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Summary

From an experiment with Petkus winter rye sown at seven seed rates from 5 to 180 kg/ha, the follow-

ing results were obtained.

— Crop analysis facilitated the interpretation of yield analysis, both by supplying information on
factors occurring during the vegetation period and by indicating the nature of the relationship
with the main factor under study. ©

— Crop analysis can be confined to the countings of plants at tillering, of ears during heading
(also to establish developmental differences), and of florets per ear after anthesis; and to deter-
minations of either dry weight or of nitrogen or chlorophyll contents per unit soil area, per
plant or per organ.

- Tillering was able to compensate for lower plant densities until 1.5 dm? space per plant, i.e. 6 cm
distance in the row or a seed rate of about 60 kg per ha.

— At decreasing seed rates the rate of development decreased, while the number of florets per ear,
the fertility of the florets, and the rate and duration of grain filling increased.

— It was indicated that the number of florets per ear, their fertility, and grain filling, depended
on the nutritive conditions during tillering and shooting, about anthesis, and during ripening,
respectively.

— Close correlations occurred between the amount of nitrogen and of chlorophyll in the aerial
parts, on the one hand, and the logarithm of plant or culm space, on the other hand, indicating
that the relative space per plant or per culm rather than the absolute space per plant or per
culm was the determining factor.

— Grain weight and total weight per culm, too, increased proportional to the logarithm of culm
space and, hence, yield per unit area showed an optimum value at a culm density af about
2.7 X 108 culms per ha. This culm density was obtained at seed rates from 60 to 100 kg per ha.

— Dry matter distribution in the culms was largely independent of the size and the nutritive con-
dition of the culms, grain weight always being about 30 % of total weight.

1. Introduction

In experiments on breeding and husbandry of cereal crops, analyses are frequently
being made of the vyield into its components of number of plants per unit area, num-
ber of ears per plant, and number and weight of grains per ear (ENGLEDOW, 1925;
BROEKEMA, 1933; Coic, 1959; N@rGaARD HoLM and PEDERSEN, 1962; WIiLsON and
SwANsSON, 1962). The limitation of this type of analysis is that the yield components
themselves are the ultimate results of underlying growth and developmental processes
falling out of the field of view, so that causal connections between the yield and
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factors occurring during the vegetation period may remain obscure. An analysis of
growth and development may, therefore, substantially contribute to the comprehensi-
bility and applicability of the yield analysis.

The value of such a crop analysis is estimated in this paper by attempting to relate
the structure of the yield to the growth and development of a crop of winter rye
in a spacing experiment. Although this experiment was originally initiated for another
purpose (BRUINsSMA, 1962), the wide range of its seed rates, from 5 to 180 kg per ha,
renders it highly suitable for an analysis of the effects of plant and culm densities
through the growth and development of the crop on the ultimate composition of
the yield.

2. Methods

The experiment was laid out on a humous sandy soil with eight replicates per seed
rate, the size of the individual plots was 9.5 X 4 m2. After deduction of a margin
of 0.5 m and a strip of 3 X 1 m2 for crop analysis, a net yield area of 7 X 3 m?
ayas left.

Petkus winter rye was sown with a row drill at 25 c¢m, adjusted to 180 kg/ha. The
lower seed rates, 140, 100, 60, 30, 15, and 5 kg/ha, were obtained by thoroughly
mixing the viable seed with known amounts of seed, previously steamed for 1 h at
120 °C and next dried back to its original weight. The homogeneity of the seed mix-
tures was checked by germination tests prior to sowing.

At the end of the winter, the plots were individually fertilized with 60 kg N/ha,
while 100 kg P/ha and 140 kg K/ha were given over all. After removal of weeds
by hand on 3rd May, the plots remained practically weed-free, even at the lowest
seed rates. During ripening there was some hanging of the culms at the three highest
seed rates but lodging did not occur up to harvest, on 9th August.

In the course of the vegetation period plant density, tillering and ear density were
determined and samples were collected for the measurement of the development of
the ear primordium (BrRuiNsMA and SwarT, 1962) and for the periodic determination
~of fresh and dry weight production, total nitrogen uptake and chlorophyll content
(BRUINSMA, 1963, 1965). Heading, anthesis, and ripening were followed by frequent
determinations of percentages of visible ears and of flowering ears, and fresh and
dry weights of samples of developing seeds, respectively.

