plants of Experiments 612 and 659 density
of crop and nitrogen nutrition exerted only a slight effect on the
length of the lower internodes. The number of internodes tended
‘to increase with increased density of the crop. As a result of this,
higher values for the lower internodes may be found in the more
densely sown crops of the latter experiments when average values
for all culms per sample are calculated (cf footnote on p. 263}.

Culm diameter of the lower internodes of rye plants was con-
siderably reduced by an increased rate of seeding on Exp. plot 659.
This may have been the main cause of the differences in lodging
between plots of different density, In the case of Exp. 612 (rye) and
Exp. 658 (wheat), however, reduced culm diameter cannot have
been responsible for the increased lodging of crops with a higher
density or with an increased nitrogen supply as practically no effect
of these conditions on culm diameter was observed (see Fig. 10}.

Weight per unit of culm length was considerably reduced by
increased density of the crop in the case of Exp. 658 (wheat) and of
Exp. 659 (rye) but not on Exp. 612 (Table VIII). In the wheat plants
it was apparently due partly to the thicker culm wall of the les
densely sown plants. A slight effect of nitrogen nutrition on culm
wall thickness was noted in the rye of Exp. 612as well asin the wheat
of Exp. 658 {Table IX).

No clear relationship between density and nitrogen nutrition of
the crop and extension of sclerenchymatous tissue was observed in
the rye plants of Exp. 612. In the case of the wheat of Exp. 658 the
lodged plants of the densely sown crop (300-11) treated excessively
with nitrogen had a thinner sclerenchyma ring than plants sown
under less dense conditions (75-33). The area of lignified tissue of
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TABLE VIII

Effect of nitrogen nutrition, rate of seeding and spacing of cereal plants on weight
per cm of culm length of second lowest internodes

Cereal *}, Rate of

N Spac- |Kg N| Lodging Weight per cm of
eXP., year seeding, | . )
ing, per index culm length, mg
and harvest kg per
date ha om | ha e datel 5 | 6% | 7%
Winter rye, 2xr.6| 8.7
612, 1941, 150 33 60 | 0 2 — 1874 1.1 | 19.043.0
Aug, 5 150 33 180 | 0 3 14.14-1.0 | 1604 1.0 —
150 i &0 | O 3 1204151 18,1409 | 15717
150 o180 | 11| e — 14.54-0.8 | 16.5L11.4
300 33 60 | O 44 — 13.940.1 | 14,4301
300 33 180 [ 3% 7 14.14+1.8 | 18.04+1.3 —
306 i1 50 | 2 8 — 17.240.2 —
Winter rye, 8.4 | 12.8
659, 1942, 75 33 80| & 5. | 1551091832108 |20.3L3.6
Aug. 18 75 11 80 3 3% | 152407 ] 20.04-0.8 | 220409
150 33 80| & 3 — 15,0407 | 11,4411
300 33 80 | 83 7 9.911.2 1244105 125408
300 1L 80| 8% 7 — 10.740.5 | 9.041.1
Summer i4.7 | 28.8
wheat, 658, 75 33 0] 3% | 0 [19.0+07|20941.8 —
1942, Sept. 3 75 33 20| ¢ h 18.041.0 | 23.640.9 —
150 33 1 0 0 15.34+0.8 | 17.540.9 —
130 33 126 | © 2% | 15.6+0.7 | 16,5410 —
300 11 | 120 9 8 {13.841.1|127.L0.2 —

*) Culms collected: Exp. 612 two weeks, Exp. 659 four weeks, Exp. 658 one week before
harvesting.
*#} Culms with 5, 6 and 7 internodes respectively,

the sclerenchymatous zone was also reduced in the densely sown
wheat plants.

Thickness of sclerenchyma cell walls was reduced by increased
density of the crop. It was slightly affected by increased nitrogen
nutrition in the case of the rye plants but not in the case of the
wheat (cf Table IX).

2. Pot experiment with oats. In this experiment the
combined effect of potassium supply, nitrogen nutrition and illumi-
nation of the plants on growth and yicld of oats has been studied.
Although a full report of the results of this experiment will be given
elsewhere, the measurements of those plant characters which are
related to tendency to lodging will be recorded in this paper.
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The Mitscherlich pots nsed contained approximately 5 kg of a potassinm-
deficient sandy soil of pH 5.2. Potassium was supplied in amounts of 0.5,
1.0 and 3.0 g K,;50, per pot, nitrogen in amounts of 175, 350 and 1050 mg
N per pot in the form of either calcium nitrate or ammonium sulphate.
Further dressings consisted of monocalcium phosphate, magnesium sul-
phate and copper sulphate.

There was a considerable difference between ocats growing in the unshad-
ed and those in the shaded part of the greenhouse. In both cases the plants
responded to the K-dressings. The requirement for nitrogen of the unshaded
plants was considerably higher than that of the shaded ones, indicating a
difference in the rate of carbon dioxide assimilation. The highest applica-
tions of nitrogen in the form of ammonium sulphate depressed the yield
in the case of the shaded plants.

DATS
Pol experiment 1941

35 ’Length of internode,cm 35 Diameter ofintzrnnde.mm.[O“
301, o e
b
B
a5t W
20
I5
1C
+D0, (7S mgN
5 5k ol, 175 . .
o+ DI05C . .
x« LIOSO . .
© 6 7 O %% 45 & 7
Internode Internode

Fig. 11. Effect of illumination and nitrogen nutrition on length and dia-
meter of internodes of oat culms, N in the form of ammonium sulphate.
D = shaded, L. = unshaded, ist = highest interncde.

The effect of nitrogen nutrition and exposure to light on length
of internodes is demonstrated in Fig. 11. It will be seen that the
length of the lower internodes was not increased by the nitrogen
dressings. Shading, however, resulted in the formation of consider-
ably longer lower internodes than were found in plants exposed
to bright sunshine. In agreement with the results of the above-
mentioned field experiments 612, 658 and 659, this pot experiment
shows that the elongation of the lower internodes of cereal plants
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as often observed in nitrogen-dressed fields is not a direct effect of
improved nitrogen nutrition but is due to an indirect shading effect.

The negative correlation between length of lower and upper
internodes as observed mare or less clearly in the above-mentioned
field experiments again is found in this pot experiment. Shaded
plants have considerably shorter upper internodes than unshaded
ones.

The number of internodes was not increased by shading or by
increased nitrogen supply. Generally it was somewhat higher in
the illuminated plants. This is in confrast with the results obtained
on a number of experimental fields. Plants supplied with ammonium
sulphate tended to have more internodes than those with calcium
nitrate.

