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Summary

The effect of plant density on the growth and productivity of the various ear-bearing
shoots of winter wheat was studied in detail to obtain information on the pattern
of grain production of crops grown under field conditions.

Strong compensation effects were measured: a 160-fold increase in plant density
(5 to 800 plants/m?) finally resulted in a 3-fold increase in grain yield (282 to
850 g DM/m?). Maximum grain yield was achieved at 100 plants per m2, which
corresponded to 430 ears/m? and to about 19 000 grains per m2 At higher plant
densities more ears and more grains were produced, but grain yield remained con-
stant. Tillering per plant was largely favoured by low plant densities, because these
allowed tiller formation to continue for a longer period and a greater proportion of
tillers produced ears. Per unit area, however, at higher plant densities more tillers
were formed and, despite a higher mortality, more ears were produced.

The productivity of individual ears, from main shoots as well as from tillers,
decreased with increasing plant density and with later emergence of shoots. In the
range from 5 to 800 plants/m? grain yield per ear decreased from 2.40 to 1.14 g
DM. At 800 plants/m? nearly alle ears originated from main shoots, but with de-
creasing plant density tillers contributed increasingly to the number of ears. At
5 plants/m?, 23 ears were found per plant and grain yield per ear ranged from 4.20
(main shoot) to 1.86 g DM (late-formed shoots). Grain number per ear was reduced
at higher densities and on younger shoots, because there were fewer fertile spikelets
and fewer grains in these spikelets. At the low density of 5 plants/m?, plants devel-
oped solitarily and grain yield per ear was determined by the number of grains per
ear as well as by grain weight. Above 400 ears per m? in this experiment reached at
100 plants/m* and more, grain yield per ear depended solely on grain number, be-
cause the weights of grains of the various shoots were similar.

The harvest index showed a maximum of about 44 % at a moderate plant densi-
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ty; at this density nearly maximal grain yield was achieved. At low plant densities
the harvest index decreased from 45 % in main shoots to about 36 % in late-formed
shoots. However, no differences in harvest index existed between the various ear-
bearing shoots if the number of ears exceeded 400 per m>.

Introduction

Grain yield in cereals depends on three yield components: number of ears per unit
area, number of grains per ear and grain weight. A strong mutual compensation
is usually found between these components. However, a limitation of one com-
ponent cannot be completely compensated for by the others. So, for maximal grain
yields an undisturbed functioning of the crop is necessary during all stages of
growth.

Grain weight predominantly depends on how much the plant assimilates during
the stage of grain-filling, and this is closely related to the area of long-lived green
leaves, usually called LAD (Spiertz et al., 1971; Thorne, 1974). The favourable
results of effective disease control on grain yields are largely based on a higher
LAD.

Grain number is considered to be a limiting factor for maximal grain yields
(Fisher, 1975; Thorne et al., 1968). In field experiments, Fisher et al. (1976), Puck-
ridge & Donald (1967) and Willey & Holliday (1971) found that the increase in
grain yield was correlated with increasing grain numbers, but in their experiments
grain numbers did not exceed 20 000 per m® It is likely that at higher grain num-
bers this relationship will become asymptotic. Very high numbers of grains can only
be achieved in dense crops, in which radiant energy for grain-filling will be limited
and therefore grain weight will decrease. Moreover, at high densities there is less
reserve carbohydrate in the ear-bearing shoot before anthesis, whereas crop respi-
ration is higher (Fisher et al., 1977), which again will restrict grain-filling.

Fisher et al. (1977) found that up to a level of 30 000 grains per m?, grain yields
increased as grain numbers increased, although grain weight gradually decreased.
These high grain numbers were due to very high ear densities, which were achieved
in experiments by crowding well-developed plants before anthesis. However, such
methods are not feasible in field-grown crops.

In individual plants of winter wheat (Darwinkel et al., 1977), spring wheat (Power
& Alessi, 1978) and barley (Gallagher et al., 1976; Thorne, 1962) the yield of the
main shoot clearly surpassed that of the tillers. This high yield of main shoots vis-a-
vis tillers led to a wheat with one culm being chosen as crop ideotype, as described
by Donald (1968). But in dense crop situations, the size of the ears of the main
shoots depends largely upon the total number of ears. Moreover, at lower plant
densities, early-formed tillers are very productive (Darwinkel et al., 1977). In
regions with severe winters many plants may be killed by frost. Compensation is
mainly achieved by extensive tillering of the surviving plants. In this way wheats
with few culms may have greater agronomic value (Atsmon & Jacobs, 1977).