One week after the dry weight of the grains had reached a constant level, five rows
each of 1 m were gathered per plot for the yield analysis, except at the two lowest
seed rates (5 and 15 kg/ha), the whole net yield areas of which served for this
purpose. All the ears were counted, and the numbers of grains of 10 ears per plot
and the weights of 5 samples of 100 grains each per plot were determined.

The net yield areas were cut, weighed and threshed per plot, the difference between
sheaf and grain weights per plot being taken as a measure for gross straw yield.
Grain and straw yields were afterwards corrected for the weights of the yield anal-
ysis samples.

3. Results

31. Growth and development
Plant density was proportional to the seed rate, 70 % of the viable seed having pro-
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Table 1. Relations between seed rate, plant density, tillering, and culm production

Seed rate Plant Plant space Lateral shoots Culms per Culm space
(kg/ha) density (dm?/plant) per plant plant (cm?/culm)
(106/hay) (17th March) (harvest)

5 0.131 7.63 3.6 8.97 85
15 0.356 2.81 3.8 4.89 57
30 0.713 1.40 38 3.05 46
60 1.35 0.741 34 1.89 39
100 2.35 0.425 29 1.16 37
140 3.23 0.310 2.3 1.02 30
180 4.08 0.245 2.0 0.97 25

duced an established plant at the end of the winter (Table 1). A similar percentage
was mentioned by DoucHTY and ENGLEDOW (1928) who stated that after winter the
plant density remains constant. Table 1 further shows that at plant densities below
an average plant space of about 1 dm?, that is 4 cm in the row, the rate of tillering
was reduced. At these higher seed rates only part of the lateral shoots, present on
17th March, succeeded in developing into a fertile culm. Practically no culms of the
second order were formed at the two highest seed rates. At the two lowest seed rates,
on the contrary, many tillers formed after the counting date, 17th March, must still
have contributed to the ultimate culm density as appears from the numbers of culms
per plant at harvest. Fig. 1 demonstrates that the ultimate number of culms per
plant is proportional to the average space per plant at the higher seed rates and,
as a result, ear density tended to level out (see also Fig. 5A). At the two lowest
seed rates, however, tillering could no longer fully compensate for the decrease in
plant density.

The rate of leaf emergence on the main axis was hardly affected by the plant den-
sity. Mostly, 11 or 12 leaves were formed per culm, although above 100 kg/ha the
percentage of culms with 12 leaves decreased in favour of those with 11 leaves
(Table 2). This small decrease in leaf production may well be connected with an
accelerated development of the ear primordium of more than one standard day unit
on 29th March at these higher seed rates. Lack of space, nutrients or water (HUDSON,
1941a) could have induced an earlier transition into the reproductive phase. Accord-

Table 2. Development of leaves and ear primordium on the main axis. Averages from
countings of leaves of 50 plants per treatment, by ringing of their 4th, after-
wards their 8th leaf; and from determinations of about 70 ear primordia
per treatment, after Bruinsma and Swart (1962)

Seed rate Number of leaves on Developmental stage bf
(kg/ha) culms of 1st order ear primordia on 29th March
(standard day units)

5 11.76 24.8
15 11.52 24.8
30 11.67 24.8
60 11.78 25.6

100 11.61 26.1
140 11.25 26.6
180 11.26 26.3
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ingly, marked differences were also observed in the rates of heading, as will be seen
below (Fig. 3).

The nutritive condition at the different seed rates is also reflected in the dry weights
and nitrogen contents of the aerial parts (Table 3). Before the leaf canopy closed
the dry matter production per unit area considerably lagged behind at the lower seed
rates and, below 60 kg/ha, it remained at a lower level although the differences
diminished in the course of the vegetation period.