Culm diameter was considerably reduced in the shaded plants as
compared with the unshaded ones (Fig. 11). This was the case with
both upper and lower internodes. Excessive amounts of ammonium
sulphate likewise reduced the internode diameter throughout the
culm in the shaded plants. In the unshaded plants the diameter
of the basal internodes was reduced but that of the higher ones was
increased by excessive amounts of ammontum sulphate. Calcium

TARLE X
BHifect of nitrogen nuirition and illumination of cat plants on weight per cm of culm
length of second lowest internodes {pot experiment 1941)
. Weight per cm of culm
Nitrogen
Tlumination length, mg
mg perpot | compound & EEH) ! 7 kR
175 as *} D #**} 4.1 &+ 0.2 41 L+ 0.1
175 as I. — 7.1 + 03
350 as D 3.6 £+ 0.2 37 £ 02
350 as L — 7.8 4 0.2
1050 as D 3.8 £ 03 3.4 402
1050 as L 7.24 03 7.0 + 0.2
175 cn D 4.0 + 0.1 3.9 + 0.1
175 : cn I — 7.3 402
350 cn D 4.4 4 0.2 5.1 L 0.4
350 cn L — 8.0 + 0.2
1050 cn D 4.9 1L 0.2 4.4 4 0.4
1050 cn L 7.3 4+ 0.4 8.2 4- 0.3

*} as = ammonium sulphate, cn = calcium nitrate.
*¥) D = shaded, L = unshaded.
***) Culms with 6 and 7 internodes respectively.
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nitrate gave similar results in this respect both in shaded and
unshaded plants but the differences were less striking.

Weight per em of culm length was much lower in the shaded plants
than in those grown in sunlight. This was due partly to reduced
culm diameter, partly to reduced culin wall thickness and partly to
reduced lignification of the lower internodes (see Tables X and XI).
In the shaded plants increasing amounts of nitrogen in the form of
ammonium sulphate caused a slight reduction in culm weight.

Culm wall thickness was markedly reduced by shading of the
plants. Excessive amounts of nitrogen accentuated this effect. In
the unshaded plants high amounts of nitrogen tended to increase
the culm wall thickness (Table XT}.

Rate of lignification of the culms was determined microscopically
in transverse secfions as well as chemically, Both thickness of
sclerenchymatous layer and thickness of the sclerenchyma cell walls
were found to be considerably reduced by shading of the plants as
well as by increased nitrogen supply. The results of the chemical
analyses were in general agreement with the microscopical obser-
vations (cf Tables XI and XII).

Excessive nitrogen has reduced the lignin content of shaded
plants to a much higher degree than that of unshaded plants.

TABLE XI
Effect of nitrogen nutrition and illumination on culm wall thickness and anato-
mical characteristics of the second lowest culm internodes of cat planis (pot
experiment 1541}
Num- . PR .
Thick: L fied | Thick
N #) Num- | ber of [ Culm 1CAnEss .1gn1 e TORNeSS | imber
Illurm- . of scleren- | tissue as | of scleren-
mg . ber of | inter- wall of vas-
ina- , chymatous {9, of total | chyma
per . culms | nodes | thick- . cular
tion ring, g arez of cell
pot used per ness, g ” scl. ring walls bundles
cuim AT BT | T g

175 | D **) G 6 | 466+ 18|412-2[8811| 5l-=4 | 2.040.10 | 16-L0.8
23-28 7 43046 1414219142 5343 214009 18403
178 + L 33-34 7 479 111 (47 £ 1|97 42 632 331007 | 22104
1050 | D 2-4 6 472414 |38 1 690L0| 59+9 2.24-0.15 | 1440.3
9-14 7 394112323 2/7844 50L3 1.540.18 | 194:0.5
1050 | L 7 6 520151474399 +4| 4642 2.840.33 | 20406
24-28 7 467420 (4341|914 4] 5442 | 274007 | 21406

*) as (NH,),S0,.
*¥}] 1 = shaded, L = unshaded.
1) A = no vascular bundle, B = vascular bundle inside sclerenchymatous ring.
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The number of vascular bundles was slightly reduced by shading
the plants (Table XI).

TABLE XII
Effect of nitrogen nutriticn and illurnination on lignin content of cat culms (pot
experiment 1941)
Nitrogen Tlumi- Lignin in internodes, % of dry matter 1)

mg per pot compound nation 5th | 4th ] 3rd
175 as ¥) D ¥#) 20,8 226 223

175 . L 21.7 22.0 22.2
1050 . D 7.9 16.9 17.0
1050 » 1 21.2 23.4 23.1
175 cn D 18.6 19.9 16.5

178 s L 22.1 21.9 21,4
1050 i D 10.5 113 14.5
1050 ' L 20.8 22.7 229

*) as = ammonium suiphate, ¢cn = caleium nitrate,
*#) D = shaded, L = unshaded.
1) averages of duplicate values.

The results of the field and pot experiments recorded in this
section show that the unfavourable effect of excessive nitrogen on
the strength of the lower internodes of cereal plants is due partly to
an indirect shading effect resulting from an abundant leaf formation
and partly to a direct nutritional effect. Elongation of the lower
internodes depends entirely on the shading effect. Reduction of
culm diameter, of culm wall thickness and of lignification may be
brought about by shading as well as by a direct nitrogen effect.

5. EFFECT OF POTASSIUM NUTRITION
P
The effect of potassium nutrition on lodging has been studied
on a number of experimental fields with rye, barley and wheat. The'
soils on which these experiments had been laid out, were in general
poor in potassium so that plant growth was reduced considerably by
K-deficiency when potassium dressings were omitted. The influence
of K-supply on lodging was tested by applying increasing amounts
of nitrogenous fertilisers at different K-levels: no K, moderate,
normal and excessive amounts of added potassium salts respectively.
Although in some cases the plants dressed with potassinm lodged
more severely than those without a K-dressing (Fig. 12), this was
probably due to the fact that the latter suffered from potassium

