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Summary

In two experiments with spring wheat the relation was studied between green area
duration (D) and grain yield during the period after heading. For this, the green areas
of leaf, internode and ear were determined as accurately as possible in samples.

The relation between grain yield and green area duration of the separate green
organs and of combinations of these was quantified by regression and correlation
calculations. These calculations have shown that of the separate parts of the culm the
D values of flag leaf and peduncle were closely correlated with the grain yield.

By using the combined D value of flag leaf and peduncle as a yield determining
factor, 81 and 61 9/y of the variance in the grain yield could be statistically predicted
in 1967 and 1968, respectively. By including all the separate D values in a multiple
correlation calculation the coefficients of determination of the variance in the grain yield
could be increased to 83 % in 1967 and to 74 % in 1968. In 1968, next to the D values
of flag leaf and peduncle, the D value of the ear was closely correlated to the grain
yield.

The photosynthetic efficiency of the green areas was compared by the grain-leaf ratio.

Introduction

The contribution of the various green organs in the wheat plant in ear filling for many
years has been a subject of study for several workers. In these studies different methods
were applied, among others, shading or slipping some parts of the culm (Boonstra,
1929; Asana and Mani, 1955; Birecka, 1968; Puckridge, 1968) and measuring the rate
of photosynthesis and distribution of the assimilates with *CO, (Birecka et al., 1963;
Stoy, 1963; Carr and Wardlaw, 1965; Lupton, 1968; Rawson and Hofstra, 1969). These
studies, especially the more recent ones, show that the carbohydrates in the grain are
mainly provided by the flag leaf and the peduncle (including leaf sheath) and to a less
extent by the ear, and the last leaf and internode, but one. The data on the size of
the contribution by each of these organs in ear filling vary widely which may be partly
due to differences in experimental conditions or techniques.

In various experiments it was found that the carbohydrates for ear filling are mainly
formed during the period from heading onwards (Archbold, 1942; Thorne, 1965) and
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that from the carbohydrates formed before flowering 5 to 10 % are available to the
grain by re-distribution (Stoy, 1965; Wardlaw and Porter, 1967; Lupton, 1968). There-
fore, the greater part of the assimilates available for ear filling is dependent on the
size and the duration of the green organs in the period after flowering.

Many of these experiments were done with single plants in pots or in the field, in
which the growing conditions, dependent on the treatments always deviate to a more
or less extent from crop conditions. In field experiments with ‘undisturbed’ crops the dif-
ferences in grain yield between old and new varieties have been related by Watson et al.
(1963) with the size and duration of the green parts of the culm. An usual measure of
the latter is the green area duration (D), the green area per unit area of land integrated
over the period of grain growth. The photosynthetic efficiency of the green organs for
grain filling was estimated by deviding the grain yield by the green area duration,
called the grain leaf ratio (G).

Welbank et al. (1966) found by calculating G values, first, a good correlation be-
tween the grain yield and the green area duration, and secondly, that the standard
deviation of G was smaller if the green area duration only included the green area of
the flag leaf and the peduncle (Dpy,,) during the period after flowering.

With reference to this work from Great Britain, two experiments were conducted
with spring wheat to study which D value was closed correlated to the grain yield, and
in particular during which period D had to be calculated and which parts of the culm
the D value would be composed of. By means of correlation and regression calculations
the relationships between the D valves of the important green parts and the grain yields
have been analysed. Should the parameter, green area duration, show a close correla-
tion with the differences in grain yield, this might lead the breeder to make more
purposeful use of genetic differences in the concerning morphological characteristics
in the wheat plant and it might give the cereal grower a better idea of the effect of
certain cultivation measures, as e.g. a late nitrogen application, on the production
pattern of the crop.