In the dry matter content two opposite tendencies could be distinguished. At the
first sampling date, 10th April, the dry matter percentage was highest at the lowest
seed rate and gradually dropped with increasing plant density. This may be due to
the more abundant nutritive conditions prevailing at the lower seed rates as is also
indicated by the higher nitrogen content data. However, at the later sampling dates
the dry matter percentage varied in the reverse direction, the higher values showing
up at the higher seed rates. This is a reflection of differences i developmental rates,
the plants at the lower seed rates developing slower and, therefore, remained at lower
dry matter values. The rapid increase of the dry matter content in the course of
the vegetation period appears from the rise of the average values at the four sam-
pling dates.

The higher nitrogen contents at the lower seed rates also point to a slower develop-
mental rate, since the nitrogen content decreased in the course of the vegetation
period. Fig. 2A shows that at the end of the tillering stage, on 10th April, the spa-
cious growing plants at the lower seed rates absorbed less nitrogen per square meter
from the soil, and that the more densily the plants grew and, therefore, penetrated
the soil with their roots, the more nitrogen was found in their aerial parts per square
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meter. The logarithmic nature of the relationship will be discussed below. In the
course of the development these differences tended to fade since considerable amounts
of nitrogen were still taken up in the shooting stage at the lower seed rates. This is
shown by the data of 15th May. Although an arrear remained up to the ripening
stage, in July, because of the lower culm densities the amounts of nitrogen per culm
were higher the lower the seed rate. In fact, as is shown in Fig. 2B, a logarithmic
relationship existed again, at that time, between the amount of nitrogen per culm and
the average soil area per culm.

Accordingly, the culms developed more abundantly at the lower culm densities. They
were heavier, though not longer, and formed larger and broader leaves. As an example,
weights of penultimate leaf blades are summarized in Table 4. At the lowest seed
rate the amount of chlorophyll was about twice that at the highest seed rate. This
is mainly due to the higher leaf weight, but next to that also to a somewhat larger
chlorophyll content. This difference in foliage colour could be observed throughout
the vegetation period and became even more pronounced during ripening, as will be
seen below (Table 6).

Heading took place in the course of May. The delay in ear emergence at the lower
seed rates, mentioned before, is shown in Fig. 3. As a modified time axis, the hourly
measured temperatures over 0 °C were added from the beginning of the heading period
until its completion. The culms at 180, 140, and 100 kg/ha headed simultaneously
and started very early already, apparently within the minimum time required for ear
emergence. At the lower seed rates heading occurred later, the more so as the spacing
was wider: at 50 % heading with the high seed rates, less than 20 % had only emerged
at 15 and 5 kg/ha. This is a matter of a general delay in ear emergence at the lower
seed rates rather than a reflection of any irregular heading owing to the numerous
culms of high order at these seed rates, because the heading process at these seed
rates is completed within a shorter period of time. With an average hourly tempera-
ture of 11.7 °C, during the heading period, the dslay in heading with e.g. 5 kg/ha
was 193 standard hours at 20 % heading, 165 hours at 50 %, and only 140 hours
at 80 % emergence. Hence, the later start cannot be ascribed to irregularities of dis-

Table 3. Dry matter production and nitrogen content of aerial parts. Average values of 8
determinations on 2 m rows of plants each. Developmental stages: 10th April, be-
ginning of shooting; 15th May: heading; 14th June: end of flowering; 11th July:
milk-ripe grains

Seed rate Dry matter content
(kg/ha) Dry weight (g/m? area) (% fresh weight) N content (% dry weight)

10h  I5th  I4eh 1Ith  I0th  15th  I4th 1lth  10th  15th  [4th  1lth
April  May  June July April  May June July April  May  June  July

5 12 263 732 885 16.7 16.8 29.0 37.8 4.9 2.0 0.89  0.85
15 32 516 908 1,095 15.9 17.5 31.1 38.2 4.7 1.4 0.71 0.76
30 51 566 914 1,201 15.8 17.9 320 38.8 44 1.2 0.66 0.74
60 91 658 1,055 1,254 14.9 18.6 33.0 39.0 4.0 12 0.66 0.73

100 119 651 907 1,198 14.4 19.7 331 39.4 3.7 1.0 063 071
140 141 712 1,028 1,211 14.4 19.3 325 39.2 3.7 1.0 0.63 0.73
180 136 728 984 1,284 14.9 20.0 322 391 35 1.0 0.66 0.74