Plant and Soil V
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deficiency so that a far less heavy and dense crop was formed. The
straw of potassium-deficient plants appeared to be more brittle as a
result of which breaking of the culms occurred much more frequently
than was the case with fully dressed plants. These breakages
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Fig, 12, Eiffect of potassium and nitrogen nutrition on lodging of winter
tye (in three different years) and of summer wheat. Lodging indices
determined 14 (Exp. 589, 1941), 11 {Exp. 589, 1943), 20 (Exp. 589, 1947)
and 35 (Exp. 650, 1942) days respectively before harvesting.
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Fig. 13. Effect of potassium nutrition on length and diameter of culm
internodes of winter rye, summer wheat and oats. For lodging data see
Figure 12,
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TABLE X111
Effect of potassium nutrition of cercal plants on weight per cm of culm length
Cereal ‘*): K;0, kg w _ | Weight per cm of culm length,
experl- per ha, or  |€ Per ha com- Mumi- | 214 lowest internode +1), mg
ment or mg nation
mg per pot
and soil per pot pound 5 | 6 ] 7
Oats, 0 350 as **#)] D) — — 3.1+02
pot exp., 0 350 ' L — — 5.54+0.2
1941, 0 350 cn D — 3.2-£0.1 —
sandy o] 350 s L -— 55104 53L£02
1500 350 as D — 36-+02| 3.7+0.2
1500 350 |, L — — 7.84+0.2
1500 380 |en D — 44402 51+0.4
1500 350 1, L — — 8.00.2
Wheat, 0 0 — — 1434110 181414 —
field exp. 0 (100} **) 0 — — 13.6+0.8 | 16.6+0.7 —
680, 1942, 100 (300) 0 — — 142408 [ 15,1 L 1.0 —
sandy 300 {600) o] — — 126405 | 15.74+1.5 —
0 150 anl -— 18.34+0.8 ; 13.31L0.9 —
0 {100) 150 > — 149108 | 1464 1.1 —
100 {300) 150 . — |128x1.3| 142111 —
300 (£00) 150 ' — 1564 1.6 | 147405 11.840.3

3

Oat culms collected when the plants were ripe, wheat culms four weeks before har-
vesting.
Figures in brackets refer to K-dressings in 1941,
###} ag — ammonium sulphate, cn = calcium nitrate, anl = ammonium nitrate lime-
stone.
1 D = shaded, L = unshaded.
++} Culms with 5, & and 7 internodes respectively.

L3

occurred not only at the lower internodes but also at higher ones.
When a comparison was made between plants treated with a moder-
ate and an excessive amount of potassium, no difference in lodging
could be detected. This does not indicate a strengthening effect of
large amounts of potassium on the culm of cereals as is sometimes
stated in the literature ). It is an agreement with the results
obtained by Krantz and Chandler?) in field experiments
with maize.

The effect of K-nutrition on various plant characters related to
standing ability of cereal plants is given in Tables XI1II-XV and in
Fig. 13. It will be seen that K-deficient plantsin general had shorter
internodes than plants treated amply with potassium. This applies
to the lower as well as to the upper internodes (Fig. 13).
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TABLE XIV

Effect of potassium nutrition on wall thickness and anatomical characteristics of the second lowest

culm: internodes

Num- Thickness L_l gnilied R
Culm tissue as | Thickness
Fxp. | Kg | Kg Num- | ber of of scleren- Number
Lodged X wall %, of total |of scleren-
and K,O| N ber of | inter- . chymatous of vas-
Cereal *) ) or thick- ) area of chyma
vear | per | per culms | nodes ring, cular
erectie) ness, sclerenchy-| cell walls,
ha { ha used per I bundles
ol I matous /]
A1) BH | ring
Winter | 589, ©0[140] e 60 — |sdsr14l6z1] — — 241008| —
rye 1947 [ 250 | 140 1 59—60 — |7264-17)6441] — —_ 2.5-+0.10 —
Summer | 650, 0150 1 13—14 5 7794311894 4(13244 90-L2 474025 | 24107
wheat |[1942 5—12 [} FI54+40[984- 314946 8843 4.5+0.27 | 27+1.2
300|150 | 1 22— 24| 5  16491241814-312544 93142 46100526105
4448 ] 724420190 L 3}130+3] 8112 5.24+0.13 | 26--0.3

*} Culms collected: Exp. 589 two weeks, Exp. 650 four weeks before harvesting.
%} A:no vascular bundle, B; vascular bundle inside sclerenchymatous ring.

TABLE XV
Eiffect of potassium nutrition of cersal plants on lignin content of lower culm
internodes
Experiment, Kg K0 Kg N Lodged(l) Lignin,
Cereal vear and applied per or % of
soil per ha ha erect{e) dry matter
Winter rye 1) 589, 0 0 e 25.54-0.35
1947, 250 0 [ 19.34-0.07
sandy 0 30 e 22.24.0.14
250 30 e 19.3-1-0.28
0 140 1wy 22.840.31
250 140 1 16.040,12
Summer wheat 1) 630, 0 o] e 18.44-0.15
1942, 0 {100) *) o e 17.141-0.10
peaty 100 (300) 0 e 11.34032°
300 (600) 0 e 15.74.0.17
0 150 1 18.240,57
0 (100) 150 1 17,54 0.68
10C (300) 150 1 16.44 0,16
300 (600} 150 1 14.340.43 |

t
Tt
®

e

} Second lowest internodes, collected two weeks before harvesting.
) Third lowest internodes, collected four weeks before harvesting.
) Figures in brackets refer to K-dressings in 1941.

} Lodging index = 5.
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Culm diameter was clearly reduced in potassium-deficient plants.

Weight per cm of basal culn was lower in K-deficient oats than
in plants with a normal K-supply (pot experiment 1942). This was
apparently due to the reduced culm diameter of the potassium-
deficient plants (Table X1II). In the case of wheat K-deficient culms
were slightly heavier than those treated with potassium. This may
have been due to the somewhat thicker culm walls and the some-
what thicker sclerenchyma zone in the K-deficient plants. In the rye
plants of Exp. 589 potassium deficiency gave a highly significant
reduction of culm wall thickness (Table X1V).

Thickness of lignified cell walls tended to be slightly reduced in the
case of potassinm deficiency.

The etfect of potassium on lignin content of basal culm internodes
is demonstrated in Table XV. In general the plants with the lowest
potassium supply have the highest lignin content,

6. EFFECT OF PHOSPHORUS NUTRITION

The effect of phosphorus on the standing ability of cereal plants
has been studied on some experimental fields laid out on P-deficient
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rLodging index

o g B
o \“
-3
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* + 600kg KaO and 150 kg P2 0s per ha

Fig. 14. Effect of phosphorus and nitrogen nutrition on lodging of oats
and summer wheat. Lodging indices determined 15 (Exp. 595) and 42
(Exp. 596) days respectively before harvesting.

soils, On these areas increasing amounts of nitrogenous fertilisers
were applied at different P-levels in the soil. From the results of
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these field experiments as well as from those of pot experiments no
particular effect of phosphorus supply on the standing capacity of
the plants could be observed. The P-deficient plants lodged less
severely than those dressed amply with phosphate apparently due
to a poorer development (Fig. 14).

