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Summary

Results are presented from a number of field experiments on the application of CCC
to winter and spring wheat at different rates, growth stages and levels of nitrogen
fertilization.

Spraying with CCC could prevent lodging or at least delay its onset. Even at exces-
sive levels of nitrogen the resistance to lodging could be markedly improved in most
instances, although some bending could not always be prevented.

In several experiments a higher yield level could be reached with CCC and extra
nitrogen than was obtainable with nitrogen alone. It is suggested that this may depend
on soil fertility and particularly on the nitrogen mineralization pattern.

Spraying at later growth stages, up till stages 7 or 8 of the Feekes-Large scale, re-
sulted in shorter culms than earlier applications and gave a similar improvement in
lodging resistance. Practical application therefore seems possible over a fairly wide
range of growth stages. The amount needed to prevent lodging will depend on the
nitrogen pressure.

Introduction

Groups of chemicals with growth retardant properties have been known for some
fifteen years. The characteristic effect of these chemicals is inhibition of stem elon-
gation, other plant parts being less affected, if at all. Such an effect was first reported
among nicotine derivatives (Mitchell et al., 1949) and later for other groups of chem-
icals as well. A survey of these compounds and their effects on plants has been given
by Cathey (1964).

Only a few of the many chemicals capable of inducing growth retardation have be-
come available commercially, mostly for use in ornamentals. A much larger field of
application was opened when it was shown that lodging of wheat could be prevented
by the stem shortening effect of the choline derivative 2-chloroethyl-trimethylammo-
nium chloride, or CCC (Mayr et al., 1962; Jung and Sturm, 1964).

During the last ten years nitrogen rates applied to cereals have increased consider-
ably. This has undoubtedly been made possible in The Netherlands through the in-
troduction of new varieties with stiffer straw. Amounts of 70-80 kg N/ha on winter
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wheat have become quite normal and rates of 100 kg N/ha are by no means ex-
ceptional.

However, even in these modern varieties the sturdiness of the straw is not quite
adequate under all conditions, and there is still a risk of lodging at the nitrogen
levels needed to give optimum production, particularly when all nitrogen is applied
early. This is normal practice in The Netherlands, where winter wheat is given fer-
tilizer in February or March and spring wheat at sowing. It may be true that split
application improves standing ability to some extent, but this method has failed to
become popular so far, except in certain regions with particular patterns of nitrogen
mineralization (Jonker, 1964).

Investigations have therefore been conducted into the extent to which CCC can be
used to reduce the risk of lodging in wheat crops grown at high levels of nitrogen
fertilization. The botanical aspects of these studies have been reported earlier (Bruins-
ma et al.,, 1965; Arnold et al.,, 1965). The present paper concerns the agronomic
aspects.

Description of the experiments

Some preliminary experiments were carried out in 1963 with winter wheat, spring
wheat, winter rye and spring barley varieties. Since CCC gave promising results main-
ly when applied to wheat varieties, the results of the experiments performed with
wheat in 1964 will be discussed below.

PAW 998 (with winter wheat var. Cleo) and PAW 999 (with spring wheat var. Opal):
The interaction between nitrogen and CCC was studied at 5 nitrogen levels, viz. 0,
30, 60, 90 and 120 kg N/ha, with 0 and 3 kg CCC/ha (active ingredient) on winter
wheat and 0 and 2.4 kg CCC/ha on spring wheat. Spraying was also done at five
different stages of development, ranging from the tillering stage up to the boot stage,
using the concentrations mentioned above. The effect of rate of CCC was studied
by applying 1.5, 3.0 and 6.0 kg/ha to the winter wheat and 1.2, 2.4 and 4.8 kg/ha
to the spring wheat variety.

IB 827: The spring wheat varieties Peko, Carpo, Gaby, Orca and Opal, supplied
with 80 and 200 kg N/ha, were sprayed with 5 or 20 kg CCC/ha (active ingredient)
at stage 3 (Feekes-Large scale, see Fig. 1) or with 5 kg CCC/ha at stage 6. Since
this experiment was mainly designed to obtain information on the influence of CCC
on lodging resistance in different varieties, yield determinations were omitted.