Material and methods

The field experiments were conducted in 1967 and 1968 with spring wheat on a fine-
textured (about 35 % clay) soil on subrecent Rhine sediments. To vary the crop
structure the following treatments were applied:

1967 :

— 2 varieties: ‘Opal’ and ‘Orca’

— 3 sowing dates: 17 March, 12 April and 5 May

— 3 seed rates: 160 kg, 180 kg and 200 kg per ha

Nitrogen fertilizing was the same for all the treatments, viz 30 kg N/ha at sowing,
20 kg N/ha in the F, stage and 20 kg N/ha in the F |, stage (according to the Feekes
scale);

1968:

— 3 varieties: ‘Opal’, ‘Gaby’ and ‘Orca’

— 2 sowing dates: 4 March and 16 April

— 2 CCC levels: without CCC and 2 ! CCC per ha, applied in the F, stage

— 2 N levels: 75 kg N/ha and 75 kg + 25 kg N/ha at the beginning of flowering.
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The former experiment had a split plot design and the second a block design; both
experiments were set out in four replicates. The total number of plots in 1967 and
1968 was 72 and 96, respectively.

It has to be pointed out that the different ‘crops’ obtained in such an experimental
design do not grow under equal conditions with respect to light intensity, temperature,
precipitation, etc., although the growing periods overlap for the greater part. In the
two years the climatical conditions differed to such an extent that the results are
discussed separately.

To determine the dry matter weights and the green area, there were five intermediate
harvests from heading onwards, viz:

Hi: when 50 9/y of the culms were heading (Fro.3)

H,: at flowering (F , 5 5)

H;: two weeks after flowering

H,: four weeks after flowering

H,: at a grain moisture content of about 35 % (1967) or six weeks after flowering
(1968).

At the final harvest in 1967 5.4 m2? was available and 3.7 m? in 1967. Per inter-
mediate harvest a sample of 0.25 m? was harvested from each plot, of which the total
dry-matter weight and the number of culms were determined. In counting, the last
culm of each ten was used to make a sub-sample of 10 culms. Of these culms the
following green parts were measured:

a. of each leaf lamina separately, its length (cm) and the greatest width (mm);
b. length (cm) and diameter (mm) of the internodes, including the leaf sheaths;
c. the dimensions of the stem and the ear.

After this, the ten culms were separated in leaves, stems and ears for dry-matter
determination of the separate parts.

The leaf area in 1967 was obtained by multiplying the product of length and width
with a correction factor (Table 1). This factor was determined at each intermediate har-
vest, because the shape of the green leaf area is not constant during ripening. This was
done by means of photographic prints which gave the actual areas.

The date of 1967 showed a good correlation between the length and the area
of the flag leaf and leaf 2, a correlation coefficient of 0.94 and 0.97, respectively
(n'= 288). Based on this, in 1968 leaf length was used as an index for the leaf area;
the leaf coefficient in this case is the quotient of the photographical area and leaf length.

The green area of the internodes (including leaf sheaths) was calculated as the area
of a cylinder with the formula: height X circumference. The green area of the ear was
calculated in 1967 as length X width of the separate sides; in 1968 the perpendicular
projections of the sides on the horizontal plane were measured photo-electrically.

Table 1. Average leaf coefficients of flag leaf, leaf 2 and leaf 3;
calculated as the quotient of the photographical area and the
product of length and width (1967 trial).

Flag leaf Leaf 2 * Leaf 3 *
Harvest 1 0.80 0.88 0.93
Harvest 2 0.86 0.92 0.94
Harvest 3 0.92 0.96 1.01

* Leaves and internodes were numbered from top to bottom.
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Results

In both years there was a significant varietal as well as sowing date effect on the grain
yields and on the size of almost all the green areas. In addition there was a great deal
of interaction between the varieties and the sowing dates. The chlormequat (CCC)
treatment in 1968 had significant effects on the grain yield and the green areas of
some organs; this did not apply to the factor seed rate (1967) and the late top dressing
of nitrogen in 1968.

Green area

The green areas of the organs are not constant during the post-floral period: the green
leaf area decreases more rapidly as the leaves on the culm are older, whereas the green
area of the top internodes and ear continues to increase until 14 days after flowering,
when they decrease rapidly (Table 2).

The size of the green area of the various assimilating parts of the plants has also
been calculated as green area index = I (Fig. 1), by multiplying the green areas per
culm with the number of culms per m2, The differences in green area indices (I) be-
tween the treatments were smaller than the differences in green area per culm, because
a greater number of culms was accompanied by a smaller area per culm.