The effect of phosphorus deficiency on anatomical characters was
studied in oat and wheat plants grown in a pot experiment, Since
the soil nsed in this experiment was extremely poor in available
phosphorus, plants treated with moderate and high amounts of
fertiliser phosphorus were investigated. The yields of the phospho-
rus-deficient wheat plants were approximately 309, of the yields
of plants dressed with adequate phosphorus. In the case of oats
these figures were 30% (at 0.6 g phosphate per pot) and 0%, (at
1.0 g phosphate}. ‘

Culm wall thickness was clearly reduced in the phosphorus-deficient
plants. In oats this was only the case at the lowest nitrogen level
(see Table XVI). -

Thickness of the sclerenchymatous ring was likewise reduced in
the phosphorus-deficient wheat plants but not in the oat plants.
Thickness of the sclerenchyma cell walls was unaffected by the phos-
phorus supply.

Number of vascular bundles, however, was significantly reduced

TABLE XVT

of oat and wheat plants

Effect of phosphorus nutrition on wall thickness and anatomical characteristics of the lower internodes «

) Culm | Thickness of ‘Lignif. Thickness

Ca- Nitro- | Number | Diameter 1 tissue as lof scleren-
wall sclerenchym-

Cereal [(HyPQ,);1 gen, *) (of culms of | : % of total]l chyma

. thick- | atous ring, g

g per potig per pot] used |internodes area of | cell walls,

eSS, M A ;p*) l B **) sel. ring " B

Oats 0.6 0.350 17—18 | 33.8:-£0.2 | 5491221 7543 1064 4 9341 |5.140.11

0.6 1.050 18—20 | 30,340.1 | 5324-23| 5342 10445 9811 [5040.19

1.0 0.350 14—20 | 36.74£0.1 518417 | 642 10743 9441 1574022

1.0 1.080 11—20 ) 37.64£0.1 [ 59941316331 11443 2142 |5810.21

5.0 0,380 21 39.54+0.1 | 6474:23| 8143 109 +3 8541 |5.140.17

5.0 1.050 22 38.6+0.1 56241968 L£3] 11643 7613 13,940.23

Wheat 1.0 0.175 16—20 | 18.7£0.1 | 63842461 4+2( 10243 974+0 |55+0.23

1.0 0.350 10—22 | 18.240.1 | 5664+ 18| 63-L2]| 11047 10041 |6.040.28

5.0 0.178 19—21 | 342400 [ 7864-25|85+2(1204£3 8745 7534009

5.0 0.350 12—20 | 35.44-0.0 | 7214-3081+2| 12542 8842 [6.220.14

Number
of
vascular
bundles

21407
20:£0.5
2240.7
2140.4
274.0.5
27403
22406
21408
314:0.4
32403

*) as NIH,NO,, *#} A: no vascular bundle B; vascular bundle inside sclerenchymatcus ring.
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in phosphorus-deficient wheat and oat plants. This effect is very
remarkable since the number of vascular bundles of cereal culms
is in general very constant.

7. EFFECT OF SOIL-pH

Raising the pH of acid soils by liming oiften results in an improve-
ment in the growing conditions of the plants so that a heavier crop
will develop which is more liable to lodging than the unlimed one.
This was found to be the case on an acid peaty soil where relatively
large amounts of soil nitrogen became available upon liming (Fig.15).
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Fig. 15, Effect of liming an acid low moor peat soil and nitrogen dressings
on yield and lodging of winter rye. Lodging indices determined 21 days
‘ before harvesting.

8. EFFECT OF SOIL STRUCTURE

The effect of soil structure on lodging of cereal crops was studied
on a clay soil on which wheat was grown following two different
crops, viz, Brussels sprouts leaving a poor soil structure, and red
clover leaving an excellent structure. No lodging occurred on the
soil with the poor structure notwithstanding the high yields which
were obtained at the highest nitrogen dressings. Following the
clover a moderate lodging occurred (Table XVII). From the yield
data it can be seen that the latter was presumably a result of the
improved nitrogen supply owing to nitrogen fixation by the clover.
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TABLE XVI1
Effect of preceding crop on vield *) and lodging of summer wheat. Field experiment
813, 1944 {date of harvesting Aug. 24)
After clover (good soil After Brussels sprouts
Kg fertiliser structure) . {poor soil structure) -
N per ha Grain, Straw, I.,odgmg Grain, Straw, L.odgmg
q¥*) per ha| q per ha index, qper ha [ qperha index,
Aug. 11 Aug, 11
0 53.6 84.3 0 28,6 37.7 Q
40 56.8 92.3 1 38.7 85.4 0
&0 55.1 89.3 0 41.9 61.1 Q
80 54.2 92.3 2 46.7 66.3 0
100 © 53,2 89.5 3 47.7 68,2 0
120 51.2 54.0 53 49.3 71.4 0
140 48.2 88.7 63 49,1 71.% ol

*) Average values for three plots.
*#t) 1q = 100 kg.

These Tesults are in agreement with field observations. Lodged
areas in unlodged fields may frequently be found to have a better
soil structure as a result of which the soil-nitrogen supply to the
crop has been more favourable than on the unlodged areas.

When soil structure is extremely poor, anchorage of the roots may
be inadequate as a result of which the standing ability of the plants
will be reduced. Nevertheless lodging does not occur on such soils
because of the poor development of the tops.

9. EFFECT OF LODGING ON YIELD

The yield depressions resulting from lodging depend a) on the
growing stage at which the crop lodged and b) on the weather con-
ditions prevailing after lodging has taken place. When the crop
lodges before flowering ¢.e. before the plants have reached their full
length, the culms may regain their upright position through inter-
calar growth of the nodes. Although such a crop will easily be
flattened again, it may hold its upright position when favourable
weather conditions prevail until ripening. Under these circumstances
yield depressions will be of less importance than in the case of
adverse weather conditions which often bring about a complete
flattening. The ears may now remain partly deaf and the kernels
formed will be shrivelled.