Because of the higher grain yields of main shoots, the advantages of tillers for
grain production remain debatable. Therefore, in an experiment the role of tillers
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was studied at different plant densities. The development and productivity of main

shoots and sequential tillers were analysed to ascertain their pattern of grain pro-
duction.

Materials and methods

In a field experiment winter wheat (cv. Lely) was sown by hand in small plots well
over 1 m? on 19 October 1976 on a fertile, clayey Flevopolder soil (pH 7.4). The
size of the seeds ranged from 2.75 to 3.25 mm; they were placed 20 - 30 mm deep
on a square grid. Open places were filled up later. The following seven plant den-
sities were obtained: 5, 25, 50, 100, 200, 400 and 800 plants/m* The scheme was a
completely randomized design with four replicates. At harvest, 0.2 m? of each plot
was taken for analysis. To enable a clear comparison to be made between the widely
different plant densities, undesirable interactions were obviated as much as possible
by preventing damage from mice and birds, controlling disease by frequent appli-
cations of fungicides, preventing lodging by using wire-netting, and by supplying
adequat nutrients to avoid mineral deficiency. These measures lowered the in-
coming radiation energy at crop level by about 10 %.

During winter and spring the order in which the tillers were formed was establish-
ed by marking the shoots that were 20 - 40 mm long with plastic rings of different
colours. The shoots were marked on 10 November (main shoots = Ms), 18 Febru-
ary (early tillers = T1), 7 March (T2), 24 March (T3), 4 April (T4), 15 April (T5)
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Fig. 1. Weather conditions during the growing period (October 1976 - August 1977). Precipi-
tation ( ), mean daily temperature (----) and mean daily radiation (..... ) per decade.
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and 25 April (T6); tillers formed after 25 April (T7) were not marked. This enabled
the shoots to be classified according to age and their development to be recorded
easily. The first markings were made when approximately one tiller per plant had
emerged at all densities. On later dates the age classes often consisted of more than
one tiller, especially at low plant densities. At harvest, the weight of grains, straw
and chaff, the number of ears, fertile and empty spikelets and grains per ear were
determined. For the determination of dry matter yields, plant material was dried
at 105 °C for at least 16 hours.

The spikelets were counted at maturation. Fertile spikelets could easily be identi-
fied, but empty, apical spikelets decreased sharply in size, which impeded counting.
Thus the total number of spikelets counted might not be exactly the number of
spikelets initiated.

Temperature, water supply and light intensity are important factors in crop
growth. Weather conditions during the growth of winter wheat in this experiment
are presented in Fig. 1.

Results

Table 1 summarizes the effect of plant density on some crop characteristics. The
number of tillers and the number of ears per unit area increased with increasing
plant density. However, the 160-fold increase in plant density led to a 12-fold in-
crease in tiller number, to a 7-fold increase in ear number and to a 3-fold increase
in grain yield. So, a considerable compensation for ear density occurred at low seed
rates, due to abundant tillering and the higher fertility of the tillers.

Grain yield approached a maximum at about 100 plants/m?, yielding 430 ears/
m?, whereas the above-ground dry matter yield increased over the whole range of
plant densities. The harvest index, indicating the proportion of grain yield to total
above-ground yield, therefore first increased to a maximum, but then declined as
plant densities increased. The response of grain weight to plant density was similar.
With increasing plant densities, grain weight reached a maximum at 50 plants/m?
but decreased with higher densities.

Table 1. Yield and some crop characteristics at different plant densities.

Plants Tillers Ears Grain Total Grain Harvest
per m2 formed per m? yield yield weight index
per m? (g DM/m?) (g DM/m?) (mg)

5 145 118 282 707 40.3 39.9
25 492 272 644 1531 41.7 421

50 691 322 720 1647 44.6 43.7
100 977 430 843 1968 441 42.8
200 929 490 834 2024 423 412
400 1232 582 848 2181 41.0 38.9
800 1780 777 890 2376 39.0 375
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Fig. 2. Course of the number of shoots at different plant densities during the growing period.