The size and the duration of the green parts can be expressed in one parameter,
green area duration (D). This is calculated as the integral of the green area index
against time. In the calculations the green area index was assumed to be linear and the
green area duration can be found with the following formula:

I(n-1) + I(n) number of day
X (dimension: weeks)
=2 2 7

D =

B MO

The D values in 1967 were calculated from heading to ripening as well as from
flowering to ripening; in 1968 the D values were also calculated for each interval be-
tween two harvests.

Of the Dy value mentioned in Table 3 of flag leaf + peduncle + ear about 20 %
were realized before flowering and about 80 % after; the latter percentage was divided
as follows: 35 % in the first 14 days after flowering, 30 % in the next 14-day period
and 15 % in the remaining period.

In all the D values there was a distinct varietal and sowing date effect, either as a
major effect or as an interaction effect. The D values of the late-sown treatments were

Table 2. Average green area (cm?) of the different parts of the culm
at five intermediate harvests (1967 trial).

H: H: H; H; Hs
Flag leaf 29.1 29.5 26.7 15.7 —
Leaf 2 27.8 26.5 23.5 3.5 —
Leaf 3 19.9 17.9 10.3 0.3 —
Leaf 4 1.7 6.1 — — —
Leaf total 854 80.3 61.7 19.5 —
Peduncle 13.7 284 30.8 23.0 1.5
Internode 24.8 24.8 25.1 20.8 1.8
Ear 20.1 25.7 337 27.8 ?
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Fig. 1. Trend in the green area index (A.L) of the separate stem parts from heading onwards with
three different sowing dates.

distinctly lower than those of the early sown. This decrease was mainly due to a lower
number of culms, as the result of less tillering, the sooner ripening of the late-sown
treatments also affecting the D values. Of the remaining treatments chlormequat (CCC)
gave a significant (¢ < 0.001) decrease in the Dy value; for untreated and treated
plots 19.2 and 16.5 weeks, respectively. This difference was caused by the decline in
green area by chlormequat, especially of the peduncle. These data show that due to
varietal characters and cultivation methods, the ‘crops’ differ in duration and size of
the green area.

Grain yield

The grain yields were very much affected by the sowing date; especially the late-sown
treatments had a much lower yield, e.g. in ‘Orca’ (Fig. 2). As is shown in Table 4 the
sowing date effect was not identical in the two years on equal sowing dates; this was
due to the differing climatical conditions.

The grain yield is composed of the following components: number of ears/m2,
number of grains/ear and the 1000-grain weight. In 1967 the 1000-grain weight was
the main determinant of the grain yield (r = 0.85). In addition the number of ears per
m? was important (r'= 0.59), whereas the number of grains per ear did not show a
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Table 3. Green area duration (weeks) in the period from heading to ripening.

1967 trial

Variety (V) — ‘Opal’ ‘Orca’

Sowing date (S) — 17/3 12/4 5/5 17/3 12/4 5/5 mean g Vi St VSt
Flag leaf (F) 6.4 1.7 42 7.6 7.4 4.1 6.2 0.6 ns o ok
Leaf 2 5.0 49 3.8 5.0 5.6 3.6 4.7 0.5 ns ol *k

Leaf 3 2.2 14 2.1 3.1 3.2 3.1 2.5 0.4 wk * wkE
Leaf total 14.0 14.0 104 16.7 17.0 12.4 14.1 1.4 ok kol ns

Peduncle (P) 8.2 7.6 4.8 9.6 7.2 4.4 7.0 0.8 ns wkw HkE
Internode 2 6.4 6.2 4.6 7.8 6.8 5.4 62 06 wAE wan ns

Ear (E) 6.3 6.2 59 9.2 9.0 79 7.4 0.6 HAE ok *

Dg=F+P+E 209 21.5 14.9 264 236 16.4 20.6 1.7 wAE ok *

1968 trial
Variety (V) — ‘Opal’ ‘Gaby’ ‘Orca’
Sowing date (S) > 4/3 16/4 4/3 16/4 4/3 16/4 mean ¢ V! St VSt

Drg=F+ P+ E 235 16.5 20.2 12.9 21.9 12.2 17.9 1.6 wE R wEE

t ns: non-significant (¢ > 0.05); *: 0.05 > ¢ > 0.01; **: 0.01 > ¢ > 0.001; ***: g < 0.001.