When the crop lodges some time after flowering the ears will not
regain their upright position, Although in this case grain number is
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TABLE XVIII

Number of plants and yield of lodged and standing areas in general fields *)
Field, Lodgedil | Number |Vield, qper ha | rain | Weight
as % of | of 1000
year Crop or of culmg [~——m-—— .
. B total grains,
and soil erect(e) per m? Grain | Straw ;
yield g
1, 1943, summer wheat e 318 43.0 97.1 30.7 —
peaty 1 337 267 | 104.1 251 —
2,1953 summer wheat e 560 47.5 76.7 38,2 44.5
sandy 1 595 33.2 77.5 29.9 32.3
3, 1953 | summer wheat e 508 47.9 85.0 356 44.0
sandy 1 550 37.9 80.0 316 32.0
4, 1983 sumimer wheat o 540 £55.0 G2.5 37.2 45.3
sandy 1 510 31.0 65,0 32.2 34.2
5, 1983 oats e 383 46,3 57.5 44,4 32.1
sandy ’ 1 418 39.5 55.0 416 223
6, 1953 oats [ — 44,8 56.5 44,2 361
sandy 1 — 17.8 61.8 22,4 17.3

*) Border effect eliminated,

not affected, grain weight may be considerably reduced. The degree
of reduction likewise depends on weather conditions prevailing after
the crop has lodged.

For estimating the reduction in grain yield resulting from lodging
the following methods have been employed:

a. A comparison was made between the yields of lodged and
non-lodged areas in the same plot. Table X V1II gives examples of such
a comparison in crops of summer wheat and cats. Although this
method provides an approximate estimation of yield depression,
the values obtained may be too low because of the fact that the
growing conditions for the non-lodged plants have often been less
favourable than those for the lodged plants. Therefore the yield of
the standing areas may be considerably lower than the yield which
would have been obtained if the plants on the lodged areas had
remained unlodged. This may be seen from the results obtained on
experimental plots on which different amounts of fertiliser nitrogen
had been applied (Fig. 3). If the severely lodged plots of Exp. 589,
1943 supplied with 180 kg N per ha are compared with the slightly
lodged plots dressed with 140 kg N per ha, which yielded 4730 kg
of rye per ha, yield reductions of 410, 1000 and 1510 kg respectively
for the triplicate plots will be found. Compared with the unlodged
plots supplied with 60 and 90 kg of N per ha, however, which on an
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average yielded 3735 kg per ha and which may be considered as
normal farmer’s fields, values of — 585, 4+ 5 and + 515 kg respecti-
vely will be found.

5. A second method which may be used when experimental fields
supplied with increasing amounts of nitrogenous fertilisers are
availakle consists of calculating the reduction in grain yield resulting
from excessive niirogen. Although this reduction may sometimes
be ascribed to fertiliser interaction, it is usually due to lodging (see
Tig. 3).

Under certain circumstances this method may have the same
drawback as the first-mentioned, viz. when severe lodging has taken
place on most plots. In that case the non-lodged plots which have to
be used for calculating the yield depression will show sub-optimal
yields due to nitrogen deficiency. Owing to this the calculated yield
depression will be found too low. In order to overcome these diffi-
culties the following method was introduced.

¢. Parts of the crop on plots dressed excessively with nitrogen,
the plants of which had generally a high tendency to lodging, were
supported by ropes to keep them standing until harvest time (see
Plate I}. The differences in yield between the lodged and unlodged
parts of the same plots were assumed to be a suitable measure of
yield reduction owing to lodging. Initially the supported areas were
comparatively small, viz. one meter by four, six and seven respec-
tively (method ¢;) so that the whole crop had to be taken for yield
determinations. Table XIX shows the results of some typical experi-
- ments, It will be séen that the grain yields of the supported oat and
wheat plants were often more than 509, higher than those of the
lodged ones. This may be ascribed partly to a much increased carbon
dioxide assimilation of the non-lodged plants and partly to a con-
siderably higher grain-straw ratio. A typical feature of lodged plants
is their shrivelled kernels which are the cause of the low hi weights.

Although the results of these experiments may explain the
relatively high yields which may often be found when cereal crops
are partly flattened, it is doubtable whether the values obtained
give a true picture of yield reduction owing to lodging. It is very
likely that small areas of standing plants within a lodged crop give
higher yields than similar plants surrounded by non-ledged plants
due to an increased illumination and CO,-supply.

In order to eliminate this border effect in subsequent experiments
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TABLE XI1X

Effect of lodging on vield

Exp., crop Kg N Lodging index *) | Yield, q per ha |Grain as HI Weight
and N .
per % of to- | weight, | of 1000
hz;z;:st ha date date grain | straw i tal yield kg grains, g
July 17| Aug. 23

507, 50 1 23 349 | 566 | 381 76.2 42.9
summer 80(s) 0 o] 40.4 | 64.9 38.3 77.1 45.6
wheat, 80 13 4% 37.4 | 66.7 35.9 75.0 41.1
Aug. 31, 110(s) g a 52.3 g1.6 36.3 78.0 47.6
1940 110 <] 8 - 369 £9.8 34.6 73.9 40.1
140(s) 0 0 50.2 | 90.2 | 388 72.4 45.1
140 6 7% 319 | 65.8 3.7 71.8 37.3

July 6 {July 31 *¥)

590, oats, | 50 f 10 387 | 621 | 384 48.2 32.0
Aug. 26, | BO(s) 0 0 51.2 | 709 | 419 82,0 36.2
1940 80 14 10 40,5 | 64.1 | 387 46.7 30.0
116(s) 0 0 61.2 | 503 | 40.4 50.8 33.6
110 7 10 39.6 | 714 | 387 45,6 29.3
140(s) 0 0 65.5 | 900 | 423 51.1 33,7
140 8 10 425 | 739 | 36.5 43.3 29.8
170(s) 0 0 60.3 | 88.3 | 40.6 50.5 33.9

170 63 10 42,2 | 77.2 35.3 44.4 28.4

¥*) 0 = standing, [0 = completely lodged, s = supported.
#¥) July 31 the whole field was completely flattened except the supported plots which
were standing.

TABLE XX
Effect of lodging on yield, Winter ryve. Exp. 596, 1942
. Grain as
Rg N Lodging index, date *¥) Vield, g per ha % of total
per ha : .
grain | straw yield
June 19 July 10 Aug. 10

30(s) *} 0 0 o] 32.9 £9.3 32.2
30 0 0 1% 3.5 4+ 1.3 | 61,6 + 1.2 33.8
60(s) 0 0 2 42.2 88.6 32.3
60 2 3 63 33.3 £ 03 | 70.5 + 2.1 32,1
90(s) 0 0 0 41.2 82.5 33.3
90 43 5% 7 28.6 4- 1,2 | 69.6 + 2.0 29.1
120(s) 0 0 o] 36.4 77.5 32.0
120 73 7% 9 3.3 406 | 739 4+ 1.2 29.8
150(s) 0 o] 0 35.8 80.3 | 30.8
150 84 8 9% 23.3 4 25 | 68.3 L 4.6 25.5