Average value 15.2 185 318 387 4.1 1.2 069 0.75
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Table 4. Weight and chlorophyll content of the penultimate leaf blade. Mean values

of two determinations on 30 blades, sampled on 28th April

Seed rate Fresh weight mg chlorophyll
(kg/ha) (mg/leaf) pe? i;af 1;er g fresh weight
5 702 1.43 2.04
15 676 1.34 1.98
30 667 1.27 1.90
60 538 0.98 1.82
100 448 0.82 1.83
140 425 0.76 1.78
180 379 0.67 1.77
Table 5. The course of anthesis. Mean values of eight estimations each
Seed rate Percentage of flowering ears 7
(kg/ha) 29th May st June  5thJune 9th June
5 0 12 62 98
15 6 28 88 100
30 12 42 90 100
60 46 74 100 —
100 58 86 100 —
140 72 92 100 —
180 68 94 100 —_—
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similar culms but is a symptom of the delayed development because of the ampler
nutritive conditions.

Although anthesis is always more weather-dependent and, therefore, had to be esti-
mated rather roughly, it showed a similar retardation as observed with ear emergence.
The more space available per culm the later anthesis occurred (Table 5). The culm
populations at the lower seed rates consisted predominantly of culms of higher order
but, nevertheless, their ears were considerably larger, on an average, than those of
the monocultures of primary culms at the higher seed rates. Average spikelet num-
bers per ear increased from 30 at 180 kg/ha up to 38 at 5 kg/ha (cf. Table 8).
Shortly after anthesis, when starch accumulation in the seeds was about to start, the
chlorophyll content of the culms was determined again (Fig. 4). The chlorophyll con-
tents of the ear, the top leaf blade, and the remainder of the culm — mainly the
upper four leaf sheaths — increased about proportional with the logarithm of culm
space from 1.7 mg per culm at 180 kg/ha to 4.4 mg at 5 kg/ha. In so far as the
amount of chlorophyll of a plant organ is related to its photosynthetic capacity (cf.
BROUGHAM, 1960; BRUINSMA, 1965), these data point to considerable differences in
dry matter production at the outset of grain filling. In the course of ripening, these
differences only became more and more pronounced because yellowing was delayed
at the lower seed rates.

This is shown in Table 6 for the later stage of ripening in which the upper internode
was the only part of the culm left green. The table demonstrates that chlorophyll
breakdown occurred more rapidly as the culms stood more densily. At the lower seed
rates, therefore, grain filling could be expected to proceed not only at a higher speed

Table 6. The chlorophyll content during ripening. Duplicate determinations of 80
upper internodes per treatment

Seed rate mg chlorophyll per internode
(kg/ha) 11tk July " 20tk July
5 1.37 0.50
15 0.75 0.27
30 0.52 0.15
60 0.39 0.09
100 0.36 0.07
140 0.27 0.08
180 0.26 0.06

but also during a longer period of time.

This was found, indeed, from weekly determinations of the dry weight of seeds in
the course of ripening, summarized in Table 7. It can be seen that, at the lower
seed rates, after an initial arrear because of the delayed anthesis, dry matter accu-
mulation was both accelerated and prolonged in comparison with the higher seed
rates. Hence, at harvest the dry weight of the grains was found to be highest at the
lowest seed rate and gradually dropped as the seed rate increased.

Notwithstanding the higher dry weight of the grains at the lower seed rates, ripening
remained delayed up to harvest. Table 7 shows that the drying out of the grains
proceeded slower as the seed rate was lower. At 5 kg/ha the dry matter percentage
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Table 7. The course of the filling and the ripening of the grains. Average values
from determinations on eight samples of seeds from ten ears each