Table 4. Dry matter yields (kg . ha-1) and the relevant yield components.

1967 trial

Variety (V) — ‘Opal’ ‘Orca’

Sowing date (S) -~ 17/3 12/4 5/5 17/3  12/4 5/5 mean g Vi St VSt
Yield (kg.ha-1):

Grain 4510 4527 3335 5106 4703 2943 4188 243 * o ok
Straw 5661 5747 4354 6764 6495 5324 5724 360 ok ok —
Total 10171 10274 7689 11870 11198 8267 9912 — — — —
Components :

Ears/m? 404 412 328 502 474 420 423 20 ok wHx wH
Grains/ear 37.8 423 432 33.6 332 342 37.4 3.4 Hotk * ®
1000-grain

weight (g) 38.3 359 333 38.7 383 334 36.3 1.0 ok et Hkk
1968 trial

Variety (V) — ‘Opal’ ‘Gaby’ ‘Orca’

Sowing date (S) - 4/3 16/4 4/3 16/4 4/3 16/4 mean g Vi St VSt
Yield (kg .ha-1):

Grain 4440 3005 4155 2917 4025 2375 3486 420 ek Hit ns
Straw 4960 3470 4390 3430 4360 3790 4068 — ok FEk o
Total 9400 6475 8545 6347 8385 6165 7552 — wHE ek *
Components:

Ears/m? 550 482 550 514 558 521 529 — *xE o ok
Grains/ear 30.1 28.1 23.5 272 — wE — —
1000-grain

weight (g) 33.8 30.6 32.0 29.3 35.0 29.2 31.7 — ok otk kR

t ns: non-significant (¢ > 0.05); *: 0.05 > ¢ > 0.01; **:0.01 > g > 0.001; ***: g < 0.001.
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Fig.2. Trend in green area index (A.l) of the flag leaf + peduncle in relation to grain production
with three sowing dates (1967).

significant correlation to the grain yield (r = 0.17).

In 1968 there were also appreciable differences in number of grains per ear between
the varieties. The number of ears per m? and the 1000-grain weight were distinctly
affected by an interaction of variety and sowing date.

Attention is called to the fact that the product of the number of ears per m?, the number of grains
per ear and the 1000-grain weight is higher than the actual yield. This is due to systematic over-
estimation of the 1000-grain weight or the number of grains per ear and an underestimation of the
actual yield due to sampling errors and threshing losses, respectively,

In the further calculations this level difference between actual and calculated yields will not be
essential, because calculated and actual yields were found to be very closely correlated.
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Table 5. Estimated proportion (R2) of the variance in grain yield that can be attributed to its linear
regression on the green area duration of the different green organs.

1967 trial 1968 trial
period from

period from period from heading on-

heading on- flowering on. wards (n=96)

wards (n=72) wards (n=72)

Flag leaf 0.72 0.67 0.41
Leaf 2 0.53 0.45 0.38
Leaf 3 0 0 0.05
Leaf total 0.47 0.36 —
Peduncle 0.79 0.73 0.57
Internode 2 0.56 0.13 0.27
Ear 0.13 0.16 0.52
Flag leaf -4 peduncle 0.81 0.79 0.61
Flag leaf 4 leaf 2 0.70 0.63 0.44
Peduncle 4 internode 2 0.75 0.60 —
Flag leaf + peduncle 4 ear 0.68 0.62 0.63
Flag leaf + leaf 2 + peduncle + internode 2 - ear 0.68 0.60 0.55

— : correlation not calculated.

Relation between grain yield and green area duration

In the quantitative determination of the relation between grain yield and green area
duration (D) regression and correlation calculations were applied. The squares of the
correlation coefficients indicate which part of the total variance in the grain yield (y)
is statistically explained by the concerning D values (x). These coefficients were
calculated between the grain yield and the D values of the separate green organs during
the period from heading and from flowering to ripening. Table 5 shows that the
D values during the former period are closer correlated to the grain yield than the
D values during the latter period. The D values of the flag leaf and the peduncle were
very closely correlated with the grain yield in both years. By adding the separate
D values, mainly the combination flag leaf + peduncle gave a higher correlation
coefficient in the two years.