IB 830: Winter wheat var. Stella grown at 7 nitrogen levels (0, 40, 80, 120, 160,
200 and 240 kg N/ha) was given 0 and 5 kg CCC/ha (active ingredient) at stage 3.

Interprovincial experiments: These were conducted with various varieties of winter
and spring wheat at two nitrogen levels. At the lower level, the farmer’s estimate
of the optimum nitrogen rate, half of the plots were sprayed with 3 kg CCC/ha
(active ingredient). At the higher level, 30-60 kg N above the farmer’s estimate,
winter varieties were given 3 and 6 kg CCC/ha at stage 5 or at stage 8; for spring
varieties 2 and 4 kg were used at the same stages. The experiments were carried out by
the regional advisory service and on experimental farms (for details see de Vos, 1964).
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Results

Effect of CCC at different nitrogen levels

A typical example of the effect of CCC at different nitrogen levels is provided by
experiment PAW 999 with spring wheat. This experiment was performed on a heavy
clay soil, low in nitrogen and with a rather poor structure, so that even at the highest
level of N fertilization (120 kg N/ha) the maximum yield did not appear to have
been reached (Table 1). The CCC-treatment strongly reduced culm elongation, but
the effect tended to decrease somewhat as the nitrogen rate increased, as is shown
in Fig. 2 (see also Bruinsma et al., 1965).

In this experiment some lodging occurred on the control plots within 3 weeks of
harvest where 90 and 120 kg N had been applied. Treatment with CCC prevented
lodging completely. It was only at these nitrogen levels that the yield from CCC-

Fig. 2 Effect of nitrogen and CCC on culm length of spring wheat, var. Opal; 2.4 kg CCC applied
in growth stage 6.
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Table 1 Effect of nitrogen and CCC on yield, grain weight, grain number and
culm length of Opal spring wheat (PAW 999); 2.4 kg CCC applied at stage 6

Nitrogen Yield 1000-grain Number of grains Culm length
(kg/ha) (kg/are) weight (g) per are (X 106) (cm)
— CccC — Cccc -  CCcC — cccC
0 252 23.0 423 405 0.59 0.57 77 46
30 314 319 422 408 0.74 0.78 77 48
60 40.3  40.1 438 421 092 095 86 52
90 414 456 442 431 094 1.06 84 56
120 468 51.2 442 429 1.06 1.19 89 58

treated plots surpassed that from control plots, so that the effect of CCC on yield
in this experiment could be ascribed to increased resistance against lodging.
However, the systematically lower 1000-grain weight found in the CCC-treated plots,
compensated for by increased grain numbers (Table 1), point to another effect of
CCC occurring at all nitrogen levels. Because no determinations of ear numbers were
made it was not possible to ascertain whether the CCC treatment increased ear num-
ber, the number of kernels per ear or both.

In general a similar response to CCC occurred in the nine experiments with winter
wheat in the interprovincial series, results of which are summarized in Table 2. At
the lower nitrogen level, which was the dressing estimated as optimum by the farmer
concerned, CCC mostly increased yield to some extent but not significantly. In most
experiments lodging occurred late if at all at the lower nitrogen rate.

At the higher nitrogen level yield was not increased where no CCC was applied. This
demonstrates, on the one hand, the correct estimation of the nitrogen dose and, on
the other hand, that the strength of the straw may still be a limiting factor in ob-
taining maximum yields from wheat crops. However, because the yield-increasing

Table 2 Yield and lodging of winter wheat at two levels of nitrogen and different CCC treatments,; inter-
provincial series 1964

Variety Nitrogen Yield Lodging indext  Nitrogen Yield Lodging index t
and exp. (kg/ha) (kg/are) (kg/ha) (kg/are)
field

