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A model for grain growth, based on combined deterministic and
stochastic approaches was developed for quantitative description of grain
filling and grain weight wvariability. To simplify and identify the
connections between various thecries develcoped for growth and yield
formation in field crops, it is suggested to use the term gink equivalent
to module or plant subunit and logically sink variability equivalent to

module or plant subunit variability and differeatiation, respectively.
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1. Introduction

General overview

Cats has been a major crop in the Netherlands, covering a total area
of over 150 000 ha in the forties and still about 125 000 ha at the
beginning of the sixties (van Keulen et al., 1991, Fig. 1.1). From then on,
ite importance rapidly declined, as it was largely replaced by silage maize
on sandy soils, and by economically more attractive crops, such as wheat on
clay soilsg, and in the middle of the eighties only some 6 000 ha were
cultivated. Over the same period, average yields increased from slightly
over 3.5 t/ha to 5.4 t/ha, repregenting an average annual yield increase of
0.06 t/ha (Fig. 1.2), which is much higher than the walue of about 0.01
t/ha, reported for the period 1850 - 1950 (Gmelich Meyling, 1976). However,
it iz substantially lower than that for wheat, for which in the periecd 1960
- 1975 average yield increased by about 0.08 t/ha annually and from then
onwards even with about 0.1 t/ha (Spiertz et al., 1992). Undoubtedly, thise
difference must be partly atrributed to the much greater efforts in plant
breeding and crop management research devoted to wheat, while also the EC
Common Agricultural Policy (CAP), with its guarantee prices for wheat, has
stimulated the use of yield-increasing imputs, like nitrogen fertilizers
and pesticides.

In view of the success of the CAP, which hag led to surplusses of
wheat, and current EC regulations, wheat cultivation hag come under
pressure and alternative crops and markets are looked for. One of the
pogsibilities suggested is expansgion of the area under ocats, because of the
growing demand for human congemption, for which according to the
Netherlands Grain Centre a substantial net import exists in the Netherlands
(NGC, 1988). Algo from a practical peint of view, oats seem to be an
attractive alternative as cereal in the crop rotation. The Netherlands
Grain Centre (NGC, 1988) estimates that national demand for cats is about
90 000 tons annually, and may increase if "oat bran" would become a
successful food item, asg in the US.

The prospects for cultivation of cats in the Dutch arable farming
systems can be considered from different viewpoints.

An important consideration for these prospects iz the yield potential
of the crop. which can be estimated on the basis of available energy. a

major determinant of crop production under the temperate conditions



negative correlation exists between grain yield and grain nitrogen content,
as also observed in wheat {(Kramer, 1979), so that under drought stress,
where grain yield is limited by moisture supply. grain nitrogen contents
are high.

The variation in grain characteristics among panicles in the stand is
. generally greater then that within the panicle (Youngs and Shands, 1974).
Within a gpikelet, groat weight decreases and groat fraction increases from
primary through secondary to tertiary graing. Protein content varies only
slightly between primary and secondary groats (mean difference 0.7 % or
legs), but about 60 % of the total protein content is in the primary
groats,

Grain characteristics also vary with position of the grain in the
panicle. Correlations between groat distance from the panicle base and
grain weight, groat weight, and protein weight were positive and highly
significant. Differences in groat characteristics, associated with groat
position may be related in part to differences in development pattern of
the groats, as florets of spikelets attached at the top of the panicle
flower earlier, and grains mature earlier than from those attached more
towards the base. As groats develop in different positions in the panicle,
probably assimilate availability to the younger groats, located near the
panicle base, may be limited. thus regulting in smaller grecats. Limited
assimilate supply may also be one of the reasons for the absence of

tertiary grains in the spikelets near the panicle base.

Seed quality

While ample attention has been paid to thousand grain weight in ocats,
the available data generally refer to bulk samples, without differentiation
between primary and secondary grains. Therefore, while a sample of ocats is
given a characterigtic thousand grain weight, it may contain a very wide
range of seed sizes and weights. This variability is undesirable because of
the losses of smaller seeds during cleaning and adverse effects of smaller
seeds on subsequent plant growth and yield.

The influence of seed size on grain yields has been studied
extensively in barley and wheat. At normal seeding rates, plants grown from
larger seeds are superior to those from gmall seeds in seedling growth and
grain yield (Boyd et al., 1971; Kaufmann and Guitard, 1967; Frey and

Wiggans, 1956). In most instances these higher grain yields have been



attributed to increased tillering and higher ear densities, without much
effect on other yield components or emergence percentage (Wood et al.,
1977; Austenson and Walron, 1970: Demirlicakmak et al., 1963; Kaufmaann and
McFadden, 1963).

In ocats, the influence of geed size on grain yield has not been
gtudied ag extensively. Many years ago Kiesselbach (1924) and Zavitz (1927)
tested oat cultivars that were low-yielding according to present standards.
Zavitz (op. ecit.) reported that plants grown from larger seeds produced
from 12.7 to 29.4 % more grain than plants grown from medium and small
seeds. Kiesselbach (op. cit.) reported a difference in yield of 6.2 % for
the cultivar Kherson.

To our knowledge, only Brinkman (1979) investigated the differences
between primary and secondary grains. Plots seeded to primary grains
yielded 14.5 % more grain and 13.1 % more straw than those seeded to
secondary grains. Combinations of primary and secondary grains yielded
proportionally to the #eed composition, irrespective of genotype,
environment c¢r their interaction. However, he limited his observations to
the effects cof seed type on yield and its components. Since secondary
graing are invariasbly gmaller than primary graing, these effects may be a
reflection of seed gize, irrespective of the origin of the grain, primary
or secondary.

This assumption was confirmed by Tibelius and Klick (1986) who found
8-15 % higher grain yields in plots seeded to primary seeds. Yield
differences were mosgt strongly associated with the length of the seedling-
heading period. No differences were found between the plots seeded to

primary and seccndary seeds of the same weight.

Aims of the study

The short overview of the literature indicates that for both sowing
and industrial processing uniformity of cat grains is an important quality
characteristic, i.e. grain sgize distribution should be ag narrow as
possible (van Keulen et al., 1991).

Unfortunately, the most commonly used grain size parameters like
thousand grain weight, hectolitre weight, or the fractional distribution
derived from partitioning over sieves of different mesh size, are only
partial characteristics of grain size variability. Although grain

uniformity is one of the most important properties for the processing



industry, relevant information in the literature is scatce, especially with
respect to the facteors influencing grain gize variability., Moreover, not
nuch attention seems to have been paid to the interactive effects of
genetic properties and crop management on this characteristic.

Therefore, our efforts were directed towards filling these gaps in the

knowledge. More specifically, the aims of the study were:

1. To analyse grain yield formation in cats.

2. To analyse grain filling amd grain weight wvariability in oats.
3. To analyse the processes underlying this variability.

4. To identify factors influencing these processes.

5. To develop a model describing the process of grain filling. including
a description of grain weight disgtribution.
6. To analyse the effects of genotype x environment interaction on grain

weight variability.

Approach

Ag grain wedight variability originates at the morphological level of
plant organization, a modular description of plant growth seems a suitasble
approach (White, 1979; Porter, 1983a, b). Thus, an individual plant, at any
instant, may be considered as comprising cohorts of meristems of different
age and growth intensity (White, 1979). Plant development is an interactive
process and the possession of many cohorts of reproducing growth centres
gives plants the potential for repeated and sequential cycles of
development and senescence (Leopold, 1961).

The other important feature that must be congidered in morphological
studies ie the hierarchical structure with branching at various levels,
which is typical for the mejority of plants. Already Arber (1941) stated
that plants present the clearest indication that biological systems are
hierarchical in design, i.e. built up in a modular way. This iz a useful
concept, because considering plants as modular systems simplifies
description of plant form and architecture. Plants develop as the result of
interaction between two parameters of modular growth, (i) the effort
(propensity) to produce consecutive modules, which is a dynamic process,
and can be expressed therefore in a rate equation, and (ii) the positioning
of these modules, which introduces a spatial dimension into the process.
Plant form is a direct consequence of these dynamics and they can thus be

used to provide a mechanistic description of plant morphelegy. This concept



supports the view that plant form may be either constrained by
developmental control of the metapopulation of meristems (modules) or by

the carbon economy of the plant.

Oat morphology has not been studied as extensively as that of other
small grain cereals, probably because of its complicated inflorescence in
the form of a panicle, although some descriptiong of its morphological
development have been published (Cannon, 1900; Noguchi, 1929: Arber, 1934:
Bonnett, 1966).

Several branching processes take place during the development of the
cat plant (Fig. l.3a). As in all small grain cereals, the oat stem passes
through two stages of development. In the first stage, the shoot apex
remaing short, leaf primordia differentiate, leaves grow, and tiller buds
develop in the axes of the leaves at the base of the stem. The sequence of
tiller cohort formation may be described as illustrated in Fig. 1.4 for
wheat {Masle-Meynard and Sebillette, 1981). In the second stage., the
internodes of the stems elongate, and the panicle branches, spikelets and
flower parts differentiate and develop.

The oat panicle is defined as a many-branched determinate
inflorescence consisting of a main axis from which arise lateral axillary
branches which are grouped on alternate sides of the main axis at its nodes
(Fig. 1.5). The main axic and each of the lateral branches terminate in a
single apical spikelet. The branches within one layer (connected at one
node) may be designated as branches of the first, second and third order
depending on their point of origin, i.e. whether they arise from the main
axis (first order) or the lateral branches (second and third order). The
average number of nodes (branch layers) on the psnicle may range from 5 to
7 according to Fore and Woodworth (1933). Thesge valueg, however vary
depending on variety and growing conditions.

The sequence of differentiation of the branch primordiaz of the
different orders isg in accordance with the hierarchical structure of the
oat plant. As the branch primordia of the first order increase in gize at
nodes with many lateral branches, branch primordia of the second order
appear below the apex and on alternate sides of the first. In turn and in
the same way, primordia of the branches of the third order arise from the
second. Branches elongate between the spikelet and their attachment to the
parent axis.

Spikelet differentiation begins first at the tip of the central axis



and proceeds basally in succession at the tips of the primordia of the
first order branches. At the ncdes, the sequence of spikelet
differentiation is (1) branches of the first order, (2) branches of the
second order, and (3) branches of the third order. To generalize, those
branch primordia that differentiate first are the first to show
differentiation of spikelets.

Differentiation of the empty glumes is the first sign of spikelet
development. Within the spikelet the florets differentiate acropetally, The
florets are alternate and attached to a short rachilla. Floret primordia
first appear as protuberances below the apex of the shoot above the empty
glume primordia. The more basal floret ig always more advanced in
development than those above it.

In oat the bagal floret and the next one above it are ugually fertile
but the third floret does not often produce a grain (Fig. 1.6), except in
some varieties or in especially favourable environments.

Floret parts differentiate in the following order: lemma, stamens,
palea, lodicules and pistil., Ovary, styles and stigmas iz the order of

differentiation of the parts of the pistil.

Grains may be considered as the indiwvidual subunits (modules) at the
end of the complex branching process during oat plant ontogeny. White
(1979) warned that to distinguish subunits that are realistic ecologically,
may be sometimes very difficult. He recommended a pragmatic choice,
depending on the purpose of the study and the nature of the plant.

Five hierarchical levels of plant organisation, that influence fimal
grain size may be distinguished within the oat plant (Fig. 1.3b). At each
level, subunits are formed that can be considered as the modules: tillers.
panicle layers, branches within different layers., spikelets within
branches, and grains within spikelets. Initiation of these plant organs
oceurs in time sequences and also growth rates of the same order subunits
are not identical. These are the main factors influencing grain size

variability analysed in this report.
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Figure 1.1: The cultivated area of oats in the Netherlands from 1960 till
1989 (van Keulen et al., 1991).
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Figure 1.2: Avarage grain yield of ocats in the Netherlands from 1960 till
1989 (van Keulen et al., 1%91).
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Hierarchies in the morphological structure of the ocat plant.
(a) plant morpholegy: (b) description of hierarchieg in plant
organization:

1 - tillering node, 2 - nodes (layers) of the panicle, 3 -
branches within the panicle node, & - spikelets within
branch, 5 - grainsg within spikelet

the oldest spikelet (usually with the biggest grains)
the youngest spikelet (usually with the smallest grains)
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Figure 1.4: Pattern of leaf and tiller appearance for a wheat plant under
non-limiting nutrition (Masle-Meynard and Sebillotte, 1981).
The coleoptile tiller is not represented because it is rarely
cbserved under experimental conditions and does not have a
stable development pattern.
Figure 1.5: Component parts of an oat panicle and the way of spikelet

sampling (numbers 1 - 10 show the position of the spikelets

in which the weight of grains was measured).
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Figure 1.6: S8ingle spikelet (Gl - lower glume, Gu - upper glume, L1 -
lemma of the primary grain, L2 - lemma of the secondary
grain, P - palea, R - rachilla).



2. MATERIALS AND METHODS

Field conditions

The field experiments were carried out in 1990 and 1991 by the Centre
for Agrobiological Research (CABO-DLO) Wageningen st the Droevendaal

experimental farm on sandy soil with characteristics as given in Table 1:

Table 1: Characteristics of the scils in the 1990 and 1991 oat
experiments.
Characteristic 1990 1991
Organic matter content (%) 4.6 2.6
pH-KC1 5.8 5.4
MgO-NaCl (mg/kg) 70 106
Pw (mg/kg) 41 50
K-number {(mg/kg) 12 20
K-HC1 (mg/kg) - 13

The preceding crop was potatoes in both years. Potassium fertilizer,
{Kali-zout 60, (containing 60 % potassium) was applied in spring before
soil preparation at a dosge of 200 kg/ha in 1990 and 100 kg/ha in 1991,
Phosphorus fertilizers were not applied, as the phosphorus status of the
soil, expressed in the Pw number was considered adequate.

Weather conditions during the experimental periods. in comparison to

long-term average conditiong, are given in table 2.

Varieties used in experiments

Wilma - variety from the Dutch list of varieties, derived from a cross Kr.
Perona x Cebeco 7633 and introduced in 1986. The variety ig adapted
the Dutch conditiong, where it matures rather early and gives
good to very good yields; it provides satisfacrory ground cover and
has rather good lodging resistance, even if the straw is rather

long; it has good field resistance against powdery mildew.



Cebeco 8852 - new breeding material derived from a cross (OtE 184 x Gambo)
x Cebeco 7858. This material has very short straw, 30 - 40 c¢cm
shorter than common cat varjieties like Wilma; the much improved
straw stiffness entails very good resistance to lodging and
shattering; it is susceptible to powdery mildew, and should be sown
as early as possible in spring, ripening is fairly late, the

yielding capacity is good.
Nitrogen treatments

Three nitrogen treatments were applied (kg/ha): N1, no nitrogen dressing;
Nz, 100 - v + 40; N3, 100 - v + 40 + 60, with v total mineral nitrogen in
the scil layer 0-60 cm just prior to the firgt dressing. This value wae in
1990 24.4 kg/ha (rounded to 20) and in 1991 33.8 kg/ha (rounded to 30).

The firzst dose of nitrogen (100-v) was applied in spring during soil
preparation, the second dose (40 kg/ha) at the beginning of stem elongation
(DC 30 - 32, Zadoks et al., 1974) and the third one (60 kg/ha) at the flag

leaf stage (DC 37 - 39).

Nitrogen wag applied in all cages as kalkammon (NH NC.. 26% N).

4 3

Experimental design

In both years field experiments were arranged in two patte, each
congisgting of a randomized block design with four replicateg. One part,
comprising 24 plots (2 varieties, 3 nitrogen treatments, and 4 replicates)
was used for periodic sampling during the vegetation pericd. The other part
of the experiment alsoc comprising 24 plots was retained for the final
combine harvest.

Each plot consisted of 20 rows each of 15 m length, with rows 0.14 m
apart, i.e., a gross area of 42 m2. The net area harvested by combine
harvester was 10 x 2.25 = 22.5 mz. Experiments were sown by standard drill
machine at a seeding rate of 300 seeds per mz. Crop management practices

are detailed in Table 3.
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Table 3:

_16_

Crop management practices during the vegetation periods in 1990
and 1991

a/ Nitrogen dressing 1990 1991
1st dose 10/4 17/4
2nd dose 19/5 576
3rd dose 8/6 20/6

b/ Crop protection treatments
Year Date Pesticide Doge per hectare
1990 28/4 Demithoaat 2.01
4fs MCPA 2.5 1
MCPP 2.51
21/5 Pirimor 0.3 kg
23/5 Cycocel 2,01
31/5 Corbel 1.01
28/6 Pirimor 0.5 kg
26/7 Decis 0.31
1991 8/5 MCPA 0.51
MCPP 0.51
1/7 Corbel 1.01
1/7 Pirimor 0.51
12/7 Corbel 1.01
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Table 4: Timing of crop phenological observations stages for oatsin 1990
and 1991

Phenological data were recorded using the decimal ccde of Zadoks et
al. (1974). The timing of the main phenclogical stages characterisging crop

develcpment iz given in Table 4.

Phenological stage DC 1990 1991
Sowing date - 17/3 20/3
Germination (50 %) 07 30/3 2/4
Beginning of tillering 20 - 21 23/4 1/5
Beginning of stem elongation 30 - 31 18/5 30/5
Flag leaf appearance 37 - 39 8/6 18/6
Heading 53 - 56 23/6 30/6
Anthesgis 63 - 66 29/6 af7
Ripening 91 - 92 5/8 11/8
Combine harvest . 9/8 19/8

Sampling procedures and measurements

a. Soil sampling

Before sowing, before the second and third nitrogen dressing, and
before final harvegt the soil layers 0-20. 20-40, 40-60 and 60-100 cm were

sampled for determination of mineral nitrogen and water content.

b. Classical growth analysis

In the course of the growing period (8 times in 1990, 25/4, 9/5, 21/5,

s/6, 19/6, 3/7, 17/7, 31/7, and 4 times in 1991, 24/4, 13/5, 8/7, 18/8)
plants were sampled (16 times 0.7 m row length in 1990, 8 times 1 m row
length in 1991) to determine:

- number of plantg and tillers in 5 rows in 1990 and in 3 rows in 1991;

- fresh and dry weight of aboveground biomass in whole samples;

- on subsamples of 25 plants at each harvest: fresh weight, dry weight,

nitrogen content, water soluble carbohydrate content, number of live

and dead leaves, leaf area, weight of above- and belowground plant



parts, weight of panicles, number of spikelets and grains per panicle.

Grain filling measurements

1990

Eight times during the grain filling period (19/6, 27/6, 3/7. 10/7.
17/7. 25/7, 31/7. and 8/8) grainc from the 25 wmain stem panicles were
separated, and dried to constant weight at 50-70 "C. The number of

spikelets per panicle was also counted.

1991

Starting from anthesis, five randomly selected main stem panicles per
plot were sampled periodically during the grain filling period (1/7,
9/7, 16/7, 20/7, 23/7, 27/7, 30/7, 3/8, 6/8, 12/8, and 19/8) for
determination of the primary and secondary grain dry weight. Grains
were sampled from 10 spikelets in different positions in the panicle
{Fig. 1.5), to establish possible effects of spikelet posgition on
grain filling. The panicles were dried to constant weight at

temperatures of 50-70 °'C before grain separation and weighing.

Grain weight wvariability measurements

Five randomly selected main stem panicles were sampled from each
treatment at ripening. The structural parts of the panicle (modules -
nodeg, branches, and gpikelets) were counted and the weight of all
primary and secondary grains was measured individually.

A 15 g sample of combine-harvested grain after cleaning was taken from

each treatment to measure individual grain weight.

Combine harvest

Aftrer combine harvest the grain was cleaned and fresh weight per plot
determined. Subsamples of aboutr 1 kg of grain were taken for

determination of dry weight, thousand grain weight, nitrogen content
and grain quality parameters. Grain yields were expressed at standard

16 % water content.



Data processing

Results from the experiments were subjected to analysis of variance
according to the model for randomized block design and to linear and non-
linear regression analyses. For grain variability analyses common
characterigtics of variability (mean, maximum and minimum values, range,
variance, standard deviation, coefficient of variation, skewness and
standard error of skewness) were used.

The data were processed by the GENSTAT 5 program,
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3 RESULTS

3.1 GROWTH ANALYSIS

Classical growth analysis (Watson, 1947) considers the plant and crop
from the point of view of dry matter accumulation and its partitioning
among the various plant parts. For cereals usually six comporents are
distinguished for partitioning of dry matter (stems below ground, stems and
sheathg, green leaf, dead leaf, chaff and frame, grain). This type of
analysis has been performed for the experiments described in Chapter 2,
eight times in 1990 and five times in 19%1.

Results for variety Wilma are given in table 5 and figs. 3.1.1 and 3.1.2,

those for Cebeco 8852 are in table 6 and figs. 3.1.3 and 3.1.4. A number of

characteristics are in agreement with earlier published results of growth

analygses of cereals in general and ocats in particular (Frey et al., 1967;

Brinkman and Frey, 1877; Frey, 1988):

1. Crops without nitrogen dressing (Nl) produced significantly lower total
aboveground dry matter than those supplied with additional nitrogen (N2
and N3). ‘

2, Differenceg in total dry matter production between N2 and N3
nitrogen treatments were very small for both varieties and in both
years.

3. These differences in dry matter production are also reflected in leaf
area indices (figs. 3.1.5 and 3.1.6).

4. The pattern of dry matter partitioning was very stable and neither
variety nor year had a significant effect, despite significantly higher
biological and grain yields in 1991,

5. At the higher doses of nitrogen (N2 and N3) the partitioning between
stems and sheats and green leaf was modified in favour of green leaf.
This is alszo evident in figs. 3.1.5 and 3.1.6, representing the dynamics
of leaf areas formation.

6. The last dose of nitrogen (60 kg/ha at the flag leaf stage-N3) glightly
increased leaf area and the proportion of green leaf dry matter,
which is in agreement with common knowledge that high nitrogen
availability maintains vegetative growth and reduces the rate of
senesence.

7. Between the last two sampling dates (17/7 and 31/7) in 1990, total

aboveground dry matter decreased for both varieties under N1 and N3
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(fige. 3.1.1 and 3.1.3). In N1 this reduction is associated with a
relatively
higher decrease in stem and sheath dry matter, in N3 with a decrease in
green leaf dry matter.
8. Although the yield in 1991 was significantly higher, the ranking among
the varieties and the nitrogen treatments was practically the same in

both years (Fig. 3.1.7).

These results may be considered representative for crop growth
dynamics and yield formation in field experiments. In this section special

attention will be paid to crop and plant structure.

Table 5: Abeveground dry matter accumulation and partitioning for
variety Wilma in 1990 and 19%91.

Date Total above- Partitioning of aboveground dry matter (%)
ground dry  Below- Stems Green Dead Chaff **Grain
matter graund and leaf leaf and
(g/m") stems* sheaths frames
1990
N1
2574
9/5 127 14.6 32.7 67.0 0.3
21/5 283 9.2 45.5 53.0 1.5
5/6 569 64.9 30.1 5.0
19/6 844 61.3 13.2 6.2 6.3 13.0
3/7 755 58.0 6.2 4.5 6.6 24.7
17/7 1137 46.3 2.0 4.6 5.3 41.8
31/7 925 35.9 6.3 5.3 52.5
N2
25/4 17 26.8 13.8 86.2
9/5 185 13.0 32.3 67.2 0.5
21/5 380 6.9 47.1 51.8 1.1
5/6 753 64.7 29.0 6.3
19/6 954 57.5 16.2 4.7 7.7 13.9
3/7 1418 53.6 10.2 3.7 7.4 25.1
1777 1454 42,2 6.1 4.8 5.6 41.3
31/7 1530 35.4 0.1 8.1 5.4 51.0
N3
19/6 1026 57.7 17.2 4.5 7.4 13.2
3/7 1388 53.6 10.6 3.7 7.6 24.5
1777 1570 42.3 6.8 3.9 6.2 40.8
31/7 1484 35.5 0.4 8.4 5.3 50.4
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1991
N1

24/ 4 13 24.8 17.8 82,2

13/5 86 20.4 30.5 69.5

4/6 327 11.7 47.1 50.7 2.2

8/7 839 59.7 9.7 4,2 26.4
19/8 972 35.6 6.0 58.4
N2

24/4 12 25.2 18.0 82.0

13/5 110 19.3 30.5 69.5

4/6 472 10.3 50.7 46 .4 2.9

8/7 1215 55.7 12.6 4.5 27.2
19/8 1496 36.5 7.5 56.0
N3

8/7 1237 55.9 13.7 3.2 27.2
19/8 1514 37.3 7.3 55.4

{* - belowground stems are not included in total aboveground dry matter, **

- in 1991 grain includes chaff and frames)
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Table 6: Aboveground dry matter acumulation and partitioning for Cebeco
8852 din 1990.

Date Total above- Partiticning of aboveground dry matter (%)
ground dry Below- Stems Green Dead Chaff **Grain
matter ground and leaft leaf and
(g/mz) stems* sheaths frames

1990

Ni

25/4

9/5 110 16.1 29.0 70.7 0.3
21/5 250 8.9 43.9 55.0 1.2
5/6 595 64.3 31.5 4.2
19/6 805 58.4 16.1 5.3 7.5 12.7
3/7 925 55.9 6.0 6.9 7.1 24.1

17/7 1031 46.3 3.3 4.3 6.0 40.1

31/7 918 34.9 0.1 7.2 6.3 51.5

N2

25/4 16 25.7 12.3 87.7

8/5 173 13.6 31.8 67.9 0.3

21/5 415% 6.7 47 .9 50.7 1.4

5/6 772 62.5 31.1 6.5
19/6 950 53.8 ig.1 4.4 9.2 14.5
3/7 1422 51.2 10.8 3.7 8.3 26.0

17/7 1430 39.4 6.4 4.8 6.5 42.9

31/7 1402 32.7 8.4 6.6 52.3

N3

19/6 1065 54.1 19.1 4.5 8.9 13.4

3/7 1382 49.4 11.4 5.0 8.9 25.3

17/7 1535 39.0 7.4 4,2 6.8 42.6

31/7 1432 33.0 0.2 8.6 6.6 51.6

1991

N1

24/4 12 22.7 17.7 82.3

3/5 92 19.3 28.5 71.5
4/6 343 11.2 46.5 51.1 2.4
8/7 860 : 54.0 11.¢9 6.0 28.1

19/8 901 30.0 7.4 62.6

N2

24/4 11 25.0 16.7 83.3

13/5 102 19.0 28.6 71.4

4/6 448 1¢.0 50.8 46.8 2.4

8/7 1142 50.0 14.0 5.6 30.4
19/8 1411 32.1 9.3 58.6
N3

8/7 1167 50.3 16.7 4.6 28.4
19/8 1355 31.3 9.1 59.6

(* - belowground stems are not included in total aboveground dry matter,

** - in 1991 grain includes chaff and frames)
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Figure 3.1-1: Dry matter partitioning for variety Wilma in 1980.
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Figure 3.1-2: Dry matter partitioning for variety Wilma in 1991.
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Figure 3.1-3: Dry matter partitioning for Cebeco 8852 on 1890.
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3.2 STAND STRUCTURE

Grain yield, thousand grain weight and number of grains per m2 from
the final combine harvest for the various treatments are given in table 7.
The differences between years were highly significant and ranged between 12
and 25 %. Wilma showed significantly higher grain yields in both years. The
vield under N1 was significantly lower than under N2 and N3 for both
varietieg in both years (table 7), while that under N3 was slightly lower
than under N2, the highest yielding variant in both years for both
varieties.

The pattern of grain yield differences is identical to that for the
numnber of grains per m2, except that differences between varieties are not
significant (tables 7 and 8}.

Thousand grain weights show an opposite pattern, with the highest
values under N1 and those in N2 and N3 significantly lower and similar.
Except for Cebeco 8852 in 1991, the values for N3 were glightly lower than
for N2. Cebeco 8852 had significantly smaller grains than Wilma. The
differences between varieties were larger in 1990 (table 7) and also the
thousand grain weights were significantly higher in all experimentg in that
year (table 8). On the contrary the yield and number of grains per m2 were
significantly higher in 1991.

The explanation is that in 1991 the weather conditions for crop growth
and yield formation were more favourable. Crops produced more grains per m2
ag the result of more proliferate panicle branching. but also because more
younger and smaller spikelets with smaller grains were produced. The lower
velues of thousand grain weight under N2 and N3 are from this point of view
the result of a higher proporticn of "branches" younger in the panicle,
containing a higher proportion of smaller grains. Thus, the lower thousand
grain weights are the result of developmental delay in later formed
spikelets and grains under more favourable growing conditions such abundant
nitrogen supply (N2 and N3} or favourable weather conditions (1991).

To confirm these conclusions an analysis of stand structure was made.

As the sowing rate was the same (300 grains/mz) the number of plants
per m2 was counted for both varieties under Nl and N3. Results in tables 9
and 10 show significant interactions between year and variety. Therefore,
average values for individual varieties in both years from table 9 were
used in calculating some values given in table 11.

The results given in tables 11-14 may be summarized as follows:
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1. Aboveground biomags was higher in 1991 and was significantly
influenced by nitrogen treatment in both years and by variety in 1990,

2. The number of stems per plant and per mz wag gignificantly
influenced by all evaluated factors in the order: year, nitrogen
treatment and variety. A gignificant interaction nitrogen x variety
was observed in 1991.

3. The highest total number of stems per mz was produced under nitrogen
treatment N3.

4. The number of “small' stems wag significantly influenced by nitrogen
treatment only and the highest numbers were observed under N2,

5. The number of small stems was influenced significantly by nitrogen in
both years and by wvariety in 1990,

6. Cebeco 8852 preduced higher numbers of small stems and thus reached
higher total numbers of stems.

7. Average weight of big stemg was influenced by year, variety and
nitrogen treatmwent. Dry weight of small stems was significantly
influenced by year. Both types of stems were bigger in 1991 and
higger in Wilma than in Cebeco 8852.

8. Dry weight of small stemg ranged from 16-26 % of big stems in 1990
and from 35-62 % in 1991, respectively., The values for grain dry
weight were lower {11-25 % in 1990 and 17-48 % in 1991} . Hence,
also the harvest index of small stems was lower (table 11).

9. Grain number of small stems was 19 % of that of big stems for Wilma in
1990 and ranged from 30 (N3) to 45 % (N1) in 19%1. For GCebeco 8852
these values ranged between 23 (N3} and 32 % (N1} in 1990 and between
32 (N3) and 58 % (N1) in 1991.

10. Average productivity of both big and small stems was highest under N1
and decreased to N3. The difference wag significant for small stems
only and for big stems there was a significant interaction between
nitrogen treatment and year (tables 13 and 14).

11, Average grain weight of both types of stems decreased significantly

from N1 to N3 but more pronounced in small stems (table 11b).

Many of these results confirm or support the basic concepts of plant
hierarchical structure and modular growth intrroduced in Chapter 1. This
implies that higher growth activity (i.e. higher assimilate supply) in ocats
results in more profuse branching and consequently in a longer delay for

the later formed plant organs and finally in a more extended range for
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grain weight towards lower values, or in other words lower average thousand

grain weights. To quantify the growth modification and the range in delay

between the oldest and the youngest grains, special measurements of

branching proceszes as illustrated in Fig. 1.3 are necessary at the level

of individual plants.

Final yield, thousand grain weight and number of grains per m2

Table 7:
for two oat varieties in 1990 and 1991.

Characteristic Year Wilma Cebeco 8852
N1l N2 N3 N1 N2 N3
Grain yield 1990 4.41 6.49 6.46 4.16 6.20 5.93
(t/ha) 1961 5.10 8.15 7.91 4.65 7.42 7.27
TG W (g) 1990 41.54 35.46 35.32 39.91 34.32 34.14
1991 40.42 33.63 31.80 36.21 29.51 30.23
Number of 1690 10 620 18 318 18 294 10 476 18 148 17 416
grains per m2 1991 12 604 24 232 24 862 12 823 25 167 24 095
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Table 8: Results of analysis of variance op grain yield, thousand grain
weight and number of grains per m”~ from combine harvest (¥ =
year, V = variety, N = nitrogen treatment, R = replicate, * =
significant, ** = highly significant).

Source of d.f. Grain yield Thousand grain Number of graims
variation (t/ha) weight (g) per m2
v.r. F pr. v.r. F pr. v.r. F pr.

Stratum Y.R
Y 1 66.44** 0.001 95,34 0.001 125.59** 0.001
Residual 6 1.20 0.84 1.24

Stratum Y.R.N

N 2 158.17** 0.001 151.14** 0.001 250.38** 0.001
Y.N 2 4.71* 0.031 1.22 0.330 12.80** 0.001
Regidual 12 3.17 0.64 2,89
Stratum Y.R.N.V
v 1l 45.35** 0.001 27.82** 0.001 0.31 0.583
Y.V 1 3.05 0.098 5.14* 0.036 1.20 0.288
N.V 2 0.87 0.437 1.18 0.331 2.22 0.137
Y.N.V 2 0.49 0.622 0.85 0.445 0.39 0.685
Regidual 18
s.ed. Y 0.1399 0.322 453.8
N 0.1561 0.430 500.0
v 0.0715 0.438
Y.N 0.2281 734.3
Y.N (x) 0.2207 707.1
Y.v 0.544
Y.V (x) 0.619

{(x) - when comparing means with the same level of Y
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2

Table 9: Number of plants per m in 1990 and 1991.
Variant 1990 (9/5) 1991 (13/5)
Wilma N1 323 281

N3 328 273

Mean 326 277
Cebeco 8852 N1 289 303

N3 295 287

Mean 292 295
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Table 10: Results of analysis of variance on plant number per m2 (Y =
yvear, V = variety, N = nitrogen treatment, R = replicate).

Source of d.f. v.r. F pr.

variation

Stratum Y.R
Y 1 3.16 0.126
Residual 6 1.28

Stratum Y.R.N

N 1 0.08 0.789
Y.N 1 0.58 0.476
Resgidual 6 0.90

Stratum Y.R.N.V

v 1 0.43 0.523

Y.V 1 4.73* 0.050

N.V 1 0.02 0.884

Y.N.V 1 0.04 0.844
Residual 12

s.e.d. Y.V 17.29

Y.V (x) 16.66

(x) - when comparing means with the same level of Y.
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Table 1la: Stand structure in 1990 zand 1991 - big stems.

Characterigtie Year Wilma Cebeco 8852

Nl N2 N3 Nl N2 N3
Number per 1890 0.95 1.33 1.34 1.21 1.61 1.52
plant 1991 0.96 1.04 1.04 0.89 1.23 1.10
Number 1990 311 433 437 335 447 421
per m2 1991 279 305 303 264 362 324
Weight per stem 1990 2.55 2.60 2.47 2.44 2.65 2.56
{g) 1991 3.56 4.28 4.51 2.55 3.51 3.22
Grain weight per 1990 1.24 1.16 1.11 1.21 1.23 1.18
stem (g) 1991 1.87 2.22 2.30 1.45 1.84 1.75
Grain number 1990 42 43 42 41 48 47
per stem 1991 55 72 77 45 70 62
Weight per grain 1990 29.85 27 .09 26.65 29.78 25.72 24.84
(mg) 1991 34.21 31.29 27.91 32.56 25.40 28.90
Harvest 1990 0.485 0.450 0.445 0.498 0.468 0.462
index 1991 0.525 0.520 0.510 0.542 0.522 0.540
Grain number 1990 13 062 18 619 18 354 13 735 21 456 19 787
per m2 1991 15 345 21 960 23 331 11 880 25 340 20 088
Grain 1990 386 502 485 405 550 497
vield per m2 (g) 1991 522 677 697 383 666 567
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Table 11b: Stand structure in 1990 and 1991 - small stems.
Characteristic Year Wilma Cebeco 8852

N1 N2 N3 N1l N2 N3
Number per 1990 0.07 0.28 0.41 0.16 0.42 0.65
plant 1991 0.07 0.13 0.23 0.04 0.23 0.30
Number 1990 24 a2 134 45 116 181
per m2 1991 20 38 67 13 69 88
Weight per 1990 0.46 0.44 0.46 0.64 0.46 0.42
stem (g} 1991 1.64 1.49 1.33 1.57 0.83 1.81
Grain weight 1990 0.20 0.13 0.13 0.30 0.13 0.13
per stem (g) 1991 0.89 0.77 0.58 0.81 0.32 0.70
Grain number 1990 8 8 8 13 12 11
per stem 1991 25 26 23 26 17 23
Weight per 1990 23.81 17.02 16.73 23.29 11.01 11.45
grain (mg) 1891 35.84 29.38 25.20 31.67 17.39 23,96
Harvest 1390 0.415 0.290 0.288 0.463 0.263 0.300
index 1991 0.535 0.520 0.430 0.525 0.377 0.407
Grain number 1990 192 736 1 072 585 1 392 1 991
per m 1991 500 288 1 541 338 1173 2 024
Grain yield 1990 5 12 17 14 15 24
per . (g) 1991 13 29 39 11 -22 62
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Table 1le¢: Stand structure in 1990 and 1991 - all stems combined.

Characteristic Year Wilma Cebeco 8852

N1 N2 N3 N1 N2 N3
Aboveground 1990 960 1 554 1 394 986 1 483 1 433
biomass (g/mz) 1991 1 065 1 627 1 648 992 1 546 1 481
Stem number 1990 335 524 571 380 563 602
per n’ 1991 299 343 370 277 431 412
Grain number 1990 13 254 19 355 19 426 14 320 22 848 21 778
per m’ 1991 15 845 22 948 24 872 12 218 26 513 22 112
Grain yield {(*} 1990 4.54 5.96 5.82 4.86 6.55 6.04
(t/ha) 1991 6.26 8.19 8.54 4.57 7.98 7.30

(*)} - At 16% grain moisture content
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3.3 GRAINFILLING

Grain filling in 1990

Grain growth wags not followed at individual positions within the
spikelet and the panicle, hence the values of grain dry matter accumulation
refer to total weight per unit area (Fig. 3.3.1) or an “average' grain
{(Big. 3.3.2). Growth curves for average graing are different per variety
and nitrogen treatment. From Fig. 3.3.2 it may be concluded:

- Wilma forms larger grains than Cebeco 8852
- the largest average grains were produced under nitrogen treatment N1,
those under N2 and N3 were smaller and differed only slightly.

The differences per unit area between N1 and N2 or N3 are bigger
for both varieties (Fig. 3.3.1), The higher growth rate for N2 and N3
especially between the last two measurements is probably associated with

growth of later formed grains.

Grain filling in 1991

Destructive measurements of grain weight preclude continuous mea-
surement of the weight increments of the same grains. Differences in weight
between individual graimns located at the same posgition in the panicle were
often very large and this was a major source of variability in experimental
data,

Te evaluate the influence of other factors on grain weight
variability, an analysis of variance has been performed on each of the
eleven gamplings during the grain filling period. Sources of variation
included 2 varieties, 3 nitrogen treatments, 10 gpikelet positions in the
panicle and 2 grain orders in the spikelet. The block structure was
designed in three strata as illustrated in table 15.

The analysis showed that sll evaluated factors had a highly
significant influence on grain weight from the onget till the end of the
grain filling period. Grain order (primary versug secondary graing) was the
most important source of variation. The gecond most important factor was
the spikelet position in the panicle. Differences between varieties were
much smaller, but greater than those between nitrogen treatments.

Highly significant interactiong variety x spikelet position and nitro-

gen treatment x grain order showed up during the “linezr' growth phase of
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grains. The.significant interactions nitrogen treatment = spikelet position
and nitrogen treatment x grain order showed up in the first two samplings
only. Table 15 also shows two significant interactions which appeared
gpurious: (1/7 and 3/8) variety x spikelet position x grain order, and
(6/8) spikelet position x grain order.

The weight of secondary grains was on average about 55 % of that of
the primary grains at the first sampling, and about 57 % at ripeming. The
largest differences among the spikelets in the panicle (Fig. 1.5) were
between the apical spikelet (No. 8) and that at the bottom of the panicle
(No. 1), i.e. between the oldest and the youngest (table 16). The ranking
of the other spikelets also corresponded to the time sequence of branch and
spikelet differentiatioen, which gtarts at the tip of the central axis and
proceeds basally in succession at the tips of the spikelets of the first
order branches (Chapter 1). Therefore, in both varieties, the gpikelets at
positions No. 8, 6 and 4 had the largest grains and those close to the
panicle nodes at positions No. 1, 3 and 5 had the smallest grains (table
17). The ranking of the graing in the spikelets at the posgitions Neo. 2, 7,
9 and 10 changed in the middle of grain filling.

Withip the panicle nodes the largest differences were observed at the firet
(basal) node between the smallest spikelet attached to the node (No. 1) and
that at the tip of the primary branch (No. 2). This difference decreased
proceeding acropetally to the top of the panicle in both varieties. This
pattern, resulting from the time sequence of the panicle part formation was
very gtable.

The significant interactions observed, occurred during the first part
of the grain filling pericd, indicating that the evaluated factors
influenced the pattern of grain growth. Therefore, to analyze grain growth,
the grain growth curves were represented by analytical functioms. A
generalized logistic growth curve: y = A+C/(1+T"EXP(-B(x-M)))**1/T
with four parameters (B, M, T, C: with constraint A = 0) was found most
guitable for description of the growth curves of the various grain cohorts.
The results of the analysis of wvariance on its four parameters are given in
table 18,

At this point it should be recalled that the results from the
destructive samplings were highly variable. Out of the 600 possible cases,
in 70 cases it was impossible to calculate parameters for a generalized
logistic curve with the Genstat program. Some of the curves, calculated for

each combination of all factor levels and replicates were unrealistic.
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Therefore, the maximum value of parameter C {(upper asymptote) was set at 80
mg, and the analygis of variance on this parameter was calculated from 487
growth curves only (table 18).

The value of parameter B which is associated with the slope of the
curve is influenced by spikelet position and by the interaction spikelet
position x grain order (table 18). The averageg in table 19 ghow that the
graing in the clder spikelets at the tip of the primary branches exhibited
higher growth rates than in the younger ones close to the bottom of the
panicle nodes, This especially held for the secondary grains in these
spikelets. The primary grains show higher growth rates in the lower parts
of the panicles.

The value of parameter M, representing the podint of inflection, is
influenced by spikelet position, grain order and gtrongly by their
interaction. Alsc the interactions variety x grain order and nitregen
treatment x spikelet position x grain order were gignificant. The growth
rate of the primary grains, especially of those at the tips of primary
branches declined relatively early in the grain filling pericd., as
expressed by low values of the parameter M in table 20.

This alseo is a consequence of their earlier initiation. On the other hand,
the extremely high values for spikelet No. 1 (at the bottom of the panicle)
result from the fact that in most of these spikelets either the secondary
grain or both graing were lacking. The differences between the varieties
were probably associated with different times of ripening, C8852 being a
few days later than Wilma. The three-way significant interaction nitrogen
treatment x gpikelet position x grain order is difficult to interpret.

The value of parameter T is significantly influenced by spikelet
position and by the interaction grain order x spikelet positicn. The
average values in table 21 only permit some general conclusions. The
negative values of this parameter correspond to cessgation of grain growth
in the bottom spikelets (No. 1). The values exceeding 1, characterizing
higher growth rates during the first part of the grain f£illing period, are
typical for the graing in the top spikelets of the primary branchesg or in
the middle of the panicle. The observed variation was larger in the
secondary graing than in the primary ones, i.e. differences among spikelet
positions within the panicle were expressed more pronounced in the
gecondary grains.

Finally, parameter C represents the upper asymptote of the growth

curve, i.e. final grain weight. In accordance with the previous analysis of



variance on grain weight (table 15), significant effects were found for all
evaluated factors, except nitrogen treatment. In addition, seme significant
interactions showed up. i.e. variety x nitrogen treatment, nitrogen
treatment x spikelet pesition, variety = nitrogen treatment x spikelet
position, spikelet position x grain order, variety x spikelet position x
grain order, nitrogen treatment x spikelet posgition % grain order. Thesge
were not found in the analysis of variance of final grain weight. The
explanation may be that the calculated growth curves more strongly express
differences in growth which were registered by analysis of variance on the
grain weight in the first part of grain filling period, where these
interactions were also significant.

For a more complete illustration of the effects of the evaluated
factors on grain growth pattern and the growth curve parameters several
growth curves representing the basic factors and their combinations are
shown in figs. 3.3.3-3.3.6. The parameter values and the percentage of
variance accounted for are presented in table 22,

The overall conclusien may thus be:

All types of growth curves can be observed between that of the
largest grain {(which is usually the primary grain at the apical spikelet)
and the x-axis (which represents zero growth). Within these boundary

conditions algo grain weight variability is expresgsed.
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Table 16: Mean grain weight (mg) as a function of the evaluated factors
at the first and the last measurement date.

Factor Level Firse Last
1/7 19/8

Grain order (primary) 1 6.320 42.67
(secondary) 2 2.857 24.43

s.e.d 0.068 0.68

Spikelet position (No.) 1 1.500 19.93
2 4.550 37.47

3 2.220 24 .87

4 6.067 39.63

5 3.683 28.15

6 6.800 37.63

7 4.783 35.75

8 7.483 40.95

9 3.900 34.53

10 4.917 36.60

g.e.d 0.202 l.61

Variety (Wilma) 1 5.123 35.81
(Cebeco 8852} 2 4.053 31.30

g.e.d 0.20% 1.02

Nitrogen treatment (N1) 1 5.420 36.01
(N2) 2 4.390 30.01

(N3) 3 3.9855 34.54

s.e.d, 0.256 1.25
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Table 17: Ranking of evaluated spikelets (NMo. 1 - 10; Fig. 1.5) in the
set according to mean grain weight (1 is largest grain)} in the
course of grain filling (variety No 1 = Wilma, No 2 = Cebeco
8852).

Order Date of measurement

in grain 1/7 9/7 16/7 20/7 23/7 27/7 30/7 3/8 6/8 12/8 19/8

weight Variety

12 12 2 12 12 12 12 12 12 12 12

Spikelet position number
1 g 8 88 88 86 8 8 8 8 8 8 8 8 8 8 8 8 8 8
2 6 6 66 66 68 6 6 6 6 4 6 6 6 6 2 4 6 4 4
3 4 4 4 4 4 4 L4 404 4 4 6 4 4 4 4 4 6 4 27
4 710 10 2 10 2 21¢ 27 22 107 210 26 1010 610
5 10 2 710 77 72 102 1010 710 7 2 710 29 9 6
6 27 27 210 10 7 710 97 22 105 109 57 102
7 59 99 @9 &9 g9 79 9 9 97 97 7 2 79
8 8 5 55 55 55 55 55 55 59 55 95 55
9 33 33 33 33 33 33 33 33 33 33 33
10 11 11 11 11 11 11 11 11 11 11 11




Table 18:
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Results of the analysis of variance on the parametersz of the
generalised logistic grain growth curve in 1991 (in the culms
there is set up the variation ratic, * = significant, ** =
highly significant, V = variety, N = nitrogen treatment, P =
spikelet position in the panicle, G = grain order, R =
replicate).

Source of Parameter
variation d.f.{m.v.) d.f. (m.v.)
B M T c
Stratum V.N.R
v 1 0.14 4.08 1.85 1 28.70 **
N 2 0.35 1.04 0.02 2 0.74
V.N 2 0.29 0.85 0.02 2 8.99 **
Residual (v.r.) 24 1.22 0.79 1.47 24 1.55
Stratum V.N.R.P
P 9 5.59 * 510.10 ** 5.24 ** 9 12.92 **
V.F 9 1.12 0.75 0.42 9 0.76
N.P 18 0.74 0.76 1.49 18 2,69 **
V.N.P 18 0.50 1.02 0.68 18 4.00 **
Regidual (v.r.) 213 (3 1.16 2,25 1.69 200 (16) 1.96
Stratum V.N.R.P.G
G 1 0.04 934,02 ** 0.11 1 680.38 **
V.G 1 1.60 3.90 * 1.41 1 0.66
N.G 2 0.76 0.60 0.37 2 1.08
P.G 9 5.81** 1085.15 ** 8.67 ** 8 (1) 3.44 **
V.N.G 2 2.48 0.77 0.26 2 0.88
V.P.G g (1) 1.30 1.20 1.20 8 (1) 2.37*
N.P.G 16 (2) 0.54 1.73 * 1.20 15 (2) 2.88 **
Residual (m.s.) 194 (64) 1.98 24144.00 73.97 165 (93) 65.24
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Table 19: Mean values of parameter B according te spikelet position and
interaction gpikelet position x grain order.

Spikelet No Mean of B Primary Secondary

grains grains

1 - 0.509 0.544 - 1.562
2 0.681 0.790 0.572
3 0.945 0.713 1.177
4 1.088 1.233 0.943
5 0.638 0.462 0.814
6 0.896 0.637 1.154
7 0.708 0.664 0.753
8 1.143 0.496 1.790
9 0.653 0.682 0.625
10 0.645 0.558 0.731

.276 0.377

n
v
[=
o
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Table 20: Mean values of parameter M as a function of spikelet position
and the interactions spikelet position x grain order and
variety x grain order.

Spikelet No Mean Primary Secondary

grains grains

1 2177.8 104.5 4251.0

2 28.1 13.1 43.1

3 10.0 70.2 - 50.2

4 45.3 74.8 15.9

5 25.3 29.8 20.5

6 19.4 18.6 20.3

7 22.3 23.2 21.4

g 16.4 16.4 16.5

9 29.2 31.2 27.1

10 74.2 127.3 21.0
s.e.d. 42.54 51.13

Variety Wilma 21.3 434.1

Cebeco 8852 80.3 444.2
s.e.d. 21.13

Grain order 50.9 438.7

s.e.d 12.69
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Table 21: Mean values of parameter T as a function of spikelet position
and the interaction spikelet position x grain crder.

Spikelet No Mean Primary Secondary
grains grtains

1 - 1.64 7.18 - 10.46
2 6.60 6.63 6.57
3 10.32 8.95 11.69
4 8.33 9.81 6.85
5 6.91 5.35 8.47
6 9.60 §.02 11.17
7 8.17 7.30 9.04
8 8.40 5.55 11.25
] 7 .46 7.32 7.59
10 7.91 7.11 8.71

.041 2.575

1]
@
(=9
»
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Table 22: Values of the parameters and the percentage of variance
accounted for for the growth curves presented in the figures
16-19.
Curve Curve Parameters Accounted
identification number percentage
B M T C of variance

Figure 3.3.3

Maximum values 1 0.2033 12.81 1.82 60.85 98.7

Overall mean 2 0.2253 17 .69 2.53 33.32 99.3

Primary grains 3 0.2020 17.37 2.31 42,29 99.0

Secondary grains 4 0.2610 18.01 2.79 24.45 99.5

Wilma 5 0.2346 17.38 2.59 35.45 99.3

Cebeco 8852 6 0.2266 18.35 2.66 31.14 99.1

Nitrogen N1 7 0.1794 16.04 1.84 35.75 97.4

treatments N2 8 0.2950 18.77 3.64 32.25 98.4
N3 9 0.1572 16.40 1.33 32.91 97.8

Figure 3.3.4

V1l N1 Gl 1 0.3810 16.05 4.69 54.30 90.1

V1l N2 G1 2 0.2830 16.03 3.54 53.92 98.6

V1l N3 Gl 3 0.3320 15.26 3.64 49.78 96.1

V2 N1 G1 4 0.2183 14.93 2.63 52.58 97.6

V2 N2 Gl 5 1.1180 21.81 19.00 45.41 79.1

V2 N3 G1 6 1.5290 21.78 19.00 44.10 82.5

V1 N1 G2 7 0.1446 8.82 0.49 35.69 63.1

V1l N2 G2 8 1.4310 20.90 19.00 33.81 81.8

V1l N3 G2 9 0.2190 15.18 2.09 37.15 96.8

V2 N1 G2 10 1.2420 20.61 19.00 30.97 92.6

V2 N2 G2 11 0,2920 14.27 2.53 31.60 95.8

V2 N3 G2 12 0.5190 21.27 6.98 31.87 98.8

Figure 3.3.5

V1l N1 G1 1 0.0952 11.22 0.33 46.96 89.5

V1l N2 G1 2 0.3286 19.54 4.02 44.64 99.2

V1l N3 Gl 3 0.0702 14.46 0.08 53.60 97.4

VZ N1 Gl 4 0.1274 18.381 1,40 48.01 94.6

V2 N2 Gl 5 0.1064 13.26 0.33 43.52 93.0
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Figure 3.3-1: Grain dry matter acumulation in 1990.
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Figure 3.3.4: Curves representing the influence of variety and nitrogen
treatment on the growth of the primary and the secondary
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3 - VIN3Gl, 4 - V2N1Gl, 5 - V2N2Gl1l, 6 - V2N3Gl, 7 - VIN1G2, 8
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12 - V2N3G2).



Figure 3.3.5:

Figure 3.3.6:
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Curves representing the influence of variety and nitrogen
treatment on the growth of the primary and secondary grains
in spikelet No. 9 in the middle of the panicle (1 - VINIGI,

2 - VIN2G1l, 3 - VIN3Gl, 4 - V2ZN1Gl, S5 - V2N2Gl, € - V2ZN3Gl,
7 - VINIG2, 8 - VIN2GZ, 9 - VIN3G2, 10 - V2N1G2, 11 - V2N2G1l,
12 - V2ZN3G2).

grain wetght (mg

Curves representing the growth of the primary and secondary
grains in all 10 measured gpikelet positions within the
panicle for variety Wilma and nitrogen treatment N1 (1 -
P1Gl, 2 - P1G2, 3 - P2Gl, 4 - P2G2, 5 - P3Gl, 6 - P3G2, 7 -
P4Gl, 8 - P4G2, 9 - P5G1l, 10 - P5G2, 11 - P6G1l, 12 - P6GZ, 13
- P7G1, 14 - P7G2, 15 - P8Gl, 16 - P8G2, 17 - P9Gl, 18 -
P9G2, 19 - P10Gl, 20 - P10G2).



3.4 GRAIN WEIGHT DISTRIBUTION

Grain weight distribution was calculated from individual grain weights
determined in larger samples harvesred at the dead-ripe stage. Grain weight
was determined in two ways for each of the 6 wvariants of the experiment (2
varieties x 3 nitrogen treatments):

l. Individual grain weight was determined in approximately 15 g samples per
variant from the grain cleaned after combine harvest.

2., Individual grain weight, combined with identification of the grain
position within all spikelets (primary and secondary grains) was
measured on 10 randomly selected main stem panicles in 1990 and on 4
in 1991.

RHistograms of grain weight distribution and common statistics of
variability referring to the overall grain weight distribution are given in
figs. 3.4.1 and 3.4.2. The abbreviations used for the statistics are
explained in table 23. A number of typical characteristics can be observed:
1. A bimodal grain weight distribution is typical for nitrogen treatment

N1. The pattern ig identical for both wvarieties in both years. Grain
weight distribution in nitrogen treatments N2 and N3 shows a similar
pattern in both varieties: a monomodal distribution, left-side
skewed in 1990 and of variable skewness in 1991.

2. Left skewed (skewness > 0) grain weight distributions are characteristic
for all combinations of variety = nitrogen treatment in 1990
(Fig. 3.4.1).

On the other hand, grain weight distributions in treatments N2
and N3 in 1991 (Fig. 3.4.2) are characterized by a symmetrical shape or
right skewness {(skewness < 0),

3. A significant difference between varieties was observed in treaments N2
and N3 in 1991. In Wilma the distribution varied from symmetrical to
significantly left-side skewed; in Cebeco 8852 it varied from
insignificantly left-side skewed to bimodal.

4. Average grain weight in nitrogen treatment N1 is essentially higher (by
3.1 - 16.3 %) than in N2 and N3. Differences in average grain weight
between the latter two nitrogen treatments are small.

Results from the second method of grain weight determination are shown
in figs. 3.4.3 - 3.4.14. Additional information on the grain position
allowed evaluation of the relationship between the weight of primary and

secondary grains and the variability witrhin the groups of primary and



secondary grains separately. Therefore, three histograms and the
corregpending statistics of variability (for secondary graing, primary
grainsg and all grains combined, respectively) are given in figs. 3.4.3 -
3.4.14. At the top of these figures graphs are presented of the correlation
between the weight of the primary {(x-axis) and that of the secondary (y-
axis) grains. The points represent individual spikelets with two grains
whosgse weight has been determined separately. The information from figs.
3.4.3 - 3.4.14 allows a more detailed analysis of grain weight variability
within the panicle.

In general, within the graphs three clusters can be distinguished. The
larger one, situated approximately in the widdle between the axes,
represents the spikelets with both well-developed primary and secondary
grains. Within this cluster, points more distant from the crigin represent
gpikelets at an advanced stage of development {"oclder")} with consequently
larger grains, and points closer to the origin "younger" spikelets with
smaller grains. The two other clusters, each situated closer to one of the
axes represent gpikelets in which one of the two grains is under-developed
or aborted. The cluster situated close to the x-axis represents spikelets
with well-developed primary grains but under-developed or misging secondary
grains. The cluster situated close to the y-axis represents the usually
smaller group of spikelets in which the primary grains have been aborted eor
are less-developed but the secondary grains are developed.

For nitrogen treatment N1 the picture typically consists of three very
compact clusters, sharply distinguished and fairly distant from the origin.
For both the primary and the secondary grains the variation in grain weight
is relatively small, their histograms are therefore rather narrow, and the
overall histogram of grain weight distribution shows a typical bimodal
pattern (figs. 3.4.3, 3.4.6, 3.4.9, 3.4.12), In reality, however. it
comprises three peaks. The first one from the left represents aborted
grains (i.e. empty husks) with very low weights (0 - 10 mg)}. That fraction,
however, is missing in the samples from the combine harvest, as it has been
removed during cleaning. Therefore, it has not been congidered in
interpreting the histograms.

Nitrogen application at the beginning of stem elongation {N2) results
in protraction of the central cluster aslant downwards to the origin and in
a shift of both gsmaller clugsters from the axes towards the central pluster
(figs. 3.4.4, 3.4.7, 3.4.10, 3.4.13). This trend continues with the third
nirreogen dressing (N3) applied at rhe flag leaf stage (figs. 3.4.5, 3.4.8,
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3.4.11, 3.4.14). Generally, this results in greater variability in grain
weight of both the primary and the secondary grains, particularly through
extending the columns representing the lower grain weight classes (X 40 mg
for primary grains and < 25 mg for sgecondary grains). However, differences
between varieties and yearg were found,

In 1990, Wilma produced in N2 and especially in N3 practically one
cluster of points with the bottom at the z-axis (in the position 10 - 15
mg) and extending diagonally to the right {(figs. 3.4.4 and 3.4.5}.
Histograms of both the primary and the secondary grains are more extended
in width. Relatively higher columns of higher secondary and lower primary
grain weight classes (between 30 - 40 mg) filled in the gap in the bimodal
distribution of all grains combined. Thus the histogram representing
nitrogen treatment N3 has one peak only and ig almost symmetrical, if the
fraction of grains under 5 mg is not considered. The explanation for these
results may be that in 1990 in nitrogen treatment N2 and especially in N3
Wilma proportionally extended the weight range of both the primary and the
gecondary grains.

This pattern is in general reproduced.in 1991. However, the extension
is not proportiocnal in the primary and the secondary grain weight range
(figs. 3.4.6 - 3.4.8). A more narrow distribution, with higher frequencies
in classes representing the larger grains (between 40 - 60 mg) is
characteristic for primary grains in all nitrogen treatments. The frequency
of the primary grain weight classes between 50 - 60 mg decreases and that
between 40 - 50 mg increases from nitrogen treatment N1 to N3. On the
contrary, the histograms of the secondary grains for N2 and N3 (figs. 3.4.7
and 3.4.8) show higher frequencies in the lower weight classes (between 5 -
30 mg). The graphs consist of two separate clusterg, with the central
cluster tailing off towards the x-axis., This represents a narrower grain
weight digtribution of the primary graing and a wider distribution of the
secondary grains. The smaller cluster, representing spikelets with small
primary grains and more developed secondary grains is digtinet in both N2
and N3 (figs. 3.4.7 and 3.4.8). The overall distribution changes from
bimodal in N1 to monomodal in N3 as in 1990, but it is more narrow with
relatively higher frequencies in the larger grain classes. The frequency of
the smallest grains is lower in all nitrogen treatments in comparison to
1990.

The transition in overall grain weight distributicn from bimodal in N1

to monomodal inm N3, characteristic for Wilma, is not wvisible in Cebeco
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8852. In both N2 and N3 the bimodal distribution is maintained in both
yvears (figs. 3.4.10, 3.4.11 and 3.4.13, 3.4.14). The behaviour of Cebeco
8852 alsc differs in the twec years. In 1990 it is characterised by greater
variability within the clusters. In both the N2 and N3 treatments the
central cluster tails off towards the y-axis and is practically connected
to the cluster representing the spikelets with emwpty primary and larger
secondary grains. Thus, the graph ghows a large ¢loud of points starting
from the y-azis and extending parallelly along the xz-axis at a distance of
about 15 mg. The third cluster, representing the spikelets with either
small or without secondary grainsg, is situated very close to the =z-axis
with only a few points a little farther removed. This results in narrow and
tall histograms for the secondary grains, covering the grain weight classes
from 15 €ill 35 mg (figs. 3.4.9 - 3.4.11). On the other hand, the
histograms of the primary grains have reduced height and extended width,
with relatively higher frequencies in the lower grain weight classes. The
histograms of all grains combined therefore, have one high and one low
peak. This leads to the conclusion that the response of Cebeco 8852 in 1990
to increased nitrogen application was largely expressed in the primary
grains,

In 1991, gimilarly to Wilma, the graph representing the relation
between the weight of the primary grain and that of the secondary grain for
treatment N1 consists of three very compact and distinet clusters
(Fig. 3.4.12). Therefore, all histograms in this figure are very narrow.
The lowest grain weight classes (< 20 mg) virtually only comprise secondary
graing, The reaction to increased nitrogen application (N2 and N3} is
expressed in extended and diluted central clusters, perpendicular to the x-
and y-axeg. Also two gmaller clusters, close to the axes, representing
incomplete spikelets, can be identified. This results in greater width of
the histograms of both the primary and secondary grains in approximately
the same proportion (figs. 3.4.13 and 3.4.14). Contrary to 1990, there is
hardly any difference in height for these histograms in N1 and N3 (figs.
3.4.12 and 3.4.14) and it is much smaller for N2 (¥ig. 3.4.13).
Summarizing, it implies that in 1991 Cebeco 8852 responded to increased N
application (N2 and N3) by a proportional increase in weight of both the
primaty and the secondary grains.

To quantify the described differences, the statistics of grain weight
variability presented below each histogram can be used. It should be kept

in mind, however, that the fraction smallest grains (< 15 mg) is included



in the calculations, which strongly influences the values of wvariance,
standard deviation, coefficient of variation and skewness. This fraction
represents mostly empty husks, which are included in the first two weight
classesz {0 - 10 mg) for secondary grains and in the interval between 5 -15
mg for primary grains. For instance, 12 mg grain weight can either
represent the empty husk of a primary grain or a small, partially filled,
secondary grain. Empty husks are removed by grain cleaning and small grains
remain. Therefore, in the histograms representing cleaned grain, the lowest
class (0 - 5 mg) is practically absent, but there are some grains in the
classes 5 - 10 and 10 - 15 mg. Figs. 3.4.3, - 3.4.14 indicate that these
are mogtly secondary grains.

Transition from the bimodal to the monomedal distribution is
associated with a modification in canopy structure. The crop without
nitrogen dressing consists mainly of main stem panicles, which, however,
have lower numbers of spikelets and grains than those from the crop
supplied with nitrogen. At the level of main stems, the mean differences
between N2 and N1 and between N3 and N1 are practically identical, at 9.9
and 8.6 spikelets per panicle representing 20.4 and 17.8 %, respectively of
the number of spikelets per panicle in treatment N2 (table 24). Much larger
differences may be expected at the level of tillers. Higher tiller numbers
per plant and larger numbers of spikelets per main stem and per first order
tiller, typical for nitrogen treatments N2 and N3, result in substantially
higher numbers of grains per unit area (Section 3.2).

In these larger cohorts the time differences in initialization are
also larger, i.e. additional tillers and spikelets show delayed development
and are therefore gmaller than those initiated earlier. Thus, in the
higtograms pertaining to all grains combined for N2 and N3, differences
between primary and secondary grains may be masked by differences at the
preceding hierarchical levels, i.e. due to the time delay in tiller and
spikelet formation. The result is a monomodal distribution for all grains.
The bimodal grain weight distribution of Cebeco 8852 in N3 (Fig. 3.4.2)
indicates that differences may exist between varieties with respect to the
rate of tiller and spikelet initialization and development.

Modification of the position of the clusters in the graph depicting
the relation between the weights of primary and secondary grains and
deviations from the pattern of histograms described above. therefore, can
be considered as a result of genotype x environment interactions. The

intensity of branching at each hierarchical level (i.e. at particular



stages of crop development, Fig. 1.3) is very sensitive to environmental
conditions and guarantees plasticity in plant morphogenesis. In the course
of ecrop development continuous interaction exists with environmental
conditions (" sources') using these adaptation mechanisms successgively as
dictated by plant hierarchical structure.

It should be noted, that the source for grain growth consists of
asgimilates produced and directly incorporated and reserves trranslocated
from the vegetative parts of the plant. The interaction is therefore
realized at two levels:

l, Between environmental conditions and vegetative parts of plants,
2, Between these vegetative parts (source) and reproductive parts (grains,
representing sinks}.

With respect to grain formation, the delay in tiller, spikelet and
grain initialization is mostly affected by interactions at the first level.
Interactions at the second level influence mostly grain growth rate. For
illustration of the differences in initialization patterns the results from
Section 3.2 can be used. For a complete picture of grain filling an
analysis of assimilate supply is necessary. Following that, the modi-

fications in grain weight distribution way be explained in more detail,



Table 23:
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Explanation of abbreviations of used statistics.

nobs
mean
min
max
range
var
sdev
cv %
sum
skew

sesk

number of observations [n]

arithmetic mean [x]

minimum value

mazimum value

difference between maximum and minimum values
variance [ ]

standard deviation [s]

coefficient of variation [g/x 100]

sum of values [ xi]

skewness [ b = g = m3/(m2 m2)]

standard error of skewness [ 6/(n+3)]
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Table 24: Differences between nitrogen treatments in number of spikelets
per mean main stem panicle.

Differences between nitrogen treatments
Variety Year N2 - Nl N3 - N1 N3 - N2
Number % N2+ Number % N2* Number % N2*
Wilma 1990 18.2 42 .4 13.1 30.5 - 5.1 11.9
1991 9.2 l16.2 8.8 15.5 - 0.5 0.9
Cebeco 8852 1990 4 10.2 6.7 15.9 2.4 5.7
1991 . 12.6 6.0 9.4 - 2.0
Mean 9.9 20.4 8.6 17.8 - 1.3 5.4

% N2* = expression of differences (values in left column) as percentage
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4. DESCRIPTION OF THE MODEL OF GRAIN GROWTH

As ghown in the preceding chapter, the weight increase of single
graing may be described by a legistic curve. Thig refers to the average
weight increase of a large number of grains. However, the growth of an
individual grain in the grain cohort may show a different pattern in the
courge of the grain filling periocd, i.e. its growth can be delayed or
terminated.

We can assume, that the weight increase of a grain per unit time at a
given point in time is affected only by the state of the grain at that time
and that the state of the grain follows a Markov trangition matrix, Such a
model has been used by Miyagawa (1983) for the descriprion of the compound
frequency distribution of single seed weight in soybean and for explanation
of the positive correlation between weights of seeds within a pod.

This concept appeared attractive and the model was therefore adapted
for description of grain filling'in cats, having mostly two grains per
spikelet.

To describe changes in growth rate. the model) distinguighes three
stages in the state of the grain (Fig. 4.1). When the grain is in the first
stage, F (an ideal condition}, the weight increase from time t to time t+At
equals AW, represented by the function f(W) during the time interwval At.
When the grain makes the transgition from the first stage F to the second
stage S, the weight increase during the time interval At equals cAW, with ¢
a positive constant. Transition from the first stage F to the third stage T
represents cessation of grain growth, which is considered an irreversible
step. Figure 4.2 shows the possible states of a grain after two time steps
At

The probabilities for a given transition of a single grain between
states in the time interval between t and tt+tA are given in table 25. The
probability that a grain is at stage F at time t and at stage S at time
t+At is pl. The probability of a transition from stage S to stage F during
that time interval is p2, that from S to T p3 and that from F to T plp3.
These probabilities are independent of time t.

When yt is a probability variate that shows the stage of the grains at

€t = 1, it holds:

P(yt+tl = i|yt = 3., yt-1 = k,...,y0 = 1) = P{yt+l = i|yt = j).
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These variates i,j.k, and 1 represent one of the grain growth stages F, S,

or T. Using this, we can degeribe the probabilities pl, p2 and p3 as:

pl = P(yt+l = 8|yt = E)
p2 = P(yt+l = F|yt = S)
p3 = P(yt+l = T|yt = 8).

The probability of a transition from the first stage F to the third stage T

is:
plp3 = P(yt+l = T|yt = F).

For a full deseription of two graing growing within a gpikelet, we
need 32 = 9 stages. These nine stages characterize the state of the
gpikelet and are designated El,..., E% (table 26}, For instance, El
represents the situation where both the primary grain and the secondary
grain are in the first stage (F), E2 that where the primary grain is in the
first stage (F) and the secondary grain in the gecond stage (S). ete.

When Xt is a probability variate that represents the stage of the

gpikelet and t = 1, it holds that:
P(Xt+1 = i|Xt = j, Xt-1 = k,...,X0 = 1) = P(Xt=1 ~ i|Xt = j).

The variates i,j.k and 1 represent one of the stages from El to E9. The
probabilities of transition of the spikelet stages are given in table 26.
When yP{t) is the probability variate of the primary grain at time t and
v2(t) that of the gecondary grain, we can formulate the following

hypothesis for the probabilities of transition:

P(Xt+1) = Ej|{Xt = Ei
= P(yttl = k,yt+l = llyt = m,yt = n)
= P(yt+l =k|yt =m).P(yt+l = 1|yt =n). (k,l.m.n).

The variates k,l,m, and n represent one of the stages F, 8§, or T in this
eguation.

The difference of (k,l.m,n) from 1 represents the gap from
independence.

For practical purposes, however, description of the transition from stage F
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to stage S and from S to T has been based on the following assumptions:

1. The probabilities for tramsition of both the primary and the secondary
grain are symmetrical. Hence, when the transition FF - FS can be
presented by P(yt+l = E,yt+l = S|yt = F,yt = F), the probability of
the transition FF - SF is identical.

2. When one of the grains remains in stage F, the probability of transition
of the other grain from stage F to stage S is a-fold and that from sgtage
8 to stage F 1l/a-fold, compared to the probabilities for the sgituation
that the growth of both grains within the spikelet is independent.

3. When one of the grains remaine in stage S, the growth of both graing in
the gpikelet is independent.

4, When one of the graing remains in stage T, the probability of transition
of the other grain from stage F to stage S is a-fold and that from
stage 8 to stage F 1/a-fold, compared to the probabilities for the
situation that the growth of both grains within the spikelet is
independent.

5. If for a gpikelet holds that (Xt+1 = Xt), the sum of trangition

probabilities is set to 1.

The primary and the secondary grain within the oat spikelet are not
identical in size and growth rate. To take these differences into account,
in the model, two grain growth curves are introduced with different
parameter values for the primary and secondary grains and different values
for the modification of growth rate, cl for the primary and c2 for the

gecondary grain.
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Table 25: Matrix of probabilities for description of growth of an
individual grain.

Stage at Stage at time t + At
time t
F S T
F 1l - pl - plp3 pl plp3
S p2 1 -p2 - p3 B3
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and the xz-axis time. The dotted curve shows continuous growth
and the solid lines various stage transitions. The graph
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5. RESULTS OF SIMULATIONS

Based on the model described in Chapter 4, the calculation procedure
in 11 steps is shown in table 27. The actual program in Turbo Pascal is
given in Appendix 1.

The program has general applicability in describing variability within
plant organs. It has the option to select a specific group of random
numbers, while two types of growth curves for individual grains may be
introduced.

Randeom numbers can be generated for each simulatior run individually,
or can be retained for a set of gimulation runs. The second option allows
more accurate comparison of simulated and empirical results. When working
interactively with the model, a starting number has to be defined for each
generation cof random numbers and by using the identical number for the
various runs, identical gets of random numbers are generated,

Two types of logistic growth curveg for individual grains can be
introduced in the model:

1. The generalized logistic growth curve with four parameters (Payne at
al., 1987), which can be caleculated by GENSTAT directly from empirical
data.

2. The modified equation for a logistic growth curve used by Miyagawa
(1983), characterized by two parameters. Before these can he calculated,
the parameters t0 (starting time for growth curve calculations)} and WO

{weight of grain at time t0) must be specified.

As ghown in table 27 the wodel has seven setg of parameters:
- parameters characterizing the growth curves for individual grains
- time parameters
- the number of spikelets congidered
~ grain weight range at the start of the calculations
- growth rate modification factors
- probabilities for grain stage transitions

- degree of competition.

Growth curve parameters
The time course of dry matter accumulation in all primary and
secondary graing is derived from two curves only. These curves should

represent the potential grain growth rates, i.e. those realized in the
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absence of any source limitation. Therefore, the data pertaining to the
largest primary and secondary graing should be used to derive the growth
curve parameters. In ocats those refers to the grains in the top spikelet of
the main stem panicles. These growth curves can be considered to represent
the grain filling potential under ideal conditions with unlimited source
supply.

Parameters of the generalized logistic growth curve have been analysed
in Section 3.3. As in the meodel alsc other parameters are used, i.e. ¢ and
t, the designation of parameters used by GENSTAT was changed as follows: B
= f, M=m, T=1, C=g. Parameters for Miyagawa's curve are described in

his paper (Miyagawa, 1983).

Time parameters {in days)

t0 - used for Miyagawa's curve only, where it indicates the time
corresponding to WO (initial grain weight in the model)

tmax - finish time of the caleculatioen procedure; for Miyagawa's growth
curve tmax ig defined relative to t0; for the generalized logisgtic
growth curve relative to t = 0

t - time determining the starting point of the calculations

t_stop - time at which the calculation procedure can be temporarily hglted

to reset calculation parameters (cl, ¢2; pl, p2, p3: a).

Number of spikelets considered

The number that can be handled by the model is practically uplimited.
Ag the number of spikelets and graing per unit area is an important stand
characteristic, it iz most convenient to apply the calculation procedure to
a certain stand area. For a clear graphical presentation of results an area
of about .15 m2 ig most suitable, corresponding to about 300 - 1000

spikelets, depending on stand densgity.

Grain weight range

This range at the start of the calculations ig one of the important
parameters. For the primary grains it can be specified by the weights of
the smallest and the largest individual grain, characterizing the length of
the pericd of grain formation, which depends on the branching processes.
The degree of branching depends oan assimilate availability, and more
profuse branching may be the result of a longer period of branching or a

higher rate of branching. Crops growing under limited source availability,
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therefore exhibit a narrower raznge in primary grain weight. Crops growing
under conditions of more abundant agsimilate availability exhibit a wider
interval of initial grain weights, especially in the lower weight range
{more extended period of grain formation). The weight of the secondary
grain within the spikelet is usually around 50 % of that of the primary
grain. In the program, allowance is made to specify the proportional weight

either as a fizxed value or as a range.

Growth rate modification

These parameters can also be specified as a fixed number or as a
range. Quantitative estimates of these parameters should be made in
relation to the probabilities for the differential transition of grain
weights between stages, because both are used for modification of the grain
growth trajectories. Some general rules can be formulated:

1. Crops having spikelet cohorts formed over a longer period of time
exhibit more extended ranges of grain growth trajectories, i.e. more
trajectories are gituated close to the x-axis.

2. Lack of assimilates reduces grain growth rate. Under such conditions,
the growth rate of the secondary grains is more strongly affected than
that of the primary graims.

3. The growth rate depends on the current supply of assimilates, To mimick
a variable supply, the program contains the option to halt the
calculatien procedure (using t_stop) to reset parameters of growth rate
modifications (el and ¢2), probabilities for stage transitions (pl, p2

and p3) and degree of competition (a}, respectively.

Probabilities for stage transitions

The function of these parameters has been described in Chapter 4. Note
that pl and p2 refer to growing graing and p3 determines grain growth
cessation and has a higher walue therefore in crops with limited assimilate
supply, where higher numbers of aborted graine and lower grain numbers per
unit area are usually cobserved (for instance treatment N1}. The value of p3

is ugually one or two orders of magnitude smaller than that of pl and p2.

Degree of competition (a)
This parameter influences the relationship between growth of the
grains within the spikelet. Its value ranges between 0 and 1. When a = 1,

growth of the grains is independent. Lower values, representing competition



for limited resources, contribute to formation of the three clusters of
points in the graphical presentation of grain weights, typical for crops

with limited assimilate supply.

The program has two options for presentation of results:

la Graphe depicting the relation between the weights of the primary and
the secondary graing (for exzample Fig. 44). Below each graph actual
values of gome characterisztics at the time of interruption of the
calculation procedure are presented:
t - time at interruption of the calculations
dwl - slope of the primary grain growth curve at time t (mg/d)
dw2z - slope of the secondary grain growth curve at time t (mg/d)
wtl - primary grain weight at time t (mg)
wt2 - secondary grain weight at time t (mg)

n - number of gpikelets considered.

1b Histograms of grain weight distribution with common statistice of
variability, arranged similarly to the experimental results (Section
3.4}, with the addition of a histogram and statistics of differences

between primary and secondary grain weights.

2a Isolation of the central cluster and presentation of the parameters of
the linear regression between primary and secondary grain weights (cf.
Fig. 45).
These parameters are presented below the graph:
bpg - boundary wvalue for selection of primary grains (mg)
bsg - boundary wvalue for gelection of secondary grains (mg)
t - time of interruption of the calculation procedure
n-2 - number of selected spikelets reduced by 2 (d.f. for calculation of
the correlation coefficient)
r - correlation coefficient
- constant of linear regresgion
- regression coefficient
(for the equation We = a + b.Wp, where Wp is the weight of primary
grains and Ws is the weight of secondary grains within the

spikelets).



2b Histograms of the selected grain weight distributions and common

statistics of wvariability arranged as under 1b (Fig. 5.9).

The dynamics of the results of the calculation procedure after 5, 10,
15, 20, 30 and 50 days are shown in figs. 5.4 - 5.9. Thege figures refer to
the metapopulation of spikelets for variety Wilme under nitrogen treatment

Nl in 1990. Simulation parameters are given in Fig. 3.4.7.

Although most of the parameters have a real biological meaning, the
model as a whole must be characterized as descriptive. The values of the
parameters can be established interactively by successive calculations,
comparing the results with experimental values.

As an illustration six examples from the ezperiments described din
Section 3.4 were treated, as specified in table 28.

One gingle growth curve was specified for the primary grains and one
for the secondary graing for all six cases (figs. 5.1 and 5.2). All time
parameters were also identical. The value tmax = 50 corregponds to the
length of the grain filling period of 50 days observed in 1991.

The number of spikelets specified refers to about 0.15 m2 of the
ctand area. The values of n for the individual variants were egtimated from
measured grain densities (see Section 3.2).

The range in primary grain weights at the start of the calculations
was alsc derived from experimental results. The average weight is higher
and the range narrower in crops under limited nitrogen supply (N1}. In
nitrogen treatment N3 initial average grain weight is lower and the range
wider towards the lower wvalues. The initial weight of the secondary grains,
as a fraction of that of the primary grains ig the same (0.3 - 0.6) in all
caseg, as derived from weasurements at the start of grain filling.

The values of the probabilities of transition vary among varieties and
nitrogen treatments (except p2 which has the same value in all situations).
Variety Wilma has larger grains, therefore pl, representing the probability
of transition from the first to the gecond grain stage (Table 25}, has
relatively lower wvalues, i.e. 0.15 to 0.20 (Fig. 5.1). For Cebecoc 8852,
with smaller grains, the value is logically higher and (.5 is used in all
three cases (Fig. 5.2). Values of p3 were specified according to nitrogen
treatment. Higher values are used for N1 (p3 = (.02 for Wilma and 0.015 for
Cebeco 8852) and lower values for N3 (p3 = 0.004 for Wilma in both 1990 and
1991 and p3 = 0.005 for Cebeco 8852 in 1991). As an exception, a wvalue of
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p3 = 0.015 for Cebeco 8852 for N3 in 1990 had to be specified to reproduce
the observed grain weight distribution, which is affected by gradual
cessation of growth in the primary grains (Fig. 3.4.11).

The degree of competition (a) was specified on the basis of the
assumption that in crops under limited nitrogen supply (source limitation)
competition between the grains within the gpikelets is stronger. Therefore,
lower values of a (0.15 and 0.10) were used for crops under nitrogen
treatment N1 and higher values (0.35 and 0.25) for crops under N3 (figs.
5.1 and 5.2). Lower values result in a more condensed central cluster,
higher maximum weights for both the primary and the secondary graing and
extension of the clusters towards both azesz (figs. 5.9 and 5.14).
Therefore, in that situation the smaller clusters are further from the
origin and c¢lose to the axes, representing spikelets with either dominant
primary grains (close to the x-axis) or secondary grains (close to the y-
axis). On the other hand higher values of a result in a more dispersed
central cluster (figs. 5.11, 5.12, 5.14, 5.15), in agreement with the
experimental results in figs. 3.4.5, 3.4.8, 3.4.11, 3.4.14.

Values of the growth rate modification factors were generally
specified as intervals, with different values for ¢l and c2 in all
situations {(figs. 5.1 and 5.2).

The option to adjust the growth rate in intervals and separately for
primary and secondary grains, makes the model more flexible than that
published by Miyagawa (1983) and allows independent modification of the
primary and the secondary grain weight distribution. Attempts to attain
patterns of grain weight distribution similar to the observed ones result
in different cl and <2 values per variety, year and nitrogen treatment
(figs. 5.1 and 5.2}. To attain more even and extended primary grain weight
distributions (with higher frequencies of low valueg) for Cebebo 8852 under
N1l and N3 in 1990, wider ranges for cl, including wvalues > 1 had to be
applied (0.1 - 1.5 and 0.1 - 1.4, respectively, Fig. 5.2). This implies
that the growth rate ig partly reduced (cl < 1) and partly increased {(cl >
1}. On the other hand, a single value (c2 = 0.6) or a very narrow interval
(e2 = 0.5 - 0.6) are required to reproduce the very narrow digtribution of
the secondary grains in these cases (Fig. 5.2).

This may seem to complicate parametrization of the calculation
procedure, but on the other hand illustrates the possibilities of the model
to describe different situations of variety x treatment interaction,

egpecially the differential response of spikelets and grains in different



positions within the panicle to the actual assimilate supply.

The option to interrupt the calculation procedure at a certain moment,
to reset the parameters for modification of the grain growth trajectories,
can be used for description of dynamic reactions of primary and secondary
grain growth to environmental conditions. This option can alsoc be used to
describe grain embryo abortien, which occcurs mostly at pcllination and
fertilization, i.e. during the first days of the grain filling period. That
is probably the reason that in figs. 3.4.3 and 3.4.9, presenting the
experimental results of treatment N1, the clusters are more sharply
distinguished than in the simulated patterns (figs. 5.15 and 5.16). There,
the higher value of p3 was operational during the full grain filling
period.

For an illustration of parameter resetting, variety Wilma under
nitrogen treatment N1 in 1990 was selected. The original and the modified
parameters are given in Fig. 5.3, results of the calculations in Fig. 5.16.
At firgt gight the simulated clusters are more compact and more sharply
distinguished in comparison with the original pattern (Fig. 5.15). Fig.

5.16 is also in better agreement with observations (Fig. 3.4.3).
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Calculation procedure for the growth of two grains within a

spikelet.

10.

11.

Definition of parameter values

~ time parameters: t0 -
At -

¢ -

tmax -

t_stop -

- gize of file n (number of
- starting weights: Wtlst -
Wt2nd -

~ parameters of primary and

starting time for growth curves
time interval

starting time for simulation

end of calculation

time at interruption of calculation
spikelets congidered in the model)
primary grains

secondary grains

gsecondary grain growth curves

- growth rate modifications: - ¢l for primary grain

- c¢2 for secondary grain

-~ probabilities for stage transitions pl, p2, and p3

~ degree of competition a

Calculation of probabilities for transition of stages

(table 25)

Setting of spikelet stages at starting time t:

- grain weight primary and secondary grains

- grain gtage primary and secondary grains

Generation of random numbers

Setting of the spikelet gtages (E1-E9) with random numbers and

their transition on the basis of the matrix of probabilities

Calculation of grain weight

increases A W1 {for primary grain)

and AW2 (for secondary grain)

Calculation of grain weigh with Ei, AWl, AW2, ¢1, and ¢2

Time increment with At and return to point 4

End of grain growth calculation after (tmax-t)/At loops between

points 4 and 8

Calculation of the characteristics of grain weight variability

and linear regression between the primary and secondary grains

Pregentation of regultsg
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Table 28: cross-reference table for presentation of experimental results
and simulatin results.
Variant Number of figure presenting
Variety Year Nitrogen Experimental Simulation Resultse
treatment results parameters of
simulation
Wilma 1930 N1 3.4.3 5.1 5.9
Wilma 1990 N3 3.4.5 5.1 5.11
Wilma 1991 N3 3.4.8 5.1 5.12
Cebeco 8852 1990 N1 3.4.9 5.2 5.13
Cebeco 8852 19980 N3 3.4.10 5.2 5.14
Cebeco 8852 1991 N3 3.4.14 5.2 5.15
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SIMULATION PARAMETERS

TIMES [days] GROWTH CURVES
primary grain secondary grain

tinax=50 f1=.20 £2=,26

dt=1 nl=16 m2=18

tel l1=2.0 : 12=2.5

FILE SIZE gl=60 g2=40

n=340

STARTIRG WEIGHTS

wtist[mgl=11 -.1 PROBABILITIES

Wt2nd(proportion of Wtlst]~.3 ~-.6 pl=,15 t_atop=50

GROWTH RATE MODIFICATIONS p2=.1

Cl=.3 -.8 p3=.02

c2=.,1 -,3 a= ,15

b/ Nitrogen treatment N3 in 1990,

SIMULATION PARAMETERS

TIMES [days] GROWTH CURVES
primary grain secondary grain

trmax=50 fl=20 f2=, 26

dt=1 mi=1l6 m2=18

t=1 11=2.0 i12=2.5

FILE SIZE g1=60 g2=4a0

n=590

STARTING WEIGHTS

Wtlst[mg)=9 -.001 PROBABILITIES

Wwtand[proportion of Wtistl=.3 -.6 pl=,25 t_stop=50

GROWTH RATE MODIFICATIONS p2=.1

C1=.3 "'"-8 p3=|004

c2=.05 -.6 a= 35

¢/ Nitrogen treatment N3 in 1591

SIMULATION PARAMETERS

TIMES [days) GROWTH CURVES
primary grain secondary grain

tnax=50 £f1=.20 £2=.26

dt=1 nl=16 m2=18

t=1 11=2.0 12=2.5

FILE SIZE g1=60 g2=40

n=720

STARTING WEIGHTS

Wtlst[mg)=9 -.001 PROBABILITIES

Wt2nd{proportion of Wtlstl=.3 -.6 pl=.2 t_stop=50

GROWTH RATE MODIFICATIONS p2=.1

cl=.3 -.8 P3=_.004

02=.1 -.6 a= -35

Figure 5.1: Simulaticn parameters for variety Wilma; (a) Nitrogen

treatment N1 in 1990; (b) Nitrogen treatment N3 in 1990; {e}
Nitrogen treatment N3 in 1991.
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a/ Nitrogen treatment Ni in 1990.

SIMULATION PARAMETERS

TIMES {days] GROWTH CURVES
primary grain secondary grain

tmax=50 P1=,20 f2=.26

dt=1 nl=16 n2=18

t=1 11=2.0 12=2.5

FILE SIZE gl=60 g2=40

n=340

STARTING WEIGHTS

wtlst{nmg]=11 ~.1 PROBABILITIES

wt2nd[proportion of Wtlstj=.3 -.6 pi=.5 t_stop=50

GROWTH RATE MODIFICATIONS p2=.1

cl=,] -.1.5 p3-.015

c2=.6 =~.6 a= .}

b/ Nitrogen treatment N3 in 1990.

SIMULATION PARAMETERS

TIMES [days] GROWTH CURVES
primary grain secondary grain

tmax=50 £1=,20 f2=,26

dt=1 nl=16 m2e]B

t=1 11=2.0 12=2.5

FILE SIZE g1=60 g2=40

n=550

STARTING WEIGHTS

Wtlst[mg]=9 ~.001 PROBABILITIES

Wt2nd[proportion of Wtlst]=.3 -.6 pl=,5 t_stop=50

GROWTH RATE MODIFICATIONS p2=,1

c1=a1 "1-4 p3=0015

c2=.5 -.6 a= .35

¢/ Nitrogen treatment N3 in 1991.

SIMULATION PARAMETERS

TIMES [days]) GROWTH CURVES
primary grain secondary grain
tmax=50 £1=,20 £2=.26
dt=1 ml=16 m2=18
t=1 11=2.0 12=2.5
FILE SIZE gl=60 g2=40
n=730
STARTING WEIGHTS
Wtistimgl=9 -.001 PROBABILITIES
wt2nd{proportion of Wtist]=.3 -.6 pl=.5 t_stop=50
GROWTH RATE MODIFICATIONS p2=.1
cl=.4 -.B p3=.005
c2=.2 ~-.6 a= .25
Figure 5.2: Simulation parameters for Cebeco 8852; (a) Nitrogen treatment

N1 in 1990; (b} Nitrogen treatment N3 in 1990; (ec) Nitrogen
treatment N3 in 1991,
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a/ Parameters used for the first part of simulation during
the time interval t= 1-10.

SIMULATION PARAMETERS

TIMES [days] GROWTH CURVES
primary grain secondary grain

twmax=590 fl=,20 £2=.26

dt= mi=16 m2=18

t=1 1i=2.0 12=2.5

FILE SIZE gl=60 g2=40

n=340

STARTING WEIGHTS

Wtist[{mg]=1ll -,1 PROBABILITIES

wtand[proportion of Wtlstl=.2 -.6 pl=.15 t_stop=10

GROWTH RATE MODIFICATIONS pe=.1

01-03 -08 p3=002

c2=- 1 -3 as= , 15

b/ Resetting parameters at time t= 10 used for simulation
during the time interval t= 11- 50.

PROBABILITIES
pl=.25 t_stop=50
GROWTHRATE MODIFICATIONS p2=.1l
cl=.3 -.8 p3=.005
GZ’.I -03 a= -1
Figure 5.3: Simulation parameters for variety Wilma under nitrogen

treatment N1 in 1990; (a) Parameters used for the first part
of gimulation during the time interval t = 1 - 10; (b)
Resetting parameters at time t = 10 used for simulation
during the time interval t = 11 - 50.
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50 7

40 7

307

207

weight secondary grain [kgl

10 7

10 20 30 40 S0 60 7a 80
bpg 0.0 bse 0.0
el 1.25 wtl 13.75 weight primary grain [wal
duw2 0.70 witZ 7.13
t 5 n 340

£5 30 53 >7?5 <9 30 35 >7% <5 30 53 >73

£S5 30 355 >75
grain weight [ngl

secondary grains primary grains all together differences
nobs 340 340 680 340
mean 4.05 8.89 6.47 4.85
min O.49 1.76 0.49 -D.357
ax 8.20 15.19 15.19 9.41
range 7.71 13.43 14.70 9.99
var 2,92 10.45 12.55 3.68
sdev 1.7?71 3.23 3.54 1.92
ov 7 42 .23 36.34 54.75 39.60
S 1376.60 3024.08 2200.34 1647.48
skew 0.27 0.10 .47 0.19
sesk 0.13 0.13 0.09 0.13
Figure 5.4: Results of simulation after 5 time steps {parameters are

given in Fig. 5.1a).
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. w ight i i
duZz 1.12 wtZ 11.83 weight primary grain (el
t 10 n
<3 320 55 >7?5 <$ 30 55 >3 {5 30 55 >75 {5 30 55 >75
agrain weight [ngl
secondary grains primary grains all together dif ferences
nobs 340 340 680 340
mean 7.71 15.64 11.67 7.93
min 0.60 1.76 0.60 -3 .59
ma 12.90 23.11 23.11 16.63
range 12.29 21.35 22.51 21.22
var 6.76 15.786 27.02 8.01
sdey 2.60 3.97 35.20 2.83
[ VI 33.75 25.40 a4.53 35.67
Sum 2620.15 5317.61 3968.88 2697 .96
skew -0.41 -0.32 0.2D -0.96
sesk 0.13 0.13 0.09 0.13
Figure 5.5: Results of simulation after 10 time steps (parameters are

given in Fig. 5.1a).
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S50 7

30 7

weight secondary grain Imngl

10 7
1 L 1 T T ¥
(1] 10 2D 30 40 S0 60 70 80

bpg 0.0 bsa 0.0

duwl 2.28 wtl 32.34 waight primnarg arain [(mal

duw2 1.63 wt2 18.97

t 15 n 340

{5 30 535 >75 {95 30 53 >75 <5 30 535 >75 {5 30 %5 >7s
grain weight [(mgl
secondary grains primary grains all together differences

nobs 340 340 680 340

mean 13.43 24.62 19.03 11.19

Mmin D.&0 1.76 0.60 -11.34

rax 20.04 33.74 33.74 2?.25

range 19.43 31.98 33.14 38.59

var 18.34 36.10 58.53 32.72

sdev 4.28 6.01 7.65 5.72

cv ¥ 21.88 24.40 40. 21 51.11

sum 4567 .34 8372.35 6469 .85 3805.01

skew -1.15 ~1.30 -0.06 —-1.37

sesk 0.13 0.13 0.09 0.13
Figure 5.6: Results of simulation after 15 time steps (parameters are

given in Fig. 5.l1a).
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0 20 30 40 S0 60 ] 80

bpg 0.0 bsa 0.0
dwl 2.12 wtl 43.54 weight prinary grain [hal
w2 1.76 wt2 27.79
t 20 n 340

<5 30 55 >7S <5 30 S35 >»75 {35 30 55 >75 <35 30 S3 >75

grain weidght [mgl

secondary grains primary grains all togethar differences
nobs 340 340 680 340
nean 20.33 33.83 27 .08 13.50
min 0.60 1.76 0.60 —20.15
X 28 .85 44.95 44,95 38.46
range 28.25 43.19 44 .34 58.61
var 43 .83 76.954 105.71 94.19
sdev 6.62 8.75 10.28 9.70
cu ¥ 32.5%56 23 .86 37.96 71.90
St 6913.21 11502.38 9207.B0 4589.17
skew -1.37 -1. -0.29 -1.19
sesk 0.13 0.13 0.09 0.13
Figure 5.7: Results of simulation after 20 time steps (parameters are

given in Fig. 5.1a).
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T T T T : T T
1] 10 20 30 40 S0 60 70 80

bpg 0.0 bsa 0.0
dwl 0.67 wtl 56.65 weight prinary grain [nal
w2z D.44 wt2 3B.36
t 30 n 340

<5 3D 55 >75

secondary grains primary grains

<5 30 S5 >75
arain weight Ingl

nobs 340 340 680
mean 28 .42 44,34 36.38
min 0.60 1.76 0.60
nax 39.42 58.03 S58.03
range 38.82 56.27 57.43
var 89.335 148.92 182.47
sdev 9.45 12.20 13.51
cv % 33.26 27 .52 37.13
SuUM 9662.13 13077.25 12369.69
skew -1.951 -1. -0.49
sask 0.13 0.13 0.09
FPigure 5.8: Results of simulation after 30 time steps

given in Fig. 5.1a).

<5 3D S5 >75

all together

<5 30 S5 >75

di fferences

(parameters are
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50 7

30 7

207 .

weight secondary arain I[ngl

10 9 -
T ] T 1 - 1] T L]
)] 20 30 40 S0 60 70 80
bpa 0.0 bso 0.0
dul .01 wtl 59.93 weight prinary grain [nal
du2 0.00 wt2 39.99
t 30 n 340
{5 30 535 >73 <3 30 5% >75 {3 30 55 >75 <5 30 535 >75
grain weight [ngl

secondary grains primary grains all together differences
nobs 340 340 680 340
mean 29.64 46 .87 38.26 1?7.23
min 0.60 1.76 0.60 -32.36
max 41 .06 61.15 61.15 54.85
range 40. 45 59.39 60.35 87.21
var 97.42 171.356 208.63 249.19
sdeay 9.87 13.10 14.44 15.79
[ V24 33.30 27.94 37.75 91.61
sSum 10078.31 19936.97 13007.64 5858.66
skew -1.93 -1.97 -0.46 -0.97
sesk 0.13 0.13 0.09 0.13

Figure 5.9: Results of simulation after 50 time steps (parameters are

given in Fig.5.1a).
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50 7

30 7

20 7

weight secondary grain (nagl

10 7

T T T T T T T 1
20 30 10 50 60 70 80

o 10
brpa 35.1 bse L15.1
weight primary grain [nal

t S0 n-2 263
r 0.73 a -92.27 b 0.81

Lidl

{3 30 55 >75 <% 30 55 >75 <3 30 595 >75 <3 30 5% >75
grain weight Ingl

secondary arains prinary grains all together differences
nobs 265 ' 263 530 265
mean 32.47 51.40 41 .94 18.93
nin 15.81 36.70 15.81 -0.09
max 41.06 61.15 61.15 38.69
range 25.249 24.45 45 .34 38.77
var 32.27 26.14 118.95 15.96
sdey 5.68 9.11 10.91 4.00
cv ¥ 17.50 2.95 26 .01 21.10
sSum 8604.62 13622.28 11113.4S S017.66
skew -1.06 -0.43 -0.12 0,39
sesk 0.15 0.15 0.11 0.15

Figure 5.10: Selected central cluster from the results of simulation given
in Fig. 5-10 (parameters are given in PFig. 3.4.7a),
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<5 30 S5S5 >7S

<5 30 39

grain weight [ngl

secondary grains primaruy grains

nobs 390
mean 23.82
min 2.29
Mmax 39.61
ranoe 37.32
var 48.69
sdey 6.98
cv ¥ 29 .29
sUn 14053.79
skeu -0.45
sesk 0.10
Figure 5.11

S90

all toomther

1180
32.70
08

57.20
36.11
140.13
11.84
36.20
19291.03
-0.11
0.07

275

<95 30 535 >¥5

differences

59%0
17.75
-29.18
350.96

Results of gimulation for variety Wilma under nitrogen
treatment N3 in 1990 (parameters are given in Fig. 5.1b).
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t S0 n 72

<5 30 S5 >75 <5 30 595 >7?35 <3 30 335 >75 <3 30 595 >75
grain weight [ngl
secondary grains prinary grains all together differences

nobs 720 720 1440 720
rmean 26.06 43.70 34.88 17.64
min 2.26 1.86 1.86 -32.78
max 39.42 58.49 58.45 48.55
ranoe 37.16 56 .99 56.59 81.34
var 43.19 69.07 133.93 76.48
sday 6.57 8.31 11.57 8.79
cv ¥ 25 .22 19.02 33.18 49.58
sSUn 18763.18 31462.98 25113.08 12699.80
skew -0.71 -1.80 -0.13 -1.72
sesk .09 0.09 0.06 0.09

Figure 5.12: Results of simulaticn for variety Wilma under nitrogen
treatment N3 in 1991 {parameters are given in Fig. 5.1c).
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mnean 24.84 43.30 34.07 18.46
nin 1.32 1.79 1.32 -32.97
Max 41 .03 61.41 61.41 56.33
range 39.72 59.62 60.09 88.90
var 86.21 189.97 223.25 339.14
sdev 92.29 13.78 14.94 18.42
ocu ¥ 37.38 31.83 13.86 99.74
sum 8444 .86 14722 .73 11583.80 6€277.87
skaw -1.11 -1.491 -0.18 -0.77
sesk 0.13 0.13 0.09 0.13

Figure 5.13: Results of simulation for Cebeco 8852 under nitrogen
treatment N1 in 1990 (parameters are given in Fig. 5,2a).
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nobs 550 550 1100 350
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Results of simulation for Cebeco 8852 under nitrogen

Figure 5.14:
treatment N3 in 1990 (parameters are given in Fig. 5.2b).
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var 32.24 66.91 129.07 124.00
sdav 9.68 8.18 11,36 11.14
cu ¥ 27 .?7? 21.37 38.69 62.46
E-T ) 14925.67 27941 .14 21433.40 13015.47
skew -0.78 -2.06 -0.08 -1.30
sesk 0.09 0.09 0.06 0.09

Figure 5.15: Results of simulation for Cebeco 8852 under nitrogen
treatment N3 in 1991 (parameters are given in Fig. 5.2c).
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Figure 5.16:

Results of simulation for variety Wilma under nitrogen
treatment N3 in 1990 by resetting the parameters after 10
time steps (parameters are given in Fig.5.3).
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6. DISCUSSION

Potential yields of cereals in the Netherlands are high. On the basis
of physiological properties and environmental conditions., van Keulen et al.
(1991} estimated production for cats at 20.5 t/ha of aboveground dry matter
and between 9.7 and 10.3 t/ha of grain at 14% moisture content (Chapter 1).
These calculations are based on a "source-limited" approach.

Considering yield formation from the point of view of crop morphology
and yield components, the potentials and their degree of realization can be

approximated by the following values:

Yield component Potential Observed Degree of

realisation (%)

Shoot density (no/mz) 1 500 400 27
Number of grains per shoot 200 50 25
Grain density (nofmz) 300 000 20 000 7

These potential values of various organs, which eventually determine
sink size, form the boundary conditions for the degree of plasticity in
morphogenesis and for regulation according to source supply. Whingwiri and
Stern (1982) reported that for wheat 72 % of the florets initiated did not
produce grains. The proportion of florets aborted can be modified by
manipulating environmental conditions. Stockman et al. (1983) reported =z
significant effect of increased light or shade (+ 37 %, -~ 43 %,
respectively) on the number of competent floretg at anthesis. Similar
effects have been observed on the number of grains per spike at maturity
{Puckridge, 1968; Willey and Holliday, 1971; Fisher and Wilson, 1975;
Satpathy and Mohapatra, 1985).

This self-regulation and the degree of reduction in density of the
various organs is governed by the internal competion among sinks which is
regulated by differences in position and in time of initiation. Allometry
and time sequence in initiation thus create a hierarchy in plant structures
which is the primary source of plant module variability. In the course of
crop development also many other facters contribute to variations in plant
growth and thus different levels and types of variability contribute to the
final variation in morphological structures {Gustavsson et al., 1982).

In gpecific situations of variety x environment interaction, differemnt
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factorg may have a decisive influence., which complicates identification and

quantification of variability sources. For potato tuber size distribution,

these factors have been discussed by Struik et al. (1990; 1991). To explain

the relationships among the various facters influencing the variability din

grain weight distribution in small grain cereal stands, the modular

approach to plant growth, described in Chapter 1, can be used, based on the

following observations:

1.

Assuming that the yield of organs of agricultural plants is only the

congequence of assimilate availability is an oversimplification. It is

more realigtic to algo congider the procegsses regulating plant

morphogenesis. Only then can we explain how plant organs come to have

their particular, detailed shape and size (Hardwick, 1984},

Under unfavourable conditions plants generally react by formation of a

lower number of organs initiated at that moment, or by abortion of the

youngest and weakesgt individuals of the precursor organs (Kirby, 1974).

Internal reguletion is not only expressed in a reduction in number, but

also in size of the sink-modules (Vlach ané Kren, 1%84).

Variation in sink size within a crop stand reflects changes in growth

correlations or in degree of apical dominance (Phillips, 1969).

By identification and quantification of this source of variation,

genotype x environment interactions can be evaluated (Kren, 1987).

Limited assimilate supply causes a reduction in initiation of new sinks

and accelerates differentiation and reduction in the growing sinks,

i.e. inereases the dominance of older and larger sinks.

Abundant source supply results in higher initiation rates of new ginks,

and in a more synchronous development, i.e. suppression of

apical dominance.

Grain filling is influenced by two sets of processes which, in

combination characterize gource/sink interaction {Section 3.4):

- interactions between environmental conditions and vegetative plants
parts;

- interactions betrween vegetative parts and grains.

The first set of processes determines the number and size of the

morpheological structures at the lower hierarchical levels (1 - 4 in

Fig. 1.3) through both inter- and intra-plant competition, which finally

results in a given nuuwber of grains per plant or per unit area {(Kren,

1987).

The second set of processes, operating at the highest hierarchical level (5
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in Fig. 1.3) affects mainly grain size through intra-plant competition
{Wardlaw, 1968: Stoy. 1969),

These observations formed the basis for the development of the model
for grain filling and grain size distribution (Chapter 4). As the current
ingights in the underlying processes are insufficient for a fully
dererminigtic description of the growth of all individual subunits and
their relationships in metapopulations, a combination of a deterministic
and a stochastic apprcach was used.

The deterministic part consists of growth curves for individual
primary and secondary grains, number of gpikelets congidered and grain
weight ranges at the start of the calculations (Chapter 5). The growth
curves represent hypothetical situations of potential grain growth in
conditions without source limitation. Parametrization of the growth curves
may be based on experimental data from the graing growing in the top
spikelet of the main stem panicle, which are the eldeszt, and therefore
presumably optimally supplied with assimilates (in accordance with the
hierarchical structure of the plant). Both, the number of spikelets
considered and the grain weight ranges at the onset of grain fill depend on
the branching processes, i.e. their values are influenced primarily by
source supply at the first level of the crop x environment interaction
(observation np. 8). They may be quantified on the basis of knowledge about
dry matter accumulation and partitioning, stand structure {Chapter 5) and
the relation between assimilate supply and viable organ formation (van
Keulen and Seligman, 1987).

The stochastic part consists of the parameters for modification of
the growth trajectories of the individual grains in the spikelet
metapopulation {(cl, <2, pl, p2, p3 and a). For their specification the
general ruleg described in Chapter 5 may be used for both interpolation and
extrapolation. The results of calculations after iterative adjustment of
the stochastic parameters, show in general good agreement with experimental
patterns. Better agreement may be achieved by interactively adjusting
parameter values in the course of the caleculation procedure. In that way,
insight may be increased in the processes influencing individual grainm
growth in various positiong within the spikelet metapopulation.

The results of the model suggest that it presents almost unlimited
possibilities for modification of grain growth trajectories, as a function
of current assimilate supply. However, insufficient insight exists in the

relations among assimilate supply, plant morphogenesis, plaat hierarchical
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structure, inter- and intra-plant competition and the values of the

stochastic parameters in the grain growth model, to formulate causal

relationghips. Description and quantification of such functional
relationships need more detailed investigation of:

- temporal pattern of branching in relation to phenclogical crop
development and assimilate supply for quantification of the probabilities
of grain stage transition (pl, p2 and p3)

- relationships between current assimilate supply and the growth rate of
primary and secondary grains in different positions within the panicle
for quantification of growth rate modificatioms (cl and c2) and degree of
competition (a).

Variations in grain weight within the panicle can be the result of
differences in growth rate during the linear dry matter accumulation phase
{(Pinthus and Millet, 1978), rates of cell division and expansion
(Brocklehurst, 1977), size of the vazcular transport system (Simmons and
Moss, 1978) or phytochrome balances (Walpele and Morgan, 1973). Grafius
(1978) found that insertion of pebbles, polysterene cubes and aluminium and
styrofoam pellets into the flowers of wheat, oats and barley regulted in
reduced grain weights, and concluded that maximum grain size was controlled
by hull size (wich depends mainly on spikelet and grain position), while
actual weight was limited by the supply of assimilates per grain (which
depends on grain position and relative sink strength of the grains).

Investigations on grain formation in ocat panicles as a function of the
size of the stem vascular system, or following spikelet removal, have been
carried out by Frey, 1962; Crigwell and Shibles, 1972; Klick and Sim, 1976;
Husley and Peterson, 1982; Peterson et al,, 1982 and Petersgson, 1983. All
these studies, however, referred to the average situation, without
consideration of grain filling in different positiong within the panicle.
To illustrate tﬂe heterogeneity in grain metapopulations, the wvariability
in time of flowering in four main stem panicles of variety Wilma is
presented in table 29.

The differences in time of flowering between the oldest spikelet
{no. 8) and the youngest (no. 1) range between 11 and 20 days. This
presents a substantial time lapse in grain initialisation, which logically
results in a large variability in final grain weight. There is ample
evidence in literature that final grain weight depends on the moment of
anthesgisz and on ovary and floral organ size {(Simmons and Mose, 1978;

Simmons and Crookston, 1979; Ledent and Stoy, 1985; Millet, 1886). Later-
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formed grains exhibit lower growth rates, but the duration of the linear
growth phase is practically jdentical. Cegsation of dry matter accumulation
(and the associated sharp decline in grain water content) appear to occur
at approximately the same moment for all grains within spring wheat
spikelets (Simmons and Crookston, 1979).

QOate exhibit a markedly lower tillering capacity than the other small
grain cereals, but because of their plasticity in panicle size, ocats are
generally congidered superior in compengating lower plant dengities (Jones
and Hayeg, 1967). However, this extended panicle branching has unfavourable
effects on grain uniformity and thousand grain weight.

Greater uniformity and higher average grain weighte can be attained by
synchronigation of the branching process. The importance of synchrony in
cereal development has been reported by Tandon and Sing (1970), Paroda
(1971; 1972) and Dahiya and Singh (1977). Stoskopf and Farey {(1975)
considered synchronigsation in tiller formation as a potential yield-
increasing trait in short winter vheat genotypes. Also Remeslo et al.
(1979) emphasized the impertance of vertical and horizontal synchronization
in the development of ears for wheat breeding. The small difference in
productivity among the first three plant culms is one of the important
characteristics of the winter wheat variety Mironowskaya 808, extensively
grown in the USSR, Eastern Europe and America in the seventies. Kren and
Vlach (1988) concluded, after extensive research on tiller uniformity, that
this property significantly correlated with yield in conditions for which
the variety was adapted and only ecostable varieties maintain the same
degree of uniformity in organs of the same order under a wide range of
agro-ecological conditions.

The uniformity of stems in cereal stands may be improved by management
practices affecting stand structure, i.e. by promoting synchronous
tillering and stimulating competition during stem elongation, to select the
biggest and most uniform stems (Muravyev, 1973).

As evident, the majority of investigaticns on synchronisation refersg
to the process of tillering. According to Cisar and Shands (1978) panicle
development in the second tiller proceeded parallel to that in the first
tiller with a delay of 2 te 4 days. To our knowledge, no information exists
in the literature on synchronization of ocat panicle branching. However, it
may be assumed that more uniform grain size at sowing will produce plants
with more extended and synchronous tillering, with reduced but synchronous

panicle branching and with one or at most two grains per spikelet.
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Finally, chservation 5 about genotype x envirconment interaction
assumes that under favourable conditions, where a variety can realize its
biological potential, the growth of modules (i.e. various organs) is more
gynchronous and therefore their weight distribution is symmetric {the gize
of modules is influenced mainly by a large number of random factors). On
the other hand, under unfavourable conditions, i.e. with limited gource
supply or under stress, apical dominance increases concurrently with the
variability within modules., which is expressed in modifications of the
skewness of their size distribution. The model of grain growth can desecribe
these processes, as witnessed by the graphs depicting the relation between
the weights of the primary and secondary grains, the degree of cluster
separation and the linear regression characteristics for the central
cluster. It may, therefore, be a tool in investigations on genotype x

environment interaction and adaptation.
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Table 29: Time of flowering of florets in different positions in four
main stem panicles of oats in days after flowering of the first
floret (source: van Hartingsveldt, pers. comm.).

Panicle Spikelet Floret Spikelet position (ne in Fig. 1-6)
number number order 1 2 3 4 5 6 7 8 9 10

1 65 1 11 6.5 11 2.5 6.5 1.5 2.51 8.5 1.5
2 15 8.5 15 4 8.5 4 4 2 11 4

2 78 1 13 6 8.5 3 6 2 1 6 3.5
2 16 7.5 13 3.5 6 3 4.5 1.5 7.5 3.5

3 61 1 13 4.5 10.5 1.5 3.5 1 3 1 6 1.5
2 16 6 14.5 3.5 6 3.5 4&.53 8.5 3.5

4 77 1 16 6 i3 3 8.5 1 3.5 1 10.5 4

2 20 6 16 3.5 13 3 6 1 13 6
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7. CONCLUSIONS

Conclusions have been formulated with respect to four areas.
A. For research methodology

1. A number of approaches exist with respect tc the quantitative
deseription of crop growth and yield formation in field crops, which
refer to different hierarchical levels of crop organisation:

- carrying capacity/plant population structure

- source/sink

- modular approach to plant growth.

To simplify the terminology and establish unequivocal connections
between these approaches, we suggest to use:

- sink equivalent to module or plant suburnit

- sink variability and sink differentiation equivalent to module or

plant subunit variability and differentiation, respectively.

2, Grain filling ig influenced by two szets of processesg, which in
combination can be characterized as source x sink interaction:

- between environmental conditions {(carrying capacity) and vegetative
plant parts (vegetative sinks);
- between vegetative parts (source) and grainz (sgink).

3. The reaction of plants to environmental conditions is expressed in
modifications of the intra-plant relationships which are reflected in
changes in variability of sinks. In the course of crop development
continuous interaction exists with environmental conditions (sources),
which successively modifies the number and size of sinks at different
levels of plant organigation in accordance with plant hierarchical
structure,

4. To study sink variability originating from genotype x environment
interactions the range of values, variance, skewness of distribution and
graphs depicting the relationships between the game order sinks at
different positions in the plant structure are the most suitable
characteristics,

5. Greater uniformity and higher average grain weight may be attained by
synchronization of the development of sinks of the same order, butr it
should be realized that plant hierarchical structure and the biology of
plant development only allow synchronization of the same order plant

parts to a limited extent.
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B. For breeding

Selection of varieties adapted to specific agro-ecological conditienms,
so that plant development matches environmental conditions. Growth under
unfavourable conditions results in increaged differentiation and

asynchronous development of the same order sinks.

Modifying plant morphology in such a way that branching processes, which
under certain climatic conditiong c¢ccur in an unfavourable period, are

suppressed and those occurring in a favourable period are gtimulated.

In the Netherlands, where conditions prevail with moderate temperatures
and abundant moisture supply, that would imply increased and
synchronized tillering and a reduction in panicle branching, as well as
in the number of grains within the spikelet. That also broadens the
scope for improved synchrenization of productive tillers through crop

management techniques.

For crop management

Management measures aiming at a high degree of homogeneity in all

technological treatments,

Early sowing or higher gsowing rates at later sowing. The latter,

however, may cause problems due to interplant competition.

Nitrogen fertilizer application regimes aiming at synchronization in
tillering and during stem elongation, to promote competition for
selection of the biggest and uniform stems. Therefore, higher doses of
nitrogen should be applied at tillering and in the final dressing at the

beginning of stem elongation.

D. For modelling

The model for grain growth that has been developed, combines descriptive
and explanatory characteristics and provides wide opticns for
calculation of grain growth trajectories. It results in calculated

patterns of grain weight distribution very similar to experimental
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results.

Specification of the stochastic parameters on the basis of general rules

on plant morphogenesis, plant hierarchical structure and inter- and

intra-plant competition:

a.

d.

Crops with gpikelet cohorts formed over a longer period of time
exhibit more extended ranges of grain growth trajectories, i.e. mote
trajectories are close to the x-axis.

Lack of assimilates reduces grain growth rate, whereby the growth
rate of the secondary graing is affected more strongly than that of
the primary grains.

Premature grain growth cessation occurs more often in crops with
limited assimilate supply, where higher numbers of aborted grains and
lower grain numbers pér unit area are usually observed.

Under conditions with competition for assimilate supply the deminance
of the largest grain within the spikelet is intensified.

The agreement between calculated and experimental results may be

improved . by changing parameters (interactively) in the course of the

calculation procedure. Such a change represents in fact modification of

external conditions.

3. More accurate specification of parameters needs more detailed investiga-

tion of:

a.

b.

branching as related to c¢rop development pattern

the relation between current aggimilate supply and the values of the
parameters in the grain growth model, that characterize the growth
rates of the primary and secondary grains at different positions in

the panicle.



- 126 -

8. REFERENCES

Arber, A., 1934. The Gramineae: a gstudy of cereal, hamboo and grass.
Cambridge University Press, 480 p.

Arber, A., 194]. The interpretation of leaf and root in the angiosperus.
Biological Reviews, 16: 81-103.

Austenson, H.M. and P.D. Walton, 1970. Relationship between initial seed
weight and mature plant characters in spring wheat. Canadian Journal
of Plant Science, 50: 53-58.

Bonnett, C.T., 1966. Inflorescences of maize, wheat. rye and oats: Their
initiation and development. University of Illinois College of
Agriculture, Agricultural Experimental Station Bulletin 721, 105 pp.

Boyd, W.J.R., A.G. Gordon and L.J. LaCroix, 1971. Seed size, germination
registance and seedling vigor in barley. Canadian Journal of Plant
Science, 51: 93-99.

Brinkman, M.A., 1979, Performance of oat plants grown from primary and
secondary kernels. Canadian Journal of Plant Science, 59: 931-937.

Brinkman, M.A. and K.J. Frey, 1977. Growth analysisg of igoline-recurrent
parent grain yield differences in oats. Crop Science, 17: 426-430.

Brocklehurst, P.A., 1977. Factors controlling grain weight in wheat.
Nature, 266: 348-349.

Cannon, W.A., 1%00. A morphological study of the flower and embryo of the
wild cat, Avena fatua L. California Academy of Sciences Proceedings,
ser. 3, Botany. 1: 329-364.

Cisar, G. and H.L. Shands, 1978. Floral initiation and development in
cultivars of oats. Crop Science, 18: 461-464.

Criswell, J.G. and R.M. Shibles, 1972, Influence of sink-source on flag-
leaf net photosynthesis in oats. Iowa State Journal of Science, 46:
405-415.

Dahiya, B.N. and V.P. Singh, 1977. Relationship of synchrony of some metric
traits in barley. Journal of Research, Haryana Agricultural
University, Hisar, 7: 43-45.

Deane, D. and E. Commers, 1986. Oat cleaning and processing. In: F.H.
Webster (Ed), Oats: Chemistry and Techmology, p. 371-412. American
Association of Cereal Chemists, Inc. St. Paul, Minnesota, USA,

Demirlicakmak, A.M., M.L. Kaufmann and L.FP.V. Johnson, 1963. The influence
of seed size and seeding rate on yield components of barley. Canadian

Journal of Plant Science, 43: 329-337.



- 127 -

Dubetz, S., G.C. Russell and D.T. Anderson, 1962. Effect of soil
temperature on seedling emergence. Canadian Journal of Plant Science,
42: 481-487.

Pigsher, K.S. and G.L. Wilson, 1975. Studies of grain production in Sorghum
bicolor L. Moench IV. Some effects of increasing and decreasing photo-
synthesis at different stages of plant development on the storage
capacity of inflorescence. Australian Journal of Agricultural
Research, 26: 25-30.

Fore, R.E. and C.M. Woodworth, 1933, Analyesis of yield in certain ocat
varieties. Journal of American Society of Agronomy, 25: 190-202.

Frey, R.E., 1962. Influence of leaf-blade removal on seed weight of oats.
Iowa State Journal of Science, 37: 17-22.

Frey, K.J., 1988. Growth rate of oats. In: Mattsson, B. and R. Lyhagen
(Eds.) Proceedings of the 3rd Intrernational Oat Conference, p. 330-
339, July 4-8, 1988, Lund, Sweden.

Frey, K.J. and S.¢., Wiggang, 1956. Growth rates of ocats from different test
weight seed lots. Agronomy Journal, 48: 521-523.

Frey, K.J., P.L. Rodgers, W.F. Wedin, L. Walter, W.J. Moline and J.C. Burns
1967. Yield and composgition of ovats. Iowa State Journal of Research,
42: 9-18.

Gmelich Meyling, H.D.. 1976. Verslag van onderzoekingen bhij haver,
betreffende productiviteitsoorzaken en - verwachtingen aan de hand van
fysiclogische informatie. Centrum voor Agreohbiologisch Onderzoek,
Verslag nr. 6, 33 pp.

Grafius, J.E., 1978. Multiple characters and correlated response. Crop
Science, 18: 931-934,

Gugtafsson, A., I. Dormling and G. Ekman, 1982, Barley and wheat under
controlled climatic conditions: a model experiment of wvigour and
variability. Hereditas, 96: 1-~11.

Hardwick, R.C., 1984, Sink development, phyllotaxy,and dry matter
distribution in a large inflorescence. Plant Growth Regulation, 2:
394-405.

Hugley, T.L. and D.M. Petergon, 1982, Oat stem vascular gize in relation to
kernel number and weight. I. Controlled environment. Crop Science, 22:
259-263.

Jones, I.T. and J.D. Hayes, 1967. The effects of seed rate and growing
season on four cultivars. I. Grain yield and its components. Journal

of Agricultural Science, Cambridge, 69: 103-109.



- 128 -

Kaufmann, M.L. and A.D. McFadden, 1963. The influence of seed size on
results of barley yield trials. Canadian Journal of Plant Science, 43:
51-58.

Kaufmann, M.L. and A.A. Guitard, 1967. The effect of seed size on early
plant development in barley. Canadian Journal of Plant Science, 47:
73-78.

Keulen, H. van and J. Goudriaan., 1991. Grenzen aan de plantaardige
produktie. In: Karssen, C.M. and H.M. van Emden (Eds.) Planten in
gebruik, Biologische Road Recles, pp. 15-38..

Keulen, H. van and N.G. Seligman, 1987. Simulation of water use, nitrogen
nutrition and growth of a gpring wheat crop. Simulation Moncgraphs,
Pudoc, Wageningen, 310 p.

Keulen, H., van, H.J. van Hartingsveldt and C.J.T. Spitters, 1991,
Physiological aspects of yield formation in small grains, with special
reference to oats. In: Dr.Ir. Willem Feekes Memorial day on 24 October
1990, p. 63-87, Netherlands Grain Centre. Wageningen, the Netherlands.

Keulen, H. van, J.J. Neetescn, C.F.M. Belmans and J.J.R. Groot, 1988.
Blijvende aandacht voor verfijning van stikstofbemestingsadviezen
wintertarwe. Meststoffen, 2: 18-22.

Kiesselbach, T.A., 1924. Relation of seed size to yield in small grain
crops. Journal of American Society of Agronomy, 16: 670-682.

Kirby, E.J.M., 1974, Ear development in spring wheat. Journal of
Agricultural Science, Cambridge. 82: 437-447.

Klick, H.R. and S.L., Sim, 1976, The influence of gsource of photosynthate
and sink size on grairn yield in ocats (Avena sativa L.)}. Annals of
Botany, 40: 785-793.

Kramer, Th., 1979. Yield-protein relationships in cereal varieties. In:
J.H.J. Spiertz and Th. Kramer (Eds.) Crop physiology and ceresal
breeding, p. 161-165, Pudoc. Wageningen.

Kren, J., 1987. The investigation of wvariability in tillering and stem
formation in winter wheat (in Czech). The second degree thesis, Cereal
Research Institute, Kromeriz, Czechoslovakia.

Kren, J. and M. Vlach, 1988. The yield stability of perspective winter
wheat genotypes. Research communication (in Czech), pp. 59, Cereal
Research Institute Kromeriz, Czechoslovakia.

Ledent, J.F. and V. Stoy, 1985. Responses to reductions in kernel number or
to defoliation in collections of winter wheats. Agronomie, 5: 499-504.

Leopold, A.C., 1961, Senescence in plant development. Science, 134: 1727-



- 129 -

1732.

Magle-Meynard, J. and M. Sebillotte, 1981, Etude de l1'héterogénéité d'un
peuplement de blé d'hiver. II. Origine des différentes catégories
d'individus du peuplement: élements de description de ga structure.
Agronomie, 3: 217-224.

Millet, E., 1986. Relationships between floret size and grain weight in
aneuploid lineg of homoeologous group-5 chromosomes of common wheat
(Triticum aestivum L.) ev. Chinese Spring. Canadian Journal of
Genetics and Cytology, 28: 497-501.

Miyagawa, S., 1983, Model gtudy of the frequency digtribution of single
seed weight and its application to soybean. Bulletin of the Natiocnal
Institute of Agricultural Sciences (Nogyo Gijutsu Kenkyusho Hokoku)
Series A, No 3, p. 1-45.

Monteith, J.L., 1977. Climate and the efficiency of crop production in
Britain. Philogophical Transactions of the Royal Society, London, B
281: 277-294.

Muravyev, S.A,, 1973, Stebleotbor v zlakovom phytocencze. Zinatne, Riga.
NGC, 1988. Van haver tot gort.

Noguchi, Y., 192%. Studien {iber die Entwicklung der Inflorenszenzen und der
Bluten bei Getreidepflanzen. Journal College of Agriculture, Imperial
University of Tokyo, 10: 247-303.

Paroda, R.S., 1971. Importance of synchrony of ear emergence in plant
breeding programmes. Nature, 233: 351-352.

Paroda, R.S.. 1972. The impact of synchrony of ear emergence on graim yield
and components of yield and path analysis in spring barley.
Zeitschrift flir Pflanzenziichtung 67: 145-160.

Payne et al. (Genstat 5 committee)}, 1987. Genstat 5 reference manusal,
p.364-369, Clarendon Press Oxford.

Peterson, D.M., 1983. Effects of spikelet removal and post-heading thinning
en distribution of dry matter and N in oats. Field Crops Research, 7:
41-50.

Petergon, D.M., T.L, Husley and Tot Ming Luk, 1982, Qat stem vascular size
in relation to kernel number and weight. II. Field environment. Crop
Science, 22: 274-278.

Phillips, D.J., 1969, Apical dominance. In: M.B. Wilking (Ed.), Physioclogy
of plant development, p. 165-202, McGraw-Hill, Loadon.

Pinthus, M.J. and E. Millet, 1578. Interactions among number of spikelets,

number of grains and grain weight in the spikes of wheat (Triticum



- 130 -

aestivum L.). Annals of Botany, 42: 839-848.

Porter, J.R., 1983a. A modular approach to analysis of plant growth. I.
Theory and principles. New Phytologist, 94: 183-190.

Porter, J.R., 1983b. A modular approach to analysis of plant growth. II.
Methods and regults. New Phytologist, 94: 191-200.

Puckridge. D.W., 1968. Competition for light and its effect on leaf and
spikelet development of wheat plants. Australian Journal of
Agricultural Research, 19: 191-201.

Remeslo, V.N. et 2l., 1979. Znatchenie vertikalnoy and horizontalnoy
synchronizaciy elementov urozchaya psenic intenzivnogho typa. Doklady
VASCHNIL, 1: 3-5.

Robbins, G.S., Y. Pomeranz and L.W. Briggle, 1971. Amino acid composition
of oat greoats. Journal of Agricultural and Food Chemistry, 19: 536-
539.

Satpathy, B. and P.K. Mohapatra, 1985. The growth and development of wheat
inflorescence: The effect of pre-anthesis nitrogen treatment on
fertility and assimilate concentration of the inflorescence. Indian
Journal of Plant Physiology, 28: 115-123,

Simmons, S.R. and D.N. Moss, 1978. Nitrogen and dry matter accumulation by
kernels formed at specific florets in spikelets of wheat. Crop
Science, 18: 139-143.

Simmons, S.R. and R.K. Croockston, 19792, Rate and duration of growth of
kernels formed at specicific florets in spikelets of spring wheat.
Crop Science, 19: 690-693.

Spiertz, J.H.J., H.D.J. van Heemst and H. van Keulen, 1992. Field crop
systems in North-western Europe. In: C.J. Pearson {Ed.) Ecosystems of
the world, Vol. 18, Field Crop Ecosystems, Elsevier Scientific
Publighers, p. 357-371.

Stockman, Y.M., R.A, Fischer and E.G. Brittain, 1983. Asgimilate supply and
floret development within the apike of wheat (Triticum aegtivum L.).
Augtralian Journal of Plant Physiology. 10: 585-594.

Stoskopf, N.G. and D.T. Farey. 1975. Asynchronous tiller maturity - a
petential problem in development of dwarf winter wheat (Triticum
aestivum L.}, Plant Breeding Abtracts, 45: 467-472.

Stoy, V.. 1969. Inrerrelationships among photosynthegis, respiration, and
movenent of carbon in developing crops. In: Fhysiological aspects of

crop yield. American Society of Agronomy, Madison, Wisconzin, USA.



- 131 -

Struik, P.C., A.J. Haverkort, D. Vreugdenhil, C.B. Bus and R. Dankert,
1990. Manipulation of tuber-size distribution of a potato crop. Potato
Research, 33: 417-432.

Struik, P.C., D. Vreugdenhil, A.J. Haverkort, C.B, Bus and R. Dankert,
1991. Poggible mechanigms of gize hierarchy among tubers on one stem
of a potato {(Solanum tuberosum L.} plant. Potate Research, 34: 187-
203.

Tandon, J.P. and S. Singh, 1970. A study of flowering synchrony in barley.
Journal of Research, Punjab Agricultural University, Ludhiana, 7: 139-
142,

Tibelius, A.C. and H.R. Klick, 1986. Development and yield of cat plants
grown from primary and secondary seeds. Canadian Journal of Plant
Science, 66: 299-306.

Viach, M. and J. Kren, 1984. Structure winter wheat stand according to
number of plantsg per unit area. Rostlinna wvyroba, 30: 287-294,

Walpole, P.R. and D.G. Morgan, 1973. The effect of floret gterilization on
grain number and grain weight in wheat ears. Annalg of Botany, 37:
1041-1048.

Wardlaw, I.F., 1968. The control and pattern of movement of carbohydrates
in plantg. Botanical Review, 34: 79-105.

Watson, D.J., 1947. Comparative physiological studies on the growth of
field crops. I. Variation in net assimilation rate and leaf area
between species and varieties and within and between years. Annals of
Botany, 11: 41-76.

Welch. R.W., M.V. Hayward and D.I.H. Jones, 1983. The composition of the
oat husk and its variation due to genetic and other factors. Journal
of Science of Food and Agriculture, 34: 417-426.

Whingwiri, E.E. and W.R. Stern, 1982, Floret survival in wvheart.
Significance of the time of floret initiation relative to terminal
spikelet formation. Journal of Agricultural Science, Cambridge, 98:
257-268.

White, J., 1979. The plant as a metapopulation. Annual Review of Ecology
and Systematics, 10: 109-145.

Willey, R.W. and R. Holliday, 1971. Plant population, shading and thinning
studies in wheat. Journal of Agricultural Science, Cambridge, 77: 453-
461. |

Wood, D.W., P.C. Logden and R.K. Scott, 1977. Seed size; its extent, source

and significance in field ecrops. Seed Science and Technology., 5: 337-



- 132 -

352,

Youngs, V.L. and H.L. Shands, !974. Variation in ocat kernel characteristics
within the panicle. Crop Science, 14: 578-580.

Zadoks, J.C., T.T. Chang and C.F. Konzak, 1974. A decimal code for the
growth stages of cereals. Weed Research, 14: 415-421.

Zavitz, C.A., 1927. Forty years experiments with grain crops. Ontario

Agricultural College Bulletin 332.



APPENDIZ

Ligting of program elaborated by B. A, W, Spitters to calculate the model
for grain filling and grain varigbility description (written in Turbo

Pagcal).



APPENDTIX

Listing of program elaborated by B. A. W. Spitters to calculate the model
for grain filling and grain variability description (writen im Turbo Pascal).

uses graph,crt:;
type stagetype=(ff,fs, ft,sf,ss,st,tf,ts,tt);
weightset=(wl,w2,d);
weighttype=array[wl..d] of real;
resulttype=arrayf{l..4] of real;
var stwh,stwl,to0,dt,tmax,t,t_stop,pl,p2,p3,a,cl,clh,cll,c2,c2h,c2l,
percenth, percentl:real;
m,1,k,h,wo:array[l..2] of real;
matrix:array[stagetype,stagetype] of real:

sl,s2:stagetype;

n:word;

grain:array[l..1000] of record
stage:stagetype!
weight:weighttype

. end;

i1,i2,i3:integer:;

dwl;dw2,

wtl,wt2,

rand :real;

stngl,stng2:string;’

gd,gm:integer;
av,min,max,range,sum,Vv,s,cv,ske,ersk:resulttype;
r,a_xy,b_xy:real;.

borx,bory:real;

ch:char; '

procedure read_starting_values;

begin

ocuttextxy (200,10, ‘SIMULATION PARAMETERS’);
outtextxy(0,21, ' TIMES [days])’};

if ch=’M’ then begin outtextxy(0,37, t0=’)gotoxy(4,3):readln(t0);end:
outtextxy (0,53, ‘tmax=");gotoxy(6,4) ;readln(tmax);

outtextxy (0,69, /dt=');gotoxy(4,5) ;readln(dt);
outtextxy{0,85,’t="):gotoxy(2,6) ;readin{t);
outtextxy(0,101,'FILE SIZE‘);

outtextxy (0,117, 'n=");gotoxy(2,8) ;readln(n);

outtextxy (0,133, STARTING WEIGHTS');

outtextxy (0,149, 'Wtist[mg]=") gotoxy(11,10) ;readin{stwh);
cuttextxy (115,149, -/);gotoxy(16,10);;readln{stwl);
outtextxy (0,165, 'Wtznd|proportion of Wtlst]=’):;gotoxy(28,11};
readin(percenth);

outtextxy(250,165,'-');gotoxy(34,11) readln(percentl):
outtextxy{395,21, ‘GROWTH CURVES’);

outtextxy(295,37, 'primary grain’);

if ch=’G’ then begin

outtextxy{295,53,/f1=");gotoxy(41,4) ;readln(k[1]);
outtextxy(295,69, ' ml=");gotoxy(41,5) :readln(m{1}):
outtextxy(295,85,/11=?);gotoxy(41,6)rreadln(1l(1]);
ogttextxy(ZSS,lOl,'gl=‘);gotoxy(41,7);readln[h[l]);

en

else

begin’

outtextxy(295,53,'kl="');gotoxy(41,4);readln(k[1]);
outtextxy (295,69, ‘hi=');gotoxy(41,5});readln(hi{l]);
outtextxy(295,85, 'Wlst0[mg]=‘);gotoxy{48,6);readln(w0[1]};
end;

outtextxy(495,37,/secondary grain’);

if ch=’'G’ then begin
outtextxy(495,53,/f2=")gotoxy(66,4);readln(k[2])
outtextxy(495,69,’m2=');gctoxy(66,5);readln(m{21)

.
L
-
L]



outtextxy(495,85,712=/) ;gotoxy(66,6) ;readin(l[2]);
outtextxy(495,101, 'g2="');gotoxy(66,7);readln(hl2]);
end

else

begin

outbtextxy (495,53, ‘k2="') rgotoxy{66,4) sreadln(k2]1);
outtextxy(495,69, *h2=') ;gotoxy{66,5) ;readin(h{2]);
outtextxy(495,85, ' W2ndo[mgl=’);gotoxy(73,6) ;readln(wd[2]);
end;

end;

procedure read_probabilities;

begin

outtextxy(0,181,/GROWTH RATE MODIFICATIONS’):;
outtextxy(0,197,7¢cl=");gotoxy(4,13);readin(clh}
outtextxy(70,197,7~7);gotoxy(11,13);;readln(cll)
outtextxy{0,213,'¢c2=’) ;gotoxy(4,14) ;readln(czh)
cuttextxy{70,213,7~7);gotoxy(11,14);readln{c2l}
cuttextxy(295,149,PROBABILITIES’);
outtextxy(295,165,/pl=") ;gotoxy(41,11) ;readln{pl):
ocuttextxy(295,181, 'pz—') rgotoxy(41,12) rreadln(p2):
outtextxy (295, 197, ‘p3=');gotoxy(41,13) ;readln(p3);
outtextxy (295,213, ‘a=") ;gotoxy{40,14) ;readln(a};
outtextxy(495,165,’t,stop=');gotoxy(?O,ll);readln(t_stop):
end:;

.
r
-
I
-
’
-
r

procedure calculate_matrix:

begin

for sl:=ff to tt do for s2:=ff to tt do matrix[si,s2]:=0;
{alles op 0}

matrix[ff,fs):=(1-pl-pl*p3)*pl*a; (ff}
matrix[£f,ft]:=(1-pl-pl+p3)*pl*pl;
matrix{£ff,sfl:=(1-pl-pl*p3}*pl*a;

matrix{ff,ss]i=pl*pl;

matrix[£ff,st]:=pl*pl*p3;

matrix{ff, tf):=(1-pl-pl*p3)*pl+p3;
matrix[£f,ts]:=pl*pl*p3;

ratrix{ff,tt]:=pl*pl*p3*p3;

for s2:=fs to tt do matrix{ff,ff]:=matxrix[£f,£f)-matrix[ff,s2];
matrix[ff,£f]:=matrix{ff,f£]+1;
matrix[fs,ff]:=(1-pl-pl*p3)*p2/a; {£s)
matrix[fs,ft]l:=(1-pl-pl*p3)*p3;

matrix[fs,sf]:=pl*p2;

matrixifs,ss):=pl*(i-p2-p3);

matrix{fs,stl:=pl*p3;

matrix[fs,tf]:=pl*pi*p2;

matrix({fs,ts):=pl*{1l-p2-p3)*p3;

matrix{fs,tt):=pl*p3*p3;

for s2:=ff to tt do if s2<>fs then matrix[fs,fs]:
=matrix[fs,fs]-matrix[fs,s2];
matrix{fs,fs]:=matrix{fs,fs]+1;

matrix{ft,st]:=pl*a; {ft})
matrix{ft,tt]:=pl*p3;
matrix[ft,ft]:=l-matrixift,st]-matrix[ft, tt],
matrix[sf,ff]:=(l-pl-pl*p3)*p2/a; {=£}
matrix{sf,fs]:=pl*p2;

matrix[sf,ftl:=pl*p3*p2;

matrixisf,ss]:=pl*{(l-p2-p3):
matrix[sf,st]:=pl*{1-p2-p3)*p3;
matrix[sf,hf]:=(1-pl=-pl*p3)*p3;



matrix[sf,ts]:=pl*p3;

matrixfsf,tt]:=pl*p3*p3;

for s2:=ff to tt do if s2<>sf then matrix[sf,sf]:
=matrix[sf,sf]l-matrix{sf,s2};:
matrix[sf,sf]:=matrixisf,sf]+1;

matrix[ss,ff]:=p2*p2; (ss}
matrix[ss,fs]:=(1l=-p2-p3}+*p2;

matrix[ss,ft]:=p2*p3;

matrix{ss,sf]:=({1-p2-p3)*p2;

matrix{ss,st]:=(1-p2-p3}*p3;

matrix{ss,tf]:=p2#p3;

matrix[ss,ts]:=(1~-p2-p3)*p3;

matrix[ss,tt}:=p3*p3; -

for s2:=ff to tt do if s2<>ss then matrix([ss,ss]:
=matrix{ss,ss]}-matrix{ss,s2];
matrix[ss,ss):=matrix[ss,ss)+1; ,
matrix[st,ft}:=p2/a; {st}
matrix([st,tt]:=p3;
matrix[st,st]:=l-matrix[st,ft]-matrix{st,tt];
matrix{tf,ts]:=pl*a; {tf}
matrix[tf,tt]:=pl*p3;
matrix[tf,tf]:=l-matrix[tf,ts]-matrix[tf,tt];
matrix([ts,tf]l:=p2/a; {ts}
matrix[ts,tt]:=p3; '
matrix[ts,ts]:=l-matrix{ts,tf]-matrix[ts,tt];

matrix[tt, tt]:=1: {tt)
end;

procedure text screenl:

begin

str(dwl:0:2,stngl):stngl:='dwl ’‘+stngl:
str(wtl:0:2,stng2);stngl:=stngl+’ wtl ’+stng2;
outtextxy(0,430,stngl):

str{dw2:0:2,stngl) ;stngl:='dw2 ‘+stngl;
str(wt2:0:2,stng2)stngl:=stngl+’ wt2 “+stng2;
outtextxy(0,440,stngl});
str(t:0:0,stngl);stngl:=’t ‘+stngl;
str(n-2:0,stng2)stngl:=stngil+’ n-2 ‘+stng2;
cuttextxy(0,450,stngl};

end;

procedure text screend;

begin

str(t:0:0,stngl);stngl:='t ’+stngl;
str(n-2:0,stng2);stngl:=stngi+’ n-2 ’‘+stng2;
outtextxy(0,450,stngl);
str(r:0:2,stngl);stngl:='r ‘+stngl;
str(a_xy:0:2,stng2);stngl:=stngl+’ a ‘+stng2;
str(b_xy:0:2,stng2);stngl:=stngl+’ b ’‘+stng2:
outtextxy(0,460,stngl);

end;

procedure text_histogram;

procedure results_histogram(strng:string;result:resulttype;i:integer);
begin
outtextxy(0,360+1%10,strng);
for il:=1 to 4 do begin
str(result[i13:10:2,stngl):;
outtextxy(60+{1i1-1)*150,360+1%10,stngl);



end;
end:;

begin

outtextxy(0,360,’nobs’) sstr(n:10,stngl);
outtextxy(60,360,stngl) routtextxy(210,360,8tngl):
outtextxy(510,360,stngl);

str{n*2:10,stngl) ;outtextxy(360,360,stngl)};
results_histogram(‘mean’,av,1)};
results_histogram(’min’,min,2};
results_histogram(‘max? ,max,3);
results_histogram(‘range’,range, 4),

results hlstogram('var’,v,s),
results_histogram(‘sdev’,s,6);

results histogram{’cv %’,cv,7);:
results_histogranm(’sum’,sum,8); )
results histogram(’skew’,ske,9); :
results_histcgram(’sesk’ ,ersk,10);

end:;

procedure histogran;
var histol,histo2,histosarray[1..16] of integer;
begin
cleardevice:;
for il:=1 to 16 do histo2[il]:=
for il:=1 to n do
begin

if grain{il].weight[w2]<5 then histo2[1}:=histo2[1]+1

else

for i2:=2 to 15 do

if (grain[il].weight{w2]>5%(i2-1)) and (grainf{il].weight(w2]<5#i2)
then histo2{i2]:=histo2[i2]+1

else if grain{il].weight[w2]>=75 then histo2{16]}:=histo2{16]+1;
end;
for il:=1 to 16 do
bar(60+5*il,300,64+5%il,300-round( (histo2{i1]/n)#*300));
for il:=0 to 1 do 1line(67+il1%75,300,67+11*75,305);
outtextxy(55,310, <5} ;outtextxy (135,310, />75%);
for il1:=0 to 1 do line(95+il1*25,300,95+i1%25,305);
outtextxy(80,310,730’) jouttextxy(110,310,/557);

for il:=1 to 16 do histol[il}:=0;
for il:=1 to n do
begin

if grain[il].weight[wl]<5 then histol[1]:=histol[1]+1.

else

for i2:=2 to 15 do

if {grain{il].weight[wl]>5*%(i2-~1}) and (grain[il).weight[wl]<5+*i2)
then histol[i2]:=histol[i2]+1

else if grain(il].weight[wl]>=75 then hlstolfls]-=h15t01[16]+1.
end;
for il:=1 to 16 do
bar(210+5%i1,300,214+5*11,300-round( (histol[i1]/n)*300));
for il1:=0 to 1 do line(217+ii*75,300,217+11*75,305);
outtextxy(20%,310, /<57 ) ;outtextxy(285,310,7>757);
for il:=0 to 1 do line(245+il1%*25,300,245+11%25,305);
outtextxy(230,310,730") ;outtextxy(260,310,755");

for il:=1 to 16 do histo[il]:=histol[il]}+histo2[il];
for il:=1 to 16 do bar{360+5*il,300,364+5%i],



300-round({histo{il}/n)*300});

for il:=0 to 1 do line(367+i1%75,300,367+11%75,305);
outtextxy(355,310,7<5’) ;outtextxy(435,310,'>75"});
for il:=0 to 1 do 1line{395+i1%25,300,395+i1%25,305);
outtextxy(380,310,/30’};outtextxy(410,310,°557);

for il:=1 to 16 do histol[il]:=
for il:=1 to n do
begin

if grain[ilj.weight[d}<5 then histol[l]:=histol[1]+1

else

for i2:=2 to 15 do

if (grainf[il]. we1ght[d]>5*(12 1)) and (grain[il).weightfd]<5%i2)
then histol(i2]:=histol[i2]+1

else if grain[ill.weight[d]>=75 then histol[ls]:=histol[16}+1:
end;
for il:=1 to 1s do H
bar(510+5#*11,300,514+5%11, 300-round((hlstol[ll}/n)*300)),
for il:=0 to 1 dO llne(517+11*75 300,517+11*75,305);
outtextxy(505,310,'<5’):outtextxy(585,310,'>75’):
for i1:=0 to 1 do line(545+11%25,300,545+11%25,305);
outtextxy(530,310,730" )} ;outtextxy(560,310,’557);

outtextxy{250,320,’grain weight [mg]’);
outtextxy(60,340, 'secondary grains’);
outtextxy(210,340,’primary grains’);
outtextxy(360,340,’all together’):
outtextxy (510,340, ‘differences’);

text histogranm;

end;

procedure draw_grains;
begin
outtextxy(30,410,70");
settextstyle(defaultfont,vertdir,1):;
outtextxy (9,110, ‘weight secondary grain [ngl’):
settextstyle(defaultfont, horizdir,1);
outtextxy (250,430, ‘weight primary grain [mgl’):
for il:=0 to 4 do line(35,25+11%75,39,25+11%75);
for ii:=0 to 4 do
begin str({5-i1)*10,stngl};outtextxy(15,25+i1*75,stngl); end;
for i1:=0 to 7 do line(639-i1*75,405,639-11%75,400);
for il:=0 to 7 do
begin str{{8-i1)*10,stngl) ;outtextxy(620~11i+*75,410,stngl); end;
line(39,0,39,400};
line(39,400,639,400);
for il:=1 to n do with grain[il] do
begin
for i2:=0 to 1 do for 1i3:=0 to 1 do
putpixel{39+round(weight{wl]*7.5)+iz2, 400*round(we1ght[w2]*7 5)+13,15);
end;
end;

procedure calculate_results;
var m2,m3:real; ,
procedure average_min_max{i:integer;ws:weightset):
begin

for il:=1 to n do

begin



av[ij:=av[ij+grain(il].weight{ws];

if grain[il].weight[ws]>max[i] then wax[i]:=grainf[il]. welght[ws],
if grain[il].weight[ws]<min[i] then min[i]:=grain[il]}.weight{ws];
end;
av{ils=av{i]l/n;
end;

function v_help(i:integer;ws:weightset):real;

var tnp:real;

begin

tmp:—o,

for il:=1 to n do tmp:ntmp+sqr(gra1n[11] weightlws]-av[i]):
v_help:=tnp;

end;

function v_help_3(i:integer;ws:weightset):real;

var tmp:real:;

begin

tmp:=0;

for il:=1 to n do
tmp:=tmp+eqgr{grain[il].weight{ws]~av[{i])*(grain[il].weight[ws]-av[i])}:

v_help_3:=tmp;

end;

hegin
for il:=1 to n do
grain[il].weight[d]:=grain[il].weight[wl]~grain[il].weight[w2];
for il:=1 to 4 do
begin min{il):=maxint;max[il]:=0;av[il]:=0; end;
average_min_max(2,wl);
average _min_max(1,w2);
average_min_max(4,d):
av(3]:=(av[2]+avil])/2;
if min[i}<min{[2] then min[3]:=min[1] else min{3]:=min[2]:
if maxf{ll>max[2] then wax[3]:=max[1l] else max{3]:=max[2];
for il:=1 to 4 do begin range[il]:=max[il]-min[il];sum[il]:=n*av{il];
end;
r:=0;
for il:=1 to n deo ri=r+(grain[il].weight[wl]-av[2]}*
(grainf{il].weight{w2]-av[1]);
ri=r/sart(v_help(2,wl)*v_help(1,w2));
vid4i:=v_help{4,d)/(n-1);
v(3]:=(v_help(3,wl)+v_help(3,w2})/(2%n-1);
vi2]:=v_help(2,wl)/(n-1};
v[ll:=v_help{l,w2}/{n-1);
for il:=1 to 4 do begin s[il]:=sqrt(v{ill):
cev[il]:=(sf{i1]/av{il])*100; end:
b xy:=r*(a{1]/s[2]):
a_xy:=avill-(b_xy*av[2]);
erski{4}:=sqrt{6/(n+3)):
ersk[3]:=sqrt(6/(2%n+3));
erskf2]:=sqrt(6/(n+3));
ersk(l]:=sqrt(6/(n+3));
mn3:=(v_help_3(3,wl)+v_help_3(3,w2))}/n;
m2:=(v_help(3,wl)+v_help(3,w2))/n;
ske[3]:=m3/(m2*%sqrt(m2)):
m3:=(v_help_3(2,wl))/n;
m2:=(v_help(2,wi))/n;
skel2]:=m3/(m2*sqrt{m2});
m3:=(v_help_3(1,w2))}/n;



m2:=(v_help{l,w2))/n;
ske[l1l]l:=n3/(m2*sqgrt(m2));
m3:=(v_help_3(4,d))/n:
m2:=(v_help(4,d))/n;
ske{4]:=n3/(m2%sgrt{m2));
end;

procedure initialize_grains:

begin '

for il:=1 to n do begin
grain[il].weight{wl]:=random#*(stwh-stwl)+stwl;
grain[ilj.weight{w2]:=grain{il].weight[wl]*

(random* (percenth-percentl )+percentl);
i2:s=random(4)+1;

case 12 of
l:grain[il].stage:=£f;
2:grainf{il].stage:=fs;
3:grainfil].stage:=sf;
4:grainf{il].stage:=ss;

end;

end;

end;

procedure write_border;

begin

setcoloxr{15);
str(borx:0:1,stngl);str(bory:6:1,stng2);
outtextxy(0,420,stngl+stng2);

end;

procedure select:
var chichar;
nl:integer;
begin
borx:=0;hory:=0;
write_border;
repeat
setcolor(15) jrectangle(39+round(borx*7.5) ,0,getmax:, :
400~-round(bory*7.5)):;
ch:=readkey;if ch=#0 then
begin
ch:=readkey;
setcolor(0);
outtextxy(0,420,stngl+stng2);
rectangle(39+round(borx*7.5),0,getmaxx,400-round(bory*7.5));
write_border:
end;
case ch of
#72:bory:=bory+(1/7.5):
#80:bory:=bory-{1/7.5);
#75:borx:=borx-(1/7.5});
#77:borx:=borx+{1,/7.5):
end;
until ch=#13;
setcolor(15):
nl:=0;
for i1:=1 to n do
if (grain[il].weight{wl}>=borx) and (grain[il].weight[w2]>=bory) then
begin
nl:=nl+l;grain[nl}:=grainf{ii}:;



end;
n:=nl;
end:

procedure draw_line;
begin

if a_xy>=0 then

1ine(39,400-round(a_xy*7.5},39%+round(120%7.5),

400-round( (a_xy+b_xy*120)%7.5))
else

line(39+round((~a_xy/b_xy)*7.5),400,

39+round(120*7.5), 400-round((a _Xytb_xy*1201*7.5));

end:;

function Miyagawa{time:real;order:byte):real;

begin
mlyagawa'—(k[order]/h[order])/(1+((k[order]/h[order])*
(1/w0[order])- 1)*exp(-k[order]*(tlme~t0))),

end;

function Gen_Loc(time:real;order:byte)}:real;

begin
Gen_Loc:=h[order]/(exp(ln{1+l{orderl*exp({-k[{order]*
(time-m{order})))*(1/1l[corder])}):

end;

begin
clrscr:;
write(’simulation number /);:readln(randseed):;
repeat
writeln(’Miyagawa / Gen Log (M/G)?):readln(ch)
until (upcase(ch)='M’) or (upcase{ch)='G’):
ch:=upcase(ch):
gd:=vga;gm:=vgahi;
initgraph(gd,gm,’’):
read_starting_values:
read_probabilities;
calculate_matrix;
initialize_grains;
repeat
repeat
t:=t+dt;
if ch='M‘ then begin
wtl:=miyagawa(t,1);
dwl:=miyagawa(t,1l)-miyagawa(t-dt,1);
wt2:=miyagawa(t,2);
dw2:=miyagawa(t,2)}~-miyagawa(t-dt,2);
end;
if ch=’'G’ then begin
wtl:=Gen_loc{t,1);
dwl:=Gen_loc(t,l)-Gen_loc(t-dt,1):
wt2:=Gen_loc(t,2);
dw2:=Gen_loc{t,2)-Gen_loc(t-dt,2);
end;
for il:=1 to n do
with grain{il] do begin
cl:=random#*(clh-cll)+cil;
c2:=random*{c2h-c2l}+c21;
if stage in [ff,fs,ft] then weight[wl]:=weight{wl]+dwl;
if stage in [sf,ss,st] then weight[wl]:=weight[wl]+cl*dwl;



if stage in [ff,sf,tf] then weight[w2]:=weight[w2]+dw2;
if stage in [fs,ss,t=2] then weight[w2]:=weight[w2]+c2*dw2;
rand:=random;
sl:=ff;repeat rand:=rand-matrix[stage,sl];sl:=succ(sl) until rand<=0;
stage:=pred(si};
end;

until t>=t_stop;

calculate results;

cleardevice;text_screenl;draw_grains;readln; {*screen 1*)
histogram;readln; (*screen 2%)
cleardevice; text_screenl;draw_grains;select; {*screen 3*)

calculate results;
cleardevice;text_screend;draw_grains;write_border;draw_line;

readln; (*screen 4%)
histogram;readlin:; (*screen 5%)
if t_stop<tmax then begin cleardevice;read_probabilities;end;

if t_stop>tmax then t_stop:=tmax;

calculate _matrix;

until t=tmax;

closegraph;

end.