Seed rate

Dry wei!giﬁt of 100 grains (in g). In brackets the dry matter percentage
(kg/ha) of the grains
 Sth July 13tk July 20th July 27th July 2nd August
5 2.5 (39) 3.3 (46) 4.0 (50) 4.8 (55) 4.8 (68)
15 2.8 (42) 3.5 (47) 4.3 (52) 4.5 58 4.5 (73)
30 2.8 (43) 3.5 (49) 39 (53 4.1 (61) 4.3 (79)
60 2.8 (44) 36 5D 4.0 (54) 4.1 (61) 4.0 (80)
100 2.9 (45) 3.5 5D 39 (59 4.0 (63) 3.9 (80)
140 2.9 (46) 3.5 (52) 3.7 (549 3.8 (67) 3.8 (79)

180 2.8 (46) 3.4 (52) 3.7 (54 3.7 (66) 3.8 (79)

Table 8. Numbers of florets and grains per car. The numbers of florets are mean
values from 100 ears per seed rate, counted on 20th June; the percentages
of fertilization were calculated from these data and from the numbers of
grains per ear in the yield samples

Seed rate Number of Percentage of Number of
(kg/ha) florets per ear fertile florets grains per ear

5 76 74 56

15 72 72 52

30 72 66 48

60 68 65 44

100 65 63 41
140 63 58 36
180 59 51 30

lagged a week behind that at the highest seed rates, and even at harvest there was
a definitely higher water content. ENGLEDOW (1925) found a delay of 8 days at very
low seed rates.

The culms at the lower seed rates not only produced more dry weight per grain,
they also had to fill more grains per ear. It can be seen from Table 8 that the num-
ber of florets per ear increased with space per ear. Moreover the percentage of
fertilization of these florets increased in much the same manner, from about half
to three quarters of all florets present at anthesis., As a result, the ultimate numbers
of grains per ear ranged from 30 with narrow-spaced ears to nearly twice this num-
ber at 5 kg/ha.

32. Yield and its achievement
According to the formulation of ENGLEDOw (1925), yield:

Yy = peng
in which p = plant number per unit area, ¢ = ear number per plant, # = number
of grains per ear, and g = grain weight. For the present experiment this yield

analysis is given in Fig. 5.
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At increasing plant density the number of ears per plant sharply dropped so that ear
density shifted only gradually towards a level between 2 and 3 millions of ears
per ha at moderate seed rates (Fig. SA). The plants had then formed 1-2 ears. At
the highest seed rates, 140 and 180 kg/ha, plant density continued to increase line-
ally and, because each plant tended to produce at least one ear, ear density too in-
creased proportionally again giving the impression that some optimum level is broken
through.

At increasing seed rates both the number of grains per ear and the weight per grain
decreased and, hence, grain yield per ear fell off (Fig. 5B). A rather constant grain
weight appears to be obtained at moderate seed rates but, again, at the two highest
seed rates this level was passed and grain weight dropped below it.

Since ear density and grain yield per ear rather reflect each other because of mutual
compensation, their multiplication into the yield per unit area gives a curve running
about horizontally (Fig. 5C). Except for the two lowest seed rates, where tillering
was unable to compensate for the low plant density, a rather constant grain yield
was obtained. The yield data calculated from the samples for yield analysis (open
dots) reasonably agree with the yields actually obtained from the net yield areas (black
dots), so that the analysis given above can fairly be relied upon. This picture of a
yield analysis in a spacing experiment is the one generally found (e.g. N¢grGaAARD HoLM
and PEDERSEN, 1962; WILsON and SwANSON, 1962).

Gross straw and total yields are shown in Fig. 6. Again, at the two lowest seed
rates tillering failed to make up for the wider plant stand. There appzars to be an
optimum with the heavy culms at the moderate seed rates, the yield tending to decrease
with the lighter culms at the highest densities, but because of the deviation at 60 kg/ha
this tendency is not significant,

It will now be considered as to how far the data obtained from the crop analysis
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of aerial parts. other hand, chlorophyll contents in April and June.
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can be used for a further comprehension of the yield analysis, i.e. how the yield
can be understood as the final result of the growth and development of the crop.
Most of the data on growth and development turn out to be closely correlated al-
ready. For instance, the amount of chlorophyll per plant, per culm, or per leaf,
nicely corresponds with the amount of nitrogen taken up at that time, the correla-
tion coefficient, r, mostly being about 0.97. The nitrogen uptake at any time, in
turn, is correlated with the logarithm of plant or culm space and, these entities being
constant throughout the vegetation period, data from different sampling dates are also
correlated. This existence of a systematic set of growth and development data, on
the one hand, restricts the reduction of yield data to them and, thereby, limits their
value for the present approach. On the other hand, these spurious correlations enable
the crop analysis to be confined to only a few of all the factors determined in the
present experiment, which will be discussed below.