— early ® — early — early? later — early late
1 Cleo-NNH 60 60.1 62.6 S 7 100 60.7 64.6 644 4 7 7
2 Cleo-ZV1 70 652 675 4 8 100 62.6 674 693 3 6 8
3 Cleo-ZZH 60 62.9 64.8 8 10 120 60.2 634 623 7 10 10
4 Stella-OF1 80 64.3  68.5 9 10 120 65.7 70.1 699 6 9 9
S Stella-Z 80 59.7 615 2 2 110 56.5 64.1 659 1 2 2
6 Stella-ZL 70 522 541 9 10 100 46.2 599 502 5 10 7
7 Ibis-Z’land 60 61.9 — 7 10 105 60.8 — 6838 3 — 7
8 Felix-ZNH 30 60.2 61.8 6 8 60 599 59.8 575 5 7 7
9 Eno-OD 120 53.8 532 10 10 170 475 56.4 485 6 10 8

t  Lodging index 10 = erect, 1 = completely lodged
2 Early = CCC applied at stage 4-5, late = CCC applied at stage 8, both rates 3 kg CCC/ha
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Table 3 Lodging indices during growth period as affected by nitrogen and
CCC; interprovincial series 1964, No. 5, Stella Z

Date Normal N High N
CCC: none  stage 4-5 none stage 4-5 stage 8
21/5 10 10 8 10 8
1/6 8 10 5 10 9
8/6 4 8 2 5 6
17/6 4 7 2 6 6
1377 2 2 1 2 2
Yield (kg/are) 59.7 61.5 56.5 64.1 65.9

Table 4 Effect of nitrogen and CCC on yield, grain weight and culm length
of Cleo winter wheat (PAW 998); 3 kg CCC applied at stage 5

Nitrogen Yield 1000-grain Number of grains  Culm length
(kg/ha) (kg/are) weight (g) per are (X 108) (cm)
— Cccc — Ccc —  Cccc — cccC
0 64.5 748 46.3 46.8 1.39 1.60 99 73
30 550 69.7 420 458 1.31 1.52 93 79
60 51.8 676 412 449 1.26 1.50 91 80
90 479 645 41.0 441 1.17 1.46 93 81
120 51.5 657 42.0 439 123 1.50 95 78

effect of CCC treatment was not always significant, and in experiment 8 even absent,
future research may be particularly directed towards the conditions under which
lodging resistance is still a limiting factor.

In all cases except experiment 5 the CCC treatment, whether early or late, improved
the resistance to lodging (Table 2), and even in experiment S, where severe lodging
occurred on all plots, lodging was postponed by the CCC spray (Table 3). Since early
lodging is particularly harmful to yield this postponement reduced losses appreci-
ably, as is shown by the yield data.

In two experiments with winter wheat, PAW 998 and IB 830, the nitrogen supply
on the non-fertilized plots was already ample. Nitrogen dressing resulted in a yield
decrease in PAW 998 from 30 kg N/ha on, with IB 830 from 80 kg N/ha on. It
is not certain whether this negative nitrogen effect is due to too high a salt con-
centration in the soil or to ripening diseases interacting with the high nitrogen levels.
In experiment PAW 998, on non-sprayed plots given 60, 90 and 120 kg N/ha, lodging
occurred as early as the first week of June, i.e. just before anthesis. Two weeks
after flowering severe lodging also occurred on the 30 N and even on the 0 N
control plots. On the CCC-treated plots, however, lodging was completely prevented
on plots given 0 and 30 kg N/ha, while some bending on plots given 60 kg and
more showed that the improvement in straw sturdiness was insufficient to keep the
culms fully erect. The first signs of this bending appeared only 3 weeks before
harvest. In consequence, impressive yield differences of 10-15 kg/are were obtained
between the untreated and the CCC-sprayed plots (Table 4). These, however, are by
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no means indicative of the responses generally to be expected in practice. CCC in-
creased 1000-grain weight presumably because it prevented or at least delayed lodg-
ing. In addition it may be deduced from the data on total yield and 1000-grain
weight that the yield increase due to CCC was largely brought about by an increase
in grain number, which was 20 per cent on average.

The data obtained from experiment IB 830, presented in Table 5, show only small
differences between the yields of the control and CCC-treated plots, since lodging
did not occur before the second half of July. The yield decrease with increasing
nitrogen levels appeared to be due entirely to a decrease in 1000-grain weight. The
CCC treatment, however, increased grain number by 2-3 per cent on average.