Pattern of tillering

The late autumn was rather mild, and growth proceeded favourably. In mid-Decem-
ber tillering started at all plant densities. From this date onwards the numbers of
living shoots (i.e. main shoots plus tillers) were counted at intervals. This enabled
the course of the number of shoots during the growing period to be ascertained
(Fig. 2). At first, the number of shoots increased rapidly to a maximum, and then
gradually declined.

At greater plant densities, more shoots were produced per m® The maximum
number of shoots was achieved earlier when plant density was higher. At 800
plants/m? this maximum was recorded at the beginning of March, but at 5 plants/m?*
it was not recorded until the end of May. So, with increasing plant density the
maximum number of shoots produced was higher and was attained earlier in the
season. Senescence of shoots started earlier at higher densities, but stopped for all
densities shortly before anthesis in mid-June.
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Tiller survival and ear formation

As is shown in Table 1, only a proportion of the tillers produced reached the repro-
ductive stage. This proportion increased as plant density decreased. At 5 plants
per m? about 80 % of the shoots produced ears, whereas at higher densities this
percentage was reduced to 45 %. Usually, the earlier the date of tiller formation,
the better was the size of the tillers at jointing stage. At all plant densities, the
survival of tillers was clearly better the earlier the tillers had been established
(Fig. 3). Thus, all main shoots produced ears, except at 800 plant/m?* where 6 %
of the main shoots died.

The transition of tillers of different age into the reproductive stage depended
largely on plant density. In plants at the very low density of 5 per m? the 11 earliest
formed tillers were reproductive. Tillers that emerged at a very late date only par-
tially underwent reproductive development. This poor ear production from late-
formed tillers was found at all plant densities. Yet at rather low densities fairly late
tillers such as T4 and TS5 came into ear, but reproductive development of these
tiller classes decreased as plant densities increased. At 400 plants/m?, 40 % of the
first tillers (T1) and only 8 % of the second tillers (T2) survived. At 800 plants/m*
almost all the tillers died and so most of the ears originated from main shoots. At
this very dense plant population almost all the plants consisted of one ear, as can
be seen in Fig. 4. With lower plant densities the number of ears per plant increased
consistently to 23 ears at 5 plants/m2 Thus, the proportion of ears originating from
main shoots decreased gradually as plant density decreased, and so the contribution
of tillers to final grain yield became increasingly important. In plants sown at mo-
derate densities of 100 to 200 per m? the first 3 tillers formed contributed largely to
the final number of 400 - 500 ears per m?, which is considered desirable for achiev-
ing reliable, high grain yields in the Netherlands.

tiller survival (%)
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Spikelet development

Up to 100 plants per m* the mean total number of spikelets initiated per ear was
fairly constant at about 25. It decreased with higher densities to just over 21 at 800
plants/m? (Fig. 5). The number of fertile spikelets per ear showed an optimum
near 50 plants/m> A considerable decrease in the number of fertile spikelets was
observed at higher densities. On the contrary, the response of the numbers of empty
spikelets to plant density was reverse.

The localization of empty spikelets in the ear was markedly influenced by plant
density. At 5 plants per m* each plant had an average of 4.5 empty spikelets at the
top and only 1.5 at the base of the ear. With increasing plant density, the number
of empty spikelets at the top decreased, but increased at the base. So, at 800 plants/
m?* the situation was completely reversed; on average 5.1 basipetal and 1.1 apical
empty spikelets were measured per plant. Clear differences in the number of fertile
and empty spikelets occurred between the ears within each plant. In Fig. 6 it can
be seen that shoot age had relatively little effect on the total number of spikelets
initiated. However, the number of fertile spikelets was markedly higher in shoots
that had been established earlier. The reverse was true of empty spikelets: later
emergence of shoots caused the number of empty spikelets in the ear to increase
basipetally as well as apically. Shoot age was found to affect spikelet number at all
plant densities, but at a different level. With increasing densities a decrease of
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fertile spikelets and an increase of empty spikelets were observed for all ear-bearing
shoots.