Yet, although no significant differences in correlation coefficients occurred, a value
of r = 0.98 reflects a much nicer graphical correspondence than a value of, e.g.,
r = 0.92. In Fig. 7, for example, the number of florets per ear corresponds better
with the chlorophyll content in April than with that in June, whereas the reverse
holds for the fertility of these florets. This agrees with the expectation that the floret
number is determined during tillering and shooting, and the transition into a grain
about anthesis. Likewise, the weight per grain agrees best with crop analysis data
from July, during ripening, of which Fig. 8 is an example.

These three factors composing yield per ear: number of florets, floret fertility and
grain filling, all increase at decreasing seed rates. The delay of transition into the
reproductive phase at the lower seed rates (Table 2) need not reduce the number
of florets. KLEINENDORST and SONNEVELD (1965, 1966) showed that the larger the
number of ridges on the vegetative growing point at the moment of transition, the
larger the ultimate size of the ear of perennial rye grass (Lolium perenne L.). More-
over, the further differentation of spikelet primordia on the growing point proceeds
upwards and downwards during the shooting period until about heading. The delay
in heading observed at the lower seed rates (Fig. 3) may, therefore, also have contrib-
uted to the increased number of florets per ear. FRIEND (1965) found that the length
of wheat ears is greater both as the size of the vegetative apex is larger at the transi-
tion stage and as the interval between this stage and anthesis increases. HANSEL (1951)
demonstrated for Petkus winter rye that a delay in heading, induced by short days,
resulted in the formation of more spikelets, and that ears are larger because of more
spikelets being formed rather than less being degenerated.

Table 8 shows that number of florets, percentage of fertile florets, and the result
of the two (the ultimate number of grains per ear) all follow the same course at
increasing seed rates. Their drop is related to decreases in culm space, nitrogen in-
take, and amount of chlorophyll. This agrees with the conclusion of BREMNER and
INGcHAM (1960) for winter wheat, viz. that the size of the ears is influenced by the
level of nitrogen fertilization through its effect upon leaf size. Similar results were
obtained by Dgzsi et al. (1960).

The number of grains being determined at the onset of grain filling, the weight of
the grains depends both on the capacity (Fig. 4) and on the rate of decay (Table 6)
of the photosynthetic apparatus during ripening. At moderate culm densities, the
number of grains gradually dropped at increasing seed rates, so that grain weight
could be maintained at a rather constant level of about 37 mg (Fig. 5B). At the two
highest seed rates only, notwithstanding a further reduction of grain number, grain

208 Neth. J. Agric. Sci., Vol. 14 (1966) No. 3 (August)



GROWTH, DEVELOPMENT AND YIELD IN A SPACING EXPERIMENT WITH WINTER RYE

I I ] 1T 17 |
gl— ]
I * [ { total weight
L0 - el - B —
. Nith July = 6
£ £
- >
£ o
@ 38— —
5 A —
- a
a -
= S
© 36 e
3 2 ) ) -
> grain weight
o
34+ i
! | | | | I I N B
ng 30 40 50 60 mg 30 40 50 70 100 cm?
nitrogen per culm culm space
Fig. 8. Relation between grain weight and Fig. 9. Relation of culm and ear weights with
nitrogen content of the culm in July. culm space.

weight diminished, too. Although it seems from the yield analysis data (Fig. SA, B)
that at 140 and 180 kg/ha culm density and grain weight were pushed through opti-
mum levels, yet both grain weight per culm and total culm weight were strictly pro-
portional with the logarithm of culm space throughout the range of culm space (Fig. 9).
An important conclusion to be drawn from Fig. 9 is that the dry matter distribution
in the culms must have been largely independent from the size and the nutritive
condition of the culms: although Fig. 2A showed remarkable differences in the rate
of nitrogen uptake, at all culm densities grain weight took 30 % of the total culm
weight. This agrees with the findings of pE WiT (1958), who computed that in dif-
ferent experiments with various wheat varieties, giving dry matter productions from
50 to 300 g per plant, the seed production invariably was about 36 % of the
total yield.

If the straight lines of total and grain weights in Fig. 9 were extended towards lower
values of culm space without deflection, they should intersect at the abscissa at
12.5 cm2, j.e. at 8 million culms per ha no production should be left. Extrapolation
towards higher values of culm space must eventually lead to bending of the curves
into horizontal lines. However, because plants grown from the same seed in the same
year under the same field conditions at 50 X 50 cm?, i.e. corresponding to a seed
rate of 1.7 kg/ha, produced 27 ears per plant, on an average, with up to 94 grains
per ear, the culm and grain weights at 5 kg/ha may still be considered to be deter-
mined by the available space per culm,

The relation between yield per ha and culm density, calculated from Fig. 9, is shown
in Fig. 10, the part extrapolated at higher densities than the experimentally used
ones being given as a broken line. The curves resemble the parabolic ones found by
Hupson (1941b) and by HoLLIDAY 1953, 1960a b) for yields of seed crops, but they
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are no parabolas since they are asymmetrical. The position of the optimum yield
closely approaches that mentioned by HoLLIDAY (1960b) for winter wheat, viz. 3 X
108 culms per ha. On a seed rate basis, HoLLIDAY (1960a) found the optimum at
125 kg/ha. Transformation of Fig. 10 into seed rate curves, with the aid of the data
on ear density from Fig. 5C, and with the assumption that at higher seed rates than
{80 kg/ha the plants are still able to produce one ear each (DEzsl et al., 1960),
renders Fig. 11. The experimentally found yield values are inserted, those from the
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Fig. 10. Relation between yield per ha and Fig. 11. Relation between yield per ha and seed rate.
ear density. (Calculated from. Fig. 9) (Calculated from Fig. 5A and 10)

yield analysis samples fit better. Grain yield is rather independent from the seed rate
over a large range, while the reduction in total yield, insignificantly noticeable in
Fig. 6 already, shows up above 120 kg/ha. If the plants at higher seed rates form
less than one ear, on an average, then the yield depression becomes perceptable at
higher seed rates than in Fig. 11, but then part of the seed is wasted. It can be
concluded, that if the logarithmic relationship found for the grain and total weight
per culm between 5 and 180 kg/ha may be generalized, yield per unit area shows
an optimum at moderate seed rates.

4. Discussion

The discussion will be confined to three questions.

I. How far can a crop analysis contribute to a comprehension of a yield analysis?

2. What is the nature of the logarithmic relationship of crop and yield data with
plant and culm space?

3. Which conclusions can be drawn from the present experiment for the growth,
development and yield of winter rye?
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Ad 1.

The main limitation of the usefulness of crop analysis data for an understanding
of the achievement of the yield lies in the spurious correlation between many of
these data, so that indications rather than evidences about relationships are obtained.
This is demonstrated in the foregoing part for the composition of the yield per ear
out of floret number, fertility and grain filling. However, the correlations also allow
for a restriction of the crop analysis to only a few factors. It would be enough to
count plant numbers once in the tillering stage and ear numbers about daily during
heading, the latter determination giving also the sharpest establishment of differences
in developmental rates. After anthesis floret numbers may be counted. Growth as
mass production is correlated with dry weight, or amount of nitrogen or chlorophyll
per unit area or per plant or organ.

Apart from supplying the actual data, crop analysis can also be useful for yield
analysis in that it indicates the nature of the relationship with the main factor under
study, in this case the logarithmic relationship with the seed rate. This will be dis-
cussed in the following paragraph.

Ad 2.

The yield of cereal crops is mostly related not to the seed rate but to the plant or
culm density (BLEASDALE and NELDER, 1960; CAMPBELL, 1962; HoLLiDAY, 1960a)
or its reverse, plant or culm space (DE WIT and ENNIK, 1959; DE WiT, 1960). Whether
plant or culm space is taken as the variable depends on whether the population is
still composed of plants as the individual entities or consists of individual culms
already, the transition taking place in the course of the shooting period.