Effect of time of application

The work of Tolbert (1960) indicates that wheat plants are able to take up CCC
by the roots as well as by their aerial parts. Several modes of application may there-
fore be considered: seed treatment, soil application or spraying. Seed treatment and
soil applications did not seem very promising, since with both methods the treatments
have to be applied before the condition of the crop can be gauged. Spraying has a
stronger effect than soil treatment, and furthermore the amount of CCC required
to produce a given decrease in stem length may depend on soil factors (Jung and
Sturm, 1964). In The Netherlands wheat is grown under widely varying soil condi-
tions and a combined CCC and nitrogen fertilizer would complicate the recommen-
dations on practical application. The 1964 experiments were restricted to application
by spraying only.

lodging index
10—
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Fig.3 Lodging index and culm length, as influenced by spraying with CCC for a number of spring
wheats (control, 5 or 20 kg CCC in growth stage 3, 6 kg in growth stage 6); 200 kg N per ha
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Table 5 Effect of nitrogen and CCC on yield, grain weight, grain number and culm length of Stella
winter wheat (IB 830); 5 kg CCC applied at growth stage 3

Nitrogen Yield Lodging 1000-grain Number of grains Culm length
(kg/ha) (kg/are) index weight (g) per are (X 106) (cm)
— Cccc — ccc — ccc — Cccc —  CcCcC
0 68.2 — 9.4 — 443 — 1.54 — 95.5 —
40 723 674 8.0 10 455 415 1.59 1.62 100.3  84.0
80 701 718 7.3 9.8 428 423 1.64 1.70 98.8 88.3
120 66.0 70.0 6.4 9.2 40.3  41.8 1.64 1.67 97.9 859
160 636 674 5.3 8.5 39.8 388 1.60 174 97.0 853
200 58.9 63.0 6.0 9.0 375 373 1.57 1.69 954 86.3
240 57.1 56.9 5.2 8.1 358 355 1.59 1.61 97.5 877

Table 6 Effect of CCC on internode length (cm) of
Carpo spring wheat (exp. IB 827, 80 kg N per ha)

Internode Control cce
number
5 kg 20 kg 5 kg
stage 3 stage 3 stage 6
5 44.1 384 36.1 33.8
4 221 20.0 18.3 17.0
3 13.4 11.5 10.5 9.4
2 9.5 7.6 6.0 57
1 3.6 2.9 2.1 32

The effect of time of application was studied in experiments 1B 827, PAW 998 and
PAW 999. In experiment IB 827 CCC was applied at rates of 5 kg and 20 kg at
growth stage 3 and 5 kg at stage 6. On half of the plots the nitrogen rate was nor-
mal (80 kg N/ha), on the other half it was very high (200 kg N/ha) so as to increase
the chance of lodging. Some results obtained with the three treatments at the high
nitrogen level are represented in Fig. 3.

In all instances the later application yielded the best results in terms of culm short-
ening and improvement in lodging resistance. Even the excessive amount of 20 kg
CCC applied at stage 3 produced less effect than did 5 kg applied at stage 6. The
smaller effect of the earlier application may be also due to the limited leaf area
present at stage 3. In effect, such a spraying may be regarded partly as a kind of
soil dressing. Moreover, the greater interval between the date of spraying and the
stem elongation period allowed of a larger measure of breakdown of CCC in the
plants (Jung and Henjes, 1965) and possibly in the soil as well. Further, it may be
seen from Fig. 3 that the relationship between the amount of stem shortening and
lodging resistance depends on variety.