*) 5 = supported plots {single values).
*¥) Date of harvest August 19.
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TABLE XXI
Effect of lodging on yield
Experiment 612, 1941 {winter rye) Experiment 658, 1942 (summer wheat)
Grain X . Grain )
Lodging | Kg N Grain vield of Rf:ductl-cn Lodging | Kg N Grain vield of R,Edu‘:h_on
index, per vield, unlodged n _g]:am index, per vield, unledged m sram
June 21 ha q per ha | plots, ¥) yield, July 14 ha g per ha | plots, ¥} yield,
g per ha g perha q per ha g per ha
4 110 313 |36.5(7) *%) | + 5.2 4 80 30.2  |28.2(17)%%) —2¢
110 34.2 36.5(7) + 23 80 29.27 28.2017) —1.5
140 43.2 38.7(5) — 4,3 120 26.0 27.7(14) 4+1.7
140 369 [38.7(5) + 1.8
180 38.3 36.7(6) — 1.6 5 160 29.2 26.7(11) —2.5
180 401 [36.7(6) — 34 160 26,5  |26.7(11) +0.2
180 41.7 36.7(6) — 5.0 160 28.5 26.7{11) —I1.8
5 85 37.9 35.8(10) — 2.1 6 40 310 24,4(15) —6.6
140 34.0 38.7(5) 4 47
180 33.7 36.7(6) + 3.0 7 160 26.7 26.7(11) 4]
160 27.8 26.7(11) —11
<] 85 32.2 35.8(10) + 3.6 160 28.4 26.7{(11) —1.7
140 38.6 38.7(5) =+ 0.1
140 35.8 38.7(5) + 29 8 120 21.3 27.7(14) +6.4
160 258.3 26.7{11) +1.4
64 140 33.9 38.7(5) 4+ 4.8
9 80 24.6  [28.2(17) +3.4
7 110 32,5 36.5(7) + 4.0 120 20.7 277(14) + 7.0
180 35.9 36.7{6) + 0.3 120 18.9 27.7(14) +8.8
120 265  [27.7(14) +1.2
73 110 33 |36.5(7) + 5.2 160 227 |2e.7(11) 140
140 28.5 38.7(5) +10.2 160 23.6 26.7(11} +3.1
8 1o 34.7 36.5(7) 4+ 1.8 10 120 19.7 27.7{14}) +8.0
180 374 |36.7(6) — 07

*) Alsoincludes the yields of plots with lodging index 3 or lower.
##) Number of plots from which the average values were caleulated.

the supported plots were taken much larger so that the border plants
could be discarded {method c,).

The results of an experiment of this type are given in Table XX.

4. A fourth method of calculating the yield depressions owing
to lodging, has been used in those cases where a large variation in
lodging occurred resulting from different rates of sowing, different
spacings, etc. Yield depressions of plots having a lodging index of 4
and higher were calculated by subtracting their yield values from
average yield values of unlodged plots which had been dressed with
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TABLE XXII
Effect of lodging on loss of grajn yield
Meafl lodging Reduction g Mea.n lodging Reduction ay o
Exp. index r‘; 2| px and index :; S
and &35‘5 o 5%% ype..ar gﬁjﬁg 2 :%E
2 o = =
year s E E g gn qperha| % § § 3 E E g %o q per ha % § E
Winter ryve Stummer wheat
589, '41 51 1343 7.84+7.11 163 B 813, 44 37 1] 4 49 L 1.4 87| B
141 51 o l43| 84 173 ¢ ‘44 37 0| 4 42 1 45 76| C
43 58 2 154! 8.4 194 A Gf *) 1,43 — o lio! 163 1 4.4 379 A
43 58 13143 9.7+3.6} 20.5 B Gt 2’53 — 010]| 143 4+ 53 30.1 A
147 20 641684 47405 13.3] B Gf  3,'33 — 010} 10,0432 21.3] A
596,742 61 0 |7 |10.045.5(265] C, Gf 4,°53 — 01101 240 4 6.0 43.6 A
612,41 45 1 8 42421 11,3 D Oatls
614,°41| 54 |23|43| 26421 61| ¢, 590, '40 51 116 |—1L3420—231] B
41 54 2|7 | 814490189 C, 40 51 016 189 4 2.1 31.3 Cy
649, ’49 63 O |8 3.644.3] 8.6 A 595, *41 15 26 |— 504 2.21—i3.5 B
49 63 241814 6.7L0.9 158 B 41 15 016 6.7 4 1,7 13.8 C,
Summer rye 598, *40 22 34 |-— 38118 -88] B
612,41 | 57 1 19 03104 10 b *40 22 0|5 |— 144 47— 3.0 C,
Winter wheat 600, *40 22 219 |— 5.64 1.0[—11.7( A
680, '44 32 2 17 9.4 28,4 A 140 22 els 4.5 £ 1.3 8.0 Cy
44 32 3 |4 9.241.9| 20.7 B 611, %41 21 4 | 8% |— 5.6 £ 1.1|—14,7 B
665,'43| 50 |0 [10] 9.8 256 A (1413, %) °53| 350 010 1311320 29.2| B
Sumsner wheat Gf 5,53 —_ 0110 6.8 + 4,1 147 A
588, 41 3 0 5 | 3.54+19 8.1 C, Gf o, '53 — 0 {10! 270+ 7.0 &0.3 A
591, 40 29 0 |3 1.740.77] 3.7 Cc, Winter baviey
596, '40 42 0 431 4341.2/16.7 C, 759, *43 40 217 |— 034 20— 0.6 B
607, '40 45 1416 3.04+1.5] 8.0 B '43 40 0|7 2.2 4 23 4.4 Cy
40 45 0 16 1169119329 C, Summer barley
658, 42 51 2|5 | 3.7+16/130 B 599, 40 42 218 3.4 4 1.1 7.6 B
‘42 51 ¥ |9 5.64-1.3| 203 D 40 42 0|8 11.8 4+ 1.3 223 C,

#) Gf = general field,
##) Bxp. field of J. Prumm el of this station.

equal amounts of nitrogen (see Table XXT). From these data it will
be seen that the yields of slightly lodged crops were often higher
than those of standing crops. When, however, shortly after flowering
lodging indices of 7 or higher were found, depressions in grain yield
varying from 10 to 309}, were common.

In order to determine the average losses in grain yield for various
crops the results of all experimental fields on the subject available
have been brought together in Table XXII. It will be seen that a large
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variation exists in the calculated values. This is partly due to the
different methods of estimation used and partly to the difference in
weather conditions prevailing after the crop had fallen.