No correlation was found between the D values of leaf 3 and the grain yield which
suggests that there is no direct contribution of leaf 3 to the ear filling. This is in ac-
cordance with the mentioned results of the C experiments. The relation between the
D value of the ear and the grain yield differed between the years, which was probably
due to differences in the method of determining the green ear area.

The correlations between the grain yield and the green area duration were higher in
‘Orca’ than in ‘Opal’, ‘Gaby’ being intermediate. The regression line of ‘Orca’ had a
somewhat steeper trend than that of ‘Opal’, which was due to the differing response of
the varieties to the sowing date. In ‘Orca’ the grain yield was more than proportionally
lower than the D value, as the sowing date was later, in ‘Opal’ the grain yield and the D
value showed a similar response to late sowing.

The trends resulting form the simple regression and correlation calculations are re-
flected more distinctly by multiple regression calculations. In the 1967 trial the greater
part of the variance in grain yield could be determined by the linear equations:

Y = 17.3 D flag leaf + 25.0 D peduncle + 1419 R?=0.83 n= 72
In the separate varieties:
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Table 6. Correlation matrix (r X 100) of the D values (1967 trial).

1 2 3 4 5 6
1. D flag leaf 100 86 0 84 79 43
2. D leaf 2 100 27 70 75 50
3. D leaf 3 100 2 32 79
4. D peduncle 100 85 38
5. D internode 2 100 64
6. D ear 100
Opal: Y = 13.3 D flag leaf + 20.5 D peduncle + 1943 R2=0.74 n = 36

Orca: Y = 23.9 D flag leaf + 24.8 D peduncle + 102.7 R®>=0.89 n = 36
Y = grain yield in gm-?; D '= green area duration in weeks.

These equations indicate that flag leaf and peduncle are essential in ear filling. The
partial regression coefficients, however, are not of absolute significance, because the
D values of flag leaf peduncle are not only closely interrelated, but also correlated
with the D values of other plant organs (see Table 6).

The D values of flag leaf and peduncle represent in the preceding therefore, a photo-
synthetic system including more than only their own green areas.

Grain-leaf ratio

The efficiency of the plant organs with respect to ear filling, indicated in the British
literature as grain-leaf ratio (G), is calculated as the quotient of grain yield and green
area duration (D).

In 1967 the G value referred to the D values of flag leaf 4+ peduncle and in 1968
to the D values of flag leaf + peduncle + ear (see Table 7), because these D values
showed the better correlation with grain yield. The average G value in 1968 was
19.8 g.m2week!, and in 1967, when the D value of the ear was included in the
calculation, 20.1 g.m-*.week-!. When the very late sowing date (5 May) is not included,

Table 7. G values (g.m-2. week-1), calculated from the grain yield and the D value at the final
harvest.

1967 trial

Variety (V) — ‘Opal’ ‘Orca’

Sowing date (S) = 17/3 12/4 §5/5 17/3  12/4 5/5 mean ¢ A4 St VSt
G (flag leaf +

peduncle) 314 302 379 30.2 32.8 35.1 32.9 32 ns kA *
1968 trial

Variety (V) — ‘Opal’ ‘Gaby’ ‘Orca’

Sowing date (S) = 4/3 16/4 4/3 16/4  4/3 16/4 mean ¢ Vi St VSt

G (flag leaf 4
peduncle + ear) 18.9 18.3 20.6 22.6 18.4 19.5 19.8 2.8 okt ns

! ns = nonssignificant; * 0.05 > o > 0.01; *** 4 < 0.01.
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Table 8. The relation between the number of grains and the green area of flag leaf and peduncle.

Variety (V) — ‘Opal’ ‘Orca’

Sowing date (S) — 17/3 12/4 5/5 17/3 12/4 5/5

Number of grains
per 10 cm? green
area 8.2 7.5 10.9 7.8 8.1 11.0

the difference in G value between 1967 and 1968 is greater still: a sunny year and a
wet and dark growing season, respectively.

Within the varieties the G value of ‘Gaby’ was significantly higher than in ‘Opal’
and ‘Orca’. Similar as with the late sowing date, this did not result in a higher grain
yield, because the green area duration was proportionally more decreased than the
increase in the G value.