The data on internode length, given in Table 6, show that the first internode was
shortened more by the earlier application. The second and higher internodes, how-
ever, were shortened to a greater extent by the later application, even 20 kg CCC
at stage 3 being less effective than 5 kg at stage 6.
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Table 7 Relative culm length (excl. ear) and yield of Cleo winter wheat (PAW 998)
and Opal spring wheat (PAW 999) as influenced by time of spraying

Variety Control Sprayed at growth stage
4 5 6 7 8.5
Cleo rel. culm length 100 87 87 84 80 77
yield (kg/are) 62.8 69.3 69.5 67.2 66.4 61.8

Sprayed at growth stage

3 5 6 8 10
Opal rel. culm length 100 86 68 65 74 86
yield (kg/are) 39.6 46.6 51.9 46.9 46.4 44.5

Table 8 Culm length (cm), excl. ear, as influenced by time
of spraying; interprovincial experiments (high N level)

Variety Control 3 kg CCC/ha
and site
stage 4-5 stage 8

Cleo-NNH 99 86 75
Cleo-ZZH 106 102 91
Cleo-ZGe 84 77 78
Stella-OF1 111 95 94
Stella-WW 111 108 107
Flamingo-OGe 114 104 104
Ibis-YPo 100 91 78
Eno-OD 116 96 100
Felix-ZNH 109 101 92
Opal “WD 106 86 78
Peko 1-Ve 106 96 95

U Spring wheat given 2 kg CCEJ/ha

In two experiments, PAW 998 and PAW 999, the effect of time of application was
studied in relation to culm length, lodging resistance and yield. CCC was applied at
five different growth stages, from tillering up to the completion of stem elongation.
Table 7 summarizes data from these experiments.

In winter wheat the later the application the more the culm was shortened, and the
more the inhibition of internode elongation shifted to the higher internodes (see also
Bruinsma et al., 1965). For spring wheat a similar trend occurred for applications
up to stage 6, later applications having less effect on culm length. In the winter
wheat experiment a sharp decrease in grain yield was observed from the latest spray-
ing. The cause might be a phytotoxic effect of the spray, which resulted in white
discolorations of the flag leaf.

In the interprovincial experiments, a comparison was made between spraying at stage
4-5 and at stage 8 (Table 8). The later application generally resulted in a more
pronounced inhibition of stem elongation, but the variation was rather great, even
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Fig.4 Yield and culm length at various amounts of CCC for Cleo winter wheat and Opal
spring wheat.

within the same variety. The extent of the effect is probably also influenced by
variations in environmental conditions.

Effect of application rate

In the experiments PAW 998 and PAW 999 different amounts of CCC were com-
pared in their effect on culm shortening and improvement in lodging resistance. It
appeared that a considerable effect on culm height was obtained at the lowest appli-
cation rate, while higher concentrations did not add much to the effect (Fig. 4).
Lodging could be prevented by the lowest rates of application.

The effect on Opal spring wheat was much stronger than on Cleo winter wheat.
This is partly due to varietal differences, spring wheat varieties generally reacting
more strongly than those of winter wheat, Opal being one of the most sensitive varie-
ties (Sturm and Jung, 1964; Bruinsma et al.,, 1965). Besides, the winter wheat was
sprayed at an earlier growth stage (stage 4) while the growth stage 6 at which Opal
was treated is a very sensitive one, as has been shown in the previous section.

In the interprovincial experiments, too, different amounts of CCC were applied, viz.
3 and 6 kg/ha for winter wheat and 2 and 4 kg for the spring wheat varieties.
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Table 9 Yield and lodging index at two rates of CCC, applied in growth stage 4-5; interprovincial
series 1964, high nitrogen level

Variety Yield (kg/are) Lodging index
and site
control 3 kg CcCC 6 kg CCC control 3 kg CcCC 6 kg CCC

Cleo-NHH 60.7 64.6 66.4 4 7 8
Cleo-ZV1 62.6 67.4 69.4 3 6 7
Stella-OF1 65.7 70.1 69.4 6 9 10
Stella-WW 58.5 58.8 61.0 5 6 8
Opal-O0 46.5 479 49.6 6 8 9

Table 9 summarizes some results from the high nitrogen levels. In several instances,
the reduction in lodging seems to be slightly better at the higher rate of CCC and
the yield also appears somewhat higher. The differences were small, however, and
the higher amounts of CCC would have been far from economic. For practical pur-
poses, therefore, the lower application rate is adequate.