The cause of yield reduction of lodged plants

Reduced carbon dioxide assimilation resulting from inadequate
illumination of the green tissues is apparently the main cause of the
reduced weight of lodged plants. The fact that grain formation is
affected much more seriously than straw production is in accordance
with this conception. The grains are formed during a relatively short
period of time in which lodging frequently occurs. Straw production,
however, takes place over the entire growing period.

Whether the reduced length of the highest culm internodes which
is a common feature of early lodged plants may adversely affect
grain formation is unknown. According to Boonstra?® the
assimilation of the first internode contributes approximately 10 per
cent towards grain formation.

In addition to the reduced carbon-dioxide assimilation, secondary
factors may play a part in reducing the grain yield of lodged plants.
When the plants fall before flowering, pollination may be affected
as a result of which the ears remain partly deaf.

Lodged wheat plants may sometimes be heavily attacked by the
semi-parasitic fungus Septoria sodorum which, beginning from the
top, brings about necrosis and grey-brown discoloration of the
chaffs. As carbon dioxide assimilation of the latter plays an impor-
tant part in the grain formation {see Boonstra?®), it wil
easily be seen that an early dying of these tissues appreciably effects
the grain yield. ' ’

10. DISCUSSION

Lodging of cereal crops results from the combination of adverse
weather conditions and an inadequate standing ability of the plants.
The latter may be due to relatively weak lower internodes of the
culm or to an inadequate anchorage of the plants in the soil in pro-
portion to the weight of the upper parts of the plants. The heavier
the weight of the leaves, the culm and the ear and the greater the
distance of their centre of gravity to the base of the plants, the
stronger should be the resistance to bending of the lower internodes
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and the stronger the anchorage of the plants in the soil. This means
that tendency to lodging is not a question of one particular plant
property, but results from the lack of proportionality between
sturdiness of the basal parts of the plants and the weight of the
upper parts.

Although uprooting of plants without any bending of the lower
internodes of the culm was found in a few cases to be the cause of
lodging of crops dressed excessively with nitrogen, in by far the
majority of the cases studied by the author the lodged plants had
bent and sometimes broken lower internodes. The fact that plants
dressed with excessive amounts of nitrogen were found to have a
less strongly developed root system than plants with a more moder-
ate nitrogen supply suggests that a combination of bending of the
lower internodes and bending or breaking of the roots may occur
rather frequently in lodged crops. It is difficult to decide, however,
whether inadequate resistance of the culm base or of the roots will
be the primary cause of the lodging.

From the results of the present investigation it has become clear
that growing conditions during the period of elongation of the lower
internodes of the cereal plants are of predominating importance in
determining the tendency to lodging of the full-grown crop. These
growing conditions include soil fertility, particularly available
nitrogen, water supply to the plants and air humidity, and light
conditions. The combination of favourable moisture conditions,
relatively high temperature, cloudiness, and excessive supply of
nitrogen during this part of the growing period gives rise to a very
rapid growth of the young cereal plant which results in the forma-
tion of long and weak lower internodes. This is still further promoted
by a dense stand of the crop. Although length of lower internodes
as such has little value as an index for standing ability of the plants,
it may be considered more or less as an indicator of type of growth
during the early stages of the growing period. The long lower inter-
nodes often resulting from favourable growing conditions are
sometimes correlated with a small culm diameter and a poor culm
wall thickness. More frequently the area of lignified tissue of the
sclerenchyma zone, the thickness of the lignified tissues and par-
ticularly the wall thickness of the sclerenchyma cells are reduced,
witereas the development of the upper parts of the plants is more
luxuriant. This gives rise to a high tendency to lodging in such a
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crop. A mere wettening of the foliage and of the ears by a light rain
may give rise to the flattening of the crop.

As to the influence of the various growing conditions on plant
characters related to standing capacity, it has been shown that the
effect of nitrogen on length and sturdiness of lower internodes is an
indirect one, resulting from etiolation of the basal parts of the stem
owing to the much increased leaf canopy. Apparently the same is
true of water supply, since no particular effect on length of lower
internodes was observed in pot experiments with widely differing
moisture contents of the soil. High temperature has presumably
both a direct and an indirect effect on length of lower internodes.
This is concluded from the fact that in 1949 when the temperature
in the spring was relatively high, exceptionally long lower internodes
were formed both in the absence and presence of high nitrogen
dressings. In the latter case, however, the lengths were greater than
in the absence of applied nitrogen.

In addition to the indirect influence of available nitrogen on
lodging resistance of cereal plants, a direct effect was found to exist
viz. an adverse effect of nitrogen nutrition on the thickness of ligni-
fied tissues and particularly on the wall thickness of the scleren-
chyma cells of the lower internodes of the culm. Furthermore
nitrogen dressings substantially promote the development of the
higher parts of the plants whilst at excessive levels a notable re-
duction in root development may often be observed. The latter is in
agreement with the results obtained by Turner %) who grew
barley and maize in nutrient solutions at different nitrate concen-
trations and with those of Goedewaagen who carried out
pot experiments with wheat 1%} and field experiments on permanent
grassland 16), :

The nitrogen-carbohydrate antagonism, as observed in the reduced
lignification of cereal culms with increased nitrogen supply, is of
general importance in plant physiology. The reduced root formation
at high nitrogen levels presumably depends on the same principle.
In sugar beet and potato its existence was shown by the author in
field experiments with varying nitrogen dressings. In some varieties
of potato the formation of tubers was largely suppressed by ex-
cessive amounts of nitrogen. At the expense of these storage tissues
large amounts of protein-rich leaves were formed.

Potassium-deficient cereal plants, in addition to having a slack

Plant and Soil V
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appearance, possess brittle culms so that breakages occur more
frequently than in the case of plants supplied with adequate
amounts of potassium. As a result of this, potassium dressings will
often give the impression of strengthening the plants. Although in
general this was found to be true, in a number of cases plants
dressed adequately with potassium lodged more severely than those
with symptoms of K-deficiency. Presumably this was due to the
poor development of the deficient plants in comparison with the -
heavy and dense crop as occurred with the full dressing. No indica-
tions were obtained that excessive amounts of potassium may exert
any strengthening efiect on the standing ability of cereal plants.