Most of the crop analysis data of the present experiment were, indeed, a function
of plant or culm space, although generally not a linear one:

y =ax + b (D
but rather a logarithmic one:

y = alogx + b 2
in which y = growth, amount, or yield, per plant or per culm, and x = plant or
culm space.

According to eq. 1:

dy = a.dx (3)
while after eq. 2:
d

dy = a @
x

Eq. 4 expresses that it is the relative space rather than the absolute space which
determines the growth or yield of the individuals: the effect of an increase in space
depends on the space already occupied. This can be interpreted in terms of extension
of root growth in dependence of the size of the root system already present. An alter-
native explanation could be that the more space becomes available the more the plant
or culm approaches its optimum conditions and, therefore, the smaller the effect
of space enlargement. Fig. 9 shows that for the yield data, too, the logarithmic
relation gives the lines of the best fit.
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If in the equation:
dx

dy = a .; 5)
for the power n of x any other value than unity is substituted, the proportional relation is lost.
Although for a range of moderate densities, where x varies only little so that a/x» becomes rela-
tively constant, eq. 1 and 3 (as well as any equation of type 5) seem to be applicable, particularly
at the highest space values eq.2 and 4 turn out to be the appropriate ones.
Eq.2 and 4 cannot be easily related to the equation given by De Wit (1960), the latter de-
scribing the linear relation between space per plant and space per total yield, because plant density
is a component of both his variables. The consequences of the two sets of equations are different,
since eq. 2 describes an optimum curve (Fig. 10), whereas that of de Wit gives a curve reaching a
stable maximum with increasing plant density. Conflicting data occur in the literature on the question
whether the yield of cereals per unit area decreases at increasing seed rates or remains constant
(Dézsi et al.,, 1960; Doughty and Engledow, 1928; Engledow, 1928; Fawcett, 1964; Holliday, 1953,
1960 a, b; Hudson, 1941; Kanda and Sato, 1963; Plhak, 1959). The statement by Holliday (1960 a),
that the relationship between yield per unit area and plant density shows an optimum at a definite
seed rate in the cases where yield is a function of reproductive growth, and reaches a stable maxi-
mum where yield results from vegetative growth, can no longer be generalized, as has been demon-
strated by Bleasdale and Nelder (1960). These authors (see also Campbell, 1962) proposed the
pliable equation:

Il 6

P x4
in which the powers, p and g, are positive quantities usually less than unity. In cases that the ratio
p/q is unity, the yield per area is about constant above a certain plant density. If the ratio is greater
than unity the yield per area continues to increase with plant density, whereas if the ratio is smaller
than unity the yield per unit area passes through an optimum value at a certain finite density.
The last situation is about equivalent with that described by eq. 2, the power of y being unity, while
the logarithm of x gave better fitting results with the data of both crop and yield analysis than
any tested value of the power of x smaller than unity.

It is recommended for future examinations of yield/density relationships, to include
crop analysis data as indications of the relation between the population entity which
produces the yield and its space. And, moreover, to vary the spacing widely, not
only downwards where crowding may facilitate the occurrence of lodging and diseases
which may confuse the results, but particularly upwards, too, where the extreme values
enable to determine the power of x in one of the equations, 5 or 6, as well.

Ad 3.

In the present experiment, tillering was unable to compensate for the low plant den-
sities below the seed rate of 60 kg/ha, and the yields at these densities were, there-
fore, obviously reduced. From 60 kg/ha onwards, maximum dry matter productions
were obtained in the present experiment (Table 3), although the somewhat delayed
closure of the leaf canopy at 60 kg/ha may be a disadvantage when appreciable weed
contaminations occur (COLWELL, 1963). At seed rates over 100 kg/ha, the optimum
culm density shown in Fig. 10 is surpassed and grain weight per ear decreases more
than ear density increases. The optimum seed rate, therefore, turns out to be between
60 and 100 kg/ha, the higher as the risk of freezing out or of weed infestation
is greater.
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