Discussion

Modern wheat varieties usually have fairly short straw and have relatively good lodg-
ing resistance. Yield losses from lodging, however, can be expected every year in
a number of fields where the nitrogen requirement of the crop has been overestimated
or where the soil has released more nitrogen than the farmer expected. Estimating
the nitrogen requirement accurately is always rather difficult, particularly where the
wheat crop has been preceded by heavily fertilized crops such as seed potatoes and
tulips, or after leys or green-manure crops.

In several of our experiments the nitrogen dressing was considerably increased so
as to induce lodging and to study the effect of CCC under rather extreme condi-
tions. It was shown that lodging could be prevented even at fertilizer rates as high
as 100 or 120 kg N/ha above the nitrogen requirement of the crop. The interpro-
vincial experiments, performed under a wider range of conditions, generally confirmed
this result. Under a very high ‘nitrogen pressure’ lodging or bending could not always
be completely prevented. It could, however, at least be postponed for a considerable
time, and it has been shown that the yield losses become smaller the later the lodging
occurs (Weibel and Pendleton, 1964).

It may be wondered whether CCC affects the yield in ways other than by increasing
the lodging resistance. Divergent opinions are met with on this point. Sturm and
Jung (1964) were unable to find any yield increases on CCC-treated plots if no lodg-
ing occurred on the control plots. In other instances, however, an increased yield
could be found in the absence of lodging. Such an effect was reported by Humphries
et al. (1965), who ascribe this to an increase in the number of ears. In some of the
interprovincial experiments yield increases were observed when no lodging or only
some slight bending had occurred on the control plots. Generally such bending is not
taken into account in lodging assessments. However, for rye it has been shown that
even slight deviation from the upright position can cause yield losses (van Burg, 1965).
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It may be stated as a tentative conclusion that CCC treatment does not usually in-
crease the grain yield of wheat crops if it does not prevent or delay lodging. However,
the fact that positive effects of CCC have been obtained on some occasions stresses
the importance of future research on this point.

A very important question is whether the application of CCC allows an increased
nitrogen dressings. Some of the experimental results clearly show that the applica-
tion of CCC, together with an increased input of nitrogen, results in a higher yield
than could be reached by nitrogen alone applied at an early growth stage. The like-
lihood of achieving such an effect will depend mainly on soil fertility and particu-
larly on the pattern of nitrogen mineralization in the soil. Besides, a high potential
yield level and a large nitrogen response seem to be necessary conditions.

In some experiments the 1000-grain weight was lower on the CCC-treated plots. This
agrees with the results of several authors (Bachthaler, 1964; Humphries et al., 1965;
Lovato, 1965. Generally, CCC treatment increases grain number by increasing the
number of ears, the number of grains per ear, or both.

This effect may at least partly account for the decreased 1000-grain weight. One of
the effects of lodging is also a decrease in the 1000-grain weight. This would explain
why in experiments in which severe lodging was prevented by CCC treatment, the
1000-grain weight was found to be higher on the treated plots.

Conflicting data are to be found in the literature as to the growth stage at which
the CCC treatment exerts its strongest inhibitory effect on stem elongation. Jung and
Sturm (1964) and Lovato (1965) reported greater effects from early application, viz.
during tillering or at the beginning of stem elongation. Linser and Kiihn (1963) ob-
tained only small differences throughout the tillering and elongation periods. Sturm
and Jung (1964) found a more pronounced effect from the later applications. All
the data obtained in our own experiments indicate that the shortening effect on culm
length increases with delay in applying CCC up to at least growth stage 7 or in
some instances even growth stage 8. Later application is less effective, the lower two
internodes already having reached their final length. All varieties tested showed a
similar response.

The shortening of the lower internodes is often regarded as being more important
for the improvement of culm sturdiness than is an overall reduction in culm height.
In our experiments, however, no differences were found between sprayings at stage
4-5 and at stage 8 (see Table 3). Although the later treatment hardly reduced the
length of the lowest internode, if at all, the improvement in lodging resistance was
similar to that obtained by early spraying. This means that the farmer may postpone
his decision on whether to spray or not until well after the onset of elongation.
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