Number of grains

The number of grains per ear is determined before anthesis. It depends largely on
the initiation, differentiation and further development of spikelets. The number of
well-grown spikelets and their fertility determine the number of grains produced.
Thus the number of grains per ear can vary widely. Fig. 5 shows a considerable
decrease in grain number per ear at higher plant densities. As plant density in-
creased from 5 to 800 plants/m? grain number per ear was halved. As well as the
reduction in fertile spikelets mentioned earlier, the number of grains per spikelet
also diminished as plant density increased.

The response of ear development to shoot age was reflected in the number of
grains per fertile spikelet and in the number of grains per ear, and finally in grain
yield per ear (Fig. 7). Plant density and shoot age influenced the number of grains
per fertile spikelet. Later-emerged shoots produced ears that contained somewhat
fewer grains per fertile spikelet. Moreover, there were fewer fertile spikelets (Fig. 6),
and so grain number per ear was considerably smaller the later the ear-bearing shoot
emerged. This was very obvious at low plant densities, in which the plants consisted
of a large number of shoots, clearly differing in age. However, the decrease in grain

# = number of spikelets per ear % = grains per ear

e = fertile spikelets per ear X = grains per spikelet
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Fig. 5. Number of grains and spikelets per ear and the number of grains per fertile spikelet.
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number per ear with higher plant densities was such that main shoots had fewer
grains than ear-bearing tillers at lower plant densities.

Weight of grains

The response of grain weight to plant density was shown in Table 1. Shoot age in-
fluenced grain weight only at the low densities of 5 and 25 plants/m?: shoots that
emerged earlier had heavier grains. At higher plant densities there was no relation-
ship between shoot age and grain weight.

Grain yield per ear was considerably influenced by plant density and shoot age
(Fig. 7). Grain yield per ear decreased as plant density increased and as the ear-
bearing shoot emerged later. However, at low plant densities the grain yield per ear
was affected more markedly than at high densities.

Harvest index
The proportion of grain yield to above-ground yield (harvest index) showed a
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maximum at a density of 50 plants/m? (Table 1). The response of dry matter dis-
tribution to shoot age at increasing plant density is presented in Fig. 8. The pro-
portion of the dry matter found in grains from main shoots gradually decreased
with higher densities. At low densities (5 and 25 plants/m? dry matter found in
grains decreased considerably with later emergence of shoots. At densities of 50
plants/m? or more, this effect of shoot age was absent.

Discussion

In many crops the effects of plant density on yield are generally attributed to inter-
plant and intraplant competition for light, water and nutrients, and to the incidence
of diseases. When plants that may have a prolonged solitary development (e.g. til-
lering cereals) are grown as a crop, both kinds of competition will greatly influence
growth and productivity.

Tillering, ear formation and productivity of an ear-bearing shoot will be deter-
mined by its location within the stand and by growing conditions. Competition for
light, the supply of nutrients and water, and the rate of plant development determine
all the physiological processes from initiation up to and inclusive grain-filling.
Within the plant, competition for assimilates between stems and ear may largely
influence ear development (Gallagher et al., 1976). The size of the ear mostly de-
pends upon the conditions prevailing during the growth stages, at which initiation,
differentiation and fertilization of spikelets take place. Lupton & Kirby (1968) sug-
gest that there is great scope for crop improvement by altering the relative lengths
of successive phases in the growth cycle of cereals. Prolonging the period during
which the ear develops might cause an increase in the number of spikelets formed,
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or in the number of flower primordia per spikelet. Rawson (1970) points out that
an increase in spikelet number per ear is always associated with a longer duration
of ear development. The rate of plant development is determined by the length
of the successive growth stages and depends upon cultivar characteristics, photo-
period (Allison & Daynard, 1976), light intensity and temperature (Friend, 1965).
Moreover, in cultivars with a pronounced response to vernalization, the length of
the period to floral initiation was of prime importance for establishing the potential
spikelet sites (Rawson, 1970).

In the experiment described here, competition for light was most important,
because the supply of water and nutrients was sufficient and damage due to lodging,
diseases and pests was prevented. Therefore the supply of carbohydrates was the
most influential factor for all physiological processes from tiller formation to grain-
filling. But, despite a sufficient supply of nutrients, it is still possible to have an
imbalance in the distribution of nutrients within the plant, and this can also affect
intraplant competition.

With increasing plant densities, interplant competition was more severe, began
earlier and limited plant growth, whereas at lower densities more tillers were pro-
duced per plant, resulting in greater intraplant competition. At 800 plants/m?, only
interplant competition occurred, and only a few tillers grew into ears. At 5 plants/
m?, plants developed solitarily and many tillers produced ears, resulting in severe
intraplant competition. At intermediate densities both types of competition occurred
during the growing period. Because interplant competition began earlier with higher
plant densities, the effect of plant density on numbers of spikelets initiated, numbers
of fertile spikelets and numbers of grains per spikelet and per ear was intensified
(Fig. 5).

The time and rate of tillering depended largely upon plant density. All the first
tillers emerged at approximately the same time regardless of plant density, but the
higher the plant density, the fewer subsequent tillers were formed. Tillering also
ceased earlier at higher plant density (Fig. 2), as was also found by Puckridge &
Donald (1967). With increasing densities the space per plant diminished and so
interplant competition set in earlier. At low plant densities no interplant competition
occurred, and abundant and prolonged tillering took place, so that a very high
number of shoots per plant was established (Fig. 3).

At high densities early interplant competition not only reduced shoot number
but also shoot size. Only well-developed shoots produced ears. The earlier the
shoots emerged, the better was their growth and reproductive behaviour. At 800
plants/m?, only a few tillers became reproductive. With decreasing densities more
tillers produced ears. At 5 plants/m?2, late-formed tillers also had good conditions
for growth and most were reproductive. At all densities the mortality of tillers in-
creased with later tiller formation, This effect of shoot age on tiller survival is com-
parable with the findings of Thorne (1962) with barley and of Power & Alessi
(1978) with spring wheat.

As plant density decreased, tillering continued longer and more tillers were es-
tablished. Late-formed tillers are located at the base of a well-developed plant, a
situation where light interception is restricted, resulting in low production of carbo-
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hydrates. Furthermore, apical dominance discriminates against the growth of these
tillers. Thus the survival and ear growth of late tillers are poor. In addition, late-
formed tillers develop more rapidly, and this restricts ear size. So, the later the
tiller emerges, the worse the chances will be for the growing ear.

Within a plant there is considerable variation in the number of spikelets and
grains per ear, as is shown in Fig. 6 and 7. This variation is closely related to the
rate at which the ear develops from initiation to anthesis.

The relation between total number of spikelets and shoot age was fairly small
at all plant densities. At 5 plants/m?, the total number of spikelets per ear gradually
decreased from 26.8 (Ms) to 24.7 (T7). This suggests that spikelet initiation is only
slightly influenced by shoot age, but it must be remembered that only the spikelets
in ear-bearing shoots were counted, and these shoots undoubtedly had rather
favourable conditions for growth.

At high plant densities, competition for light greatly affected ear development
from early growth stages onwards (Puckridge, 1968). This effect can also be seen
in the initiation and fertility of spikelets in main shoots (Fig. 6). At 5 plants/m?
26.8 spikelets were initiated in main shoots, of which 25.0 produced grains, whereas
at 800 plants/m? only 15.4 of the 21.4 spikelets initiated contained grains at harvest.
Above 50 plants/m?, the number of fertile spikelets decreased with higher plant
densities (Fig. 5). At lower densities, however, the number of fertile spikelets was
hardly affected, because the plants consisted of an increasing number of ears,
originated from later-formed shoots with fewer fertile spikelets.

Spikelet development was greatly influenced by shoot age. At each plant density,
the number of spikelets initiated per tiller decreased with later emergence of tillers
(Fig. 6). The higher interplant and intraplant competition during the growing period
hampered the enlargement of spikelets initiated in later-formed tillers. This pheno-
menon was apparent from a marked decrease in number of fertile spikelets at the
expense of an increase of empty spikelets. At S plants/m? shoots of secondary
growth contained on average only 12.5 fertile and as much as 9.9 empty spikelets.
Gallagher et al. (1976) also found that main shoots in barley initiated more spike-
lets per ear and these had a higher fertility than those produced by tillers.

It is noteworthy that at low plant densities most of the empty spikelets were
situated apically. With increasing plant densities fewer empty spikelets were found
at the top of the ear, but more were found at the base. Kirby (1974) gave a clear
picture of the patterns of initiation, differentiation and fertilization of spikelets
within a wheat ear. However, the relation between localization of empty spikelets
and plant density is still not fully understood.

The relatively favourable growing conditions for main shoots and early formed
ear-bearing tillers are also expressed in a higher number of grains per spikelet and
per ear (Fig. 7). Later-formed shoots had fewer grains per ear. This effect remained
as plant density increased, but the intensification of interplant competition resulted
in a reduction in the level of grain number. There were fewer fertile spikelets in
later-formed shoots (Fig. 6), but also fewer grains per fertile spikelet. In these late-
formed shoots, the supply of carbohydrates for the process of seed-setting lagged
behind that of main shoots, especially at the low density of 5 plants/m? (Fig. 7).
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The number of grains per ear decreased, the younger the shoot and the higher
the plant density. The obvious effects of shoot age and plant density are traceable
to their combined effect on the number of fertile spikelets and the number of grains
per fertile spikelet (Fig. 7). Shortly after anthesis a wide variation in ear size was
observed. In younger shoots and in shoots from plants grown at higher densities
ear size was smaller. This was undoubtedly caused by insufficient assimilation.

Grain weight depended largely upon plant density. At higher densities lower
grain weights were found, because increased interplant competition restricted the
supply of carbohydrates required for grain-filling. By contrast, at both the lowest
densities, plants grew up more or less solitarily and intraplant competition resulted
in a clear decrease in grain weight in ears from younger shoots.

In young shoots the carbohydrate supply is rather limited, but also fewer grains
need to be filled. At all densities above 50 plants/m?, corresponding to more than
322 ears/m? no clear differences in weight of grains between shoots of different
age were found. Thus it can be inferred that at such densities the supply of carbo-
hydrates to each grain was similar for each shoot.

In densities up to 100 plants/m? grain yield increased. At higher densities it re-
mained constant (Table 1). Fig. 9 shows that maximum grain yield was already
achieved at approximately 400 ears/m?. This corresponds to about 19 000 grains/
m? A higher grain number, which could be obtained by increasing the density and
thus the ear number, did not increase grain yield, because grain weight decreased
correspondingly. This suggests that maximum grain yield can be achieved in dif-
ferent stands. At a density of 100 plants/m?, 23 % of the total number of ears were
borne on main shoots, but at a density of 800 plants/m? this proportion was 96 %.

Grain yield per ear decreased with increasing plant density. Both the grain num-
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Fig. 9. Mean grain yield and mean grain number at different densities.
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ber and grain weight decreased. In the plants sown at a density of 5 plants/m?® the
lower grain weight of late-formed shoots lagged so far behind that of plants sown
at 25 per m* that the higher grain number did not result in higher grain yield per ear.

At all plant densities, grain yield per ear depended on shoot age. Later-formed
shoots had a lower grain number per ear because they had fewer fertile spikelets
(Fig. 6) and fewer grains per spikelet (Fig. 7). At densities of 5 and 25 plants/m?,
grain weight was also less. At all densities above 25 plants/m? grain weight was
not affected by shoot age, and thus the grain yield of each ear depended almost
entirely on the number of grains. In spring wheat Power & Alessi (1978) found a
small decrease in grain yield in ears from younger shoots; in their experiments
grain number remained fairly constant, but grain weight decreased a little.

A harvest index indicating a high proportion of grain yield to total above-ground
yield is often mentioned as an important factor of high grain yields. Maintaining
total yield, but shortening the straw length resulted in a greater proportion of as-
similates entering the grain (Spiertz, 1973). With increasing plant density a lowering
of the harvest index is usually observed (Fisher et al., 1976). In this experiment the
harvest index decreased in plants sown at densities above 50 plants/m?. This was
because more and longer stems were formed, which gave a higher total yield (Table
1) but did not influence grain yield. At densities below 50 plants/m? the low grain
yield of the many late-formed shoots depressed the harvest index. The maximum
harvest index was found at 50 plants/m?®.

The effect of shoot age on harvest index was pronounced at low plant densities,
but disappeared at plant densities which produced at least 322 ears per m? (Fig. 8).
Then, irrespective of plant density, the distribution of assimilates was the same for
all ear-bearing shoots. This means, that in crop situations of 350 ears per m? and
more, as are usually found in practice, grain yield is independent of the composition
of the ear population.
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