The G value was not constant throughout the ear-filling period; in 1968 the G value
in the three subsequent fortnight periods after flowering was 264, 43.0 and 18.1
g.m2,week-!, respectively. In the first 14-day period the assimilating area was some-
what larger than in the second, but the rate of ear filling was much retarded, for the
period 1 and 2 this was 120 and 170 kg.hal.day-!, respectively. Immediately after
flowering more carbohydrates may have been available than could be utilized by the
growing grains. In the third post-floral period the lower G value was probably caused
by aging of the assimilating organs.

Discussion

Various workers state that the grain yield is determined by the quantity of carbo-
hydrates formed by the photosynthetically active green organs for the benefit of the
ear filling after flowering. As a measure for the production capacity of carbohydrates
the green area duration of special organs is used, viz the flag leaf (lamina and sheath),
the peduncle and the ear. Direct 14C analyses of the plant have shown that the greater
part of the assimilates produced in the post-floral period in these organs is translocated
to the ear. Within this framework two experiments were conducted to study the cor-
relation of the green area duration of special organs of the culm and the grain yield.
The results show (see Table 5) that green area duration calculated of the period
from heading to ripening is more closely correlated to the grain yield than the green
area duration in the period from flowering to ripening. On the other hand, Welbank et
al. (1966) found that the green area duration from flowering to ripening was more close-
ly correlated to the grain yield. However, it is not impossible, though ear filling only
starts after flowering, that the photosynthesis in the period between heading and flower-
ing affects the ultimate grain yield. This may be by:
a. re-distribution of the assimilates being temporarily reserved in the peduncle, forming
a contribution to ear filling;
b. the effect of the assimilates available before and during flowering on the potential
number of fertile grains per ear (Bremner, 1967; Ruckenbauer, 1970) which determine
the sink strength of the ear for assimilates.
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The calculations further showed that in 1967 the green area duration of the flag
leaf + peduncle gave the better correlation to the grain yield and that in 1968 an
essential improvement in the correlation was obtained by also including the D value
of the ear in the calculations. The D values of leaf 2 and internode 2 were less closely
correlated to the grain yield, the D value of leaf 3 showing no correlation at all.

Since the D values of the various green parts of the culm were closely interrelated
as well (Table 6), it was not possible to calculate the exact contribution of the separate
organs in ear filling by regression calculations. The degree of correlation between grain
yield and green area duration did indicate which organs were important in ear filling;
these were, especially the peduncle (including the sheath of the flag leaf) and the flag
leaf, followed by the ear, the last leaf and internode, but one. These also are the organs
which to a more or less extent were found to be important as production centres of
carbohydrates for ear filling in the literature mentioned in the introduction. The
estimated contribution of the separate organs in ear filling was also found to vary
with the *C method depending on the variety, experimental conditions and techniques
applied. The older clipping and shading experiments had already shown that in a
wheat culm the lost function of an eliminated organ is compensated to a considerable
extent by the other green organs. Compensation effects are the greater as the effect of
the treatment lasts longer.

For a better understanding of the importance of the crops structure in ear filling
the rate of photosynthesis and translocation should be measured in addition to the
green area of the organs (Lupton, 1969).

An idea of the average photosynthetic efficiency of the green parts is obtained by
the grain-leaf ratio (G). The G value of the late sown treatment in 1967 was strikingly
high. One of the reasons for this could be:

a. a higher photosynthetic rate of the relatively young organs accompanied by a higher
light intensity in the crop due to the lower density;
b. a greater requirement for assimilates due to the great number of grains per ear.

The effect of the number of grains per ear on the G value can be inferred from the
relation between the number of grains and the green area of the flag leaf and peduncle
during the first two weeks of the post-floral period.

The parallellism in these figures with the G values (Table 7) shows that the sink
strength might influence the G value.

In general it may be assumed that the correlation between green area duration and
grain yield will be important, when the green area present cannot yet provide in the
carbohydrate requirement of the ear. When sufficient carbohydrates are provided the
grain yield is increasingly determined by the sink strength of the ear, i.e. the number
of grains.

The efficiency of the green organs, in addition to the internal sink source relation
will be influenced by climatical factors, in particular, the light regime in the crop and
by the growing conditions, especially the availability of water and nitrogen.
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