Length and diameter of culm internodes and in some cases culm
wall thickness were found to be clearly reduced in potassium-
deficient cereal plants. This will resuit in a weakening of the culms
in the case of potassium deficiency, a conclusion which is in agree-
ment with the results obtained by Tub b s %) with barley. Thick-
ness of lignified cell walls of the sclerenchymatous ring as deter-
mined microscopically was slightly reduced in potassium-deficient
culms. Chemically however, higher values for lignin were found in
the K-deficient culms. It is not known whether in the latter plants
“lignin” includes some other compound which is not present in
the plants dressed adequately with potassium or that the increased
lignin content is simply due to a decrease of other compounds in the
K-deficient plants,

Phosphorus-deficient cat and wheat plants were found to have
a thinner culm wall, an observation which is in agreement with the
results of Kissel®?), Thickness of the sclerenchymatous tissue
was reduced in phosphorus-deficient wheat but not in oats. In spite
of the decreased strength of phosphorus-deficient plants, liability to
lodging was found to be increased by phosphate dressings on some
experimental fields apparently as a result of the heavier and denser
crop in the case of full dressing in comparison with the phosphorus-
deficient crop.

Lodging frequently brings about a serious depression in the yield
of cereal crops. In addition to a reduced quantity of grain, quality
is often badly affected. The size of the yield depression depends to a
large exient on the weather conditions prevailing after the crop had
fallen. This presumably is the main reason for the large variation in
grain losses found in the present investigation {Table XXIT). Under
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very wet conditions as was the case in 1983, losses of 30 per cent
may frequently be found. Losses of 1020 per cent are more common,
however, whilst under favourable weather conditions values below
10 per cent will be found.

SUMMARY

The effect of nitrogen, phosphorus and potassium nutrition on lodging
and yield of cereals was studied on experimental plots laid out on different
soils during the years 1940 to 1949,

It was shown that faveurable growing conditions prevailing during the
Iirst part of the growing period of the plants, particularly during the
period of elongation of the lower culm internodes, give rise to a crop with a
high tendency to lodging. These growing conditions include supply of
nutrient elements, particularly of nitrogen, water supply and temperature.
Ample nitrogen in combination with an optimal supply of other nutrients,
an optimal water supply and a relatively high temperature at this stage
will almost invariably produce a crop with a high liability to lodging. A
poor illumination of the stems such as may result from shading or from a
high density of the crop due to a high rate of seeding or a high proportion
of weed will also decrease the standing ability of the plants. If during the
period of elongation of the lower culm internodes, however, the plants
suffer from a shortage of water, culms with a high standing ability will be
formed.

Cereal crops with a high tendency to lodging may remain erect in the
absence of adverse weather conditions during the period between ear
emergence and ripening. Frequently, however, even a light rain wili be
sufficient to bring down such a crop. Heavy rain storms may flatten a crop
which under normal climatic conditions would have maintained its upright
position.

In by far the majority of cases studied by the author lodged cereal plants
had bent and sometimes broken basal internodes. A combination of/bending
of the lower internodes and bending or breaking of the roots presumably
may frequently occur in lodged crops.

An comprehensive study was made of the effect of nitrogen dressings on’

a number of plant properties related to the standing ability of cereal plants.
Plants supplied amply with nitrogen, which in general have a high tendency
to lodging, were found to have longer lower culm internodes than those
grown on the same field with a low or moderate nitrogen supply. The upper
two internodes of the former plants were often considerably shorter, par-
ticularly when lodging had taken place before the plants bad reached their
full height. The number of measurable internodes tends to increase with
increased nitrogen supply.

With an increased rate of nitrogen supply, the diameter of the upper
culm internodes was often found to be considerably increased; the lower
internodes, however, had equal or smaller diameters.
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In a number of cases the culm wall thickness of lodged plants was found
to be considerably smaller than that of non-lodged plants. In some other
cases, however, no difference or even the reverse was found.

The thickness of the sclerenchymatous ring in a number of cases tended
to decrease with increased nitrogen supply. Thickness of sclerenchyma cell
walls and area of lignified tissue in the sclerenchyma zone were found to be
appreciably reduced by ample nitrogen. The number of vascular bundles
was unaffected by nitrogen nutrition but lignification of these bundles and
of the outer layers of parenchyma was reduced by large dressings with
nitregenous fertilisers. .

‘Weight per cm of basal culm length was frequently found te be lower in
plants treated with ample nitrogen.

The development of the root system was likewise Iound to be clearly
affected by nitrogen dressings. Lodged plants supplied with excessive
amounts of nitrogen had a less sturdy roct system with less heavily lignified
Toots. -

The results of the latter experiments have shown that weakness of the
basal parts of a cereal plant may be brought about by the poor develop-
ment of various plant characters. Since tendency teo ledging depends on a
disproportionality between the weight of the aerial parts of the plant and
the resistance to bending and breaking of the basal culm interncdes and
the roots, it can be concluded that a high liability to lodging may, in differ-
ent cases, be due to different causes.

In pot experiments with different degrees of illumination and in field
experiments with different rates of seeding and spacing it was found that
the unfavourable effect of excessive amounts of nitrogen on the strength
of the basal parts of cereal culms has to be attributed partly to an indirect
shading effect and partly to a direct nutritional effect. Elongation of the
lower internodes depends entirely on the shading effect whilst reduction
of culm diameter, of culm wall thickness and of lignification may be brought
about by shading as well as by a direct nitrogen effect.

_Although the straw of potassinm-deficient cereal plants is more brittle
than that of plants supplied with adequate amounts of potassium, more
severe lodging in the latter was sometimes observed. This was presumably
due to the heavier and denser crop in the dase of fully dressed plants. No
effect of excessive amounts of potassium on strength of culms was observed.

K-deficient plants in general had shorter and thinner internodes than
plants supplied normally with potassium, The thickness of the scleren-
- chyma cell walls tended to be slightly reduced in the case of potassivm
deficiency.

Phosphorus-deficient plants lodged less severely than those dressed
amply with phosphate, apparently due to a poorer development. The
number of vascular bundles was found to be reduced in phosphorus deh—
cient oat and wheat plants.

Liming an acid peaty soil was found to increase the tendency to lodgmg
of a cereal crop growing on this seil, due to the improved nitrogen supply
of the plants.
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A poor soil structure was found to give no increased liability to lodging
of cereal plants.

For estimating the reduction in grain yield due to lodging different
methods have been employed, viz. @) comparison of the yields of lodged
and non-lodged areas in the same field, &} calculation of the reduction in
grain yield at high nitrogen dressings on fertiliser experimental fields,
¢) comparisen of the yields of lodged and non-lodged (supported) parts of
plots dressed with high amounts of fertiliser nitrogen, ) comparison of the
vields of cereal plots with a different lodging index due to a different rate
of sowing and a different spacing of the plants.

The losses in yield of grain due to lodging varied from 0O to 60 per cent.
In some cases even negative values have been found. This large variation
was due parily to the different methods of estimation and partly to the
difference in weather conditions prevailing after the crop had fallen.
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