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ABSTRACT

Bos, I. (198l1) The relative efficiency of honeycomb selection and other proce=-
dures for mass selection in winterrye (Secale cereale [.) ( X) + 172p.,

20 figures, 80 tables, &9 references.

Doctoral thesis, Agricultural University, Department of FPlant Breeding,
wageningen.

The efficiency of a one-generation application of honeycomb selection
was studied in comparison with a one-generation application of other proce-~
dures for mass selection. These alternatives included random selection,
truncation selection, grid selection and selection with independent culling
levels. The result of honeycomb selection, which was continued during 3 suc-
cessive generations was also established. The aim of the selection was a
decreased culmlength while maintaining or improving grain yield.

The obtained results showed that it was possible to promote such a re-
combinant plant type by honeycomb selection, but the efficiency of this new
method was scomewhat disappointing. The cause for this is environmental diver-
sity occurring within groups of 7 plants.

For better results of mass selection it was suggested to base the selec-
tion on different plant characteristics (harvest index or grain yield per
ear) or to madify grid selection in such a way that per grid a variable
number of planta is selected. 4

Free descriptors: Secale cereale, autotetraploids, mass selection, honeycomb

selection, truncation selection, grid selection, heritability, genetic corre-
lation, additive genetic variation, competition.
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STELLINGEN

1. De waarneming bij men sporofytisch incompatibiliteitssysteem, dat vol-
ledige dominantie van het ene allal ten opzichte van een ander allel veel
vaker optreedt in het stuifmeel dan in de stempel is ontoereikend ale recht-
vaardiging voor een methode van S-alle]l identificatie, waarbij de heterozy-
goot uitsluitend als moeder wordt gebruikt.

D.J. Ockendon, 1975. Euphytica 24: 165-172.

2, Het oordeel van Mayo, dat recente succeesen van de plantenveredeling,
bijvoorbeeld op het gebied van de granen, meer te danken zijn aan wetenschap-
pelijke inbreng vanuit het terrein van de statisiiek dan vanuit de genetica
wordt door te weinigen gedeeld.

0. Mayo, 1980¢. The theory of plant breeding (p. 5).

3. Omdat honingraatselectie alleen correctie mogelijk maakt voor milieuvaria-
tie welke zich voordoet over oppervlakten die groter zijn dan die welke wordt
ingenomen door een zesring, maar niet voor variatie over oppervlakten kleiner
dan een zesring, betekent deze Belectiemethode nauwelijks een verbetering
ten opzichte van eerder gepropageerde methoden voor massaselectie,

Dit proefschrift.

4. De bewering dat de maximale waarde van de coéfficiént van dubbele reduc-
tie slechts i/7 of 1/8 zou zijn is onjuist.

R.W, Allard, 1960. Principles of plantbreeding (p. 393).

5. Het door Mayo aan R.A. Fisher toegeschreven citaat dat, in geval van ge-
netische analyse van een kwantitatieve eigenschap, het aantal ioci "één van
de minst modificeerbare kenmerken van een polygeen systeem is" mag niet ge-
bruikt worden als rechtvaardiging van gebrek aan interesse in dat aantal leci.

0. Mayo, 1980. The theory of plant breeding (p. 61).

6. 2ij die er van uitgaan, dat de inteeltco&fficiZnt van een in Hardy-
Weinberg evenwicht verkerende F,-populatie van een zelfbevruchtend gewas
gelijk is aan nul hanteren niet een gangbare definitie van de inteeltco&ffi-
ciént, nl. de kans dat een diploid individu op één locus 2 allelen bevat die
identiek zijn door afstamming.

D.S. Falconer, 1964. Introduction to quantitative genetics {(p. 61).
7. De mogelijkheid dat in een graangewas, bestaande uit een kruisingspopula-
tie dan wel uit een zuivere lijn, verschillen in halmlengte eerder een ge-

volg dan een oorzaak van verschillen in cohcurrentie-vermogen zijn, wordt in
de plantenveredeling onvoldoende onderkend.

Dit preoefschrift.
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8. De veronderstellingen die ten grondslag liggen aan Spitters' conclusie
dat de rapgorde voor de opbrengst van een aantal genotypen, die in een meng-
sel geteeld worden, niet afhangt van de plantdichtheid van het mengsel zijn
niet alleen onduidelijk gespacificeerd, maar ze lijken ook aanvechtbaar ge-
zien de verkregen conclusie.

C.J.T. Spitteras, 1979. Competition and its consequences
for selection in barley breeding (p. 86).

9. De mogelijkheden om op voor de teelt van snijmais bestemde percelen win-
terrogge te telen als groenbemestingsgewas zijn in Nederland nog onvoldeoende
onderzocht.

10. De veronderstelling dat bij een onregelmatige stand van een graangewas
de potentiéle opbrengstderving door het optreden van open plantplaatsen tot
op zekere hoogte gecompenseerd wordt door extra uitstoeling van naburige
planten is niet altijd te rechtvaardigen.

C.J.T. Spitters, 1979. Competition and its consequences
for selection in barley breeding (p. 230, 231).

11. De ontwikkeling van concepties op het gebied van de resistentieverede-
ling wordt geremd door de gebrekkige wijze waarop velen het genetisch jargon
hanteren.

12. Zij die vocrstander zijn van een effectieve regeling van het kindertal,
maar tegelijkertijd bezwaren aanvoeren tegen volledige deelname van een in
gezingverband levende vrouw aan het maatschappelijk leven, geven blijk van
een dualistische vigie op een in essentie causale samenhang.

13. Door verbetering van bouwkundige voorzieningen moet het dm bezoeker aan
het receptie-loket van het Wageningse belastingkantoor mogelijk gemaakt wor-
den met opgeheven hoofd te communiceren met de ontvanger; momenteel is zulks
alleen mogelijk als men bij voorbaat dovor de knie&n gaat.

Proefschrift van I. Bos

The relative efficiency of honeycomb selection and other
procedures for mass selection in winterrye (Secale cereale L.)
Wageningen, 27 november 1981
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I INTRODUCTION

1.1 METBODS QF MASS SELECTION

Mass selection is a breeding procedure which has been applied since the
beginning of the domestication of plant species. With this procedure indi-
vidual plants are selected (visually or on the strength of a more or less
formal criterion) because of their individual phenotypic performance. The
next generation is grown from the bulked seeds of the selected plants. The
results of this method have besen impressive. One should realize, for in-
stance, the difference in number of grains on ears of present-day maize and
that on the oldest, subfossilic ears found in Southern-Mexico, which date
from about 5200 before Christ (Prakken,l1965). Not only the earsize, but
also the region in which the crop can be grown increased enormously. Further,
the sugar content of sugar beets was increased from about 6%, at the end of
the 1Bth century, to about 10% in 1868. (From then on family selection, in-
treduced by De Vilmorin, was applied to increase sugar content.) Thus good
results were obtained by application of primitive forms of mass selection
for very many generations.

Lonnguist (1964) summarized the most important features of mass selec~
tion, indicating the following advantages:

(i) The simplicity of the selection technigue is at its utmost.

(ii) Because selection can be applied in each of the succeeding generations
a small progress per generation can, eventually, result in a larger
gain than that attained by using methods requiring more than one gen-
eration per cycle (e.g. reciprocal recurrent selection).

(iii) Large-size populations can be handled. In such populations a high in-
tensity of selection can be applied without considerable risk of im=-
portant random genetic drift for alleles on loci that are not under
selection pressure.

He also mentioned some disadvantages. The criterion used for selection is

the phenotypic value of individual plants. This phenotypic value is deter-

mined not only by the genotype of the plant, but also by the growing condi-
tions of the site (resad: macro-environment), by the weather conditions of
the growing season and by interactiens among these 3 factors. Further there
is the summed effect cof influences on the phenotype which cannot be speci-
fied individually. These influences comprise micro-environmental conditions

(including competition by neighbouring plants) as well as internal physio~

logical developments. Together all these influences, each of which might be

of minor importance on its own, are responsable for a large part of the
considerable variation which can in general be observed for characters of



agricultural interest. For many characters the phenotypic differences rely,
therefore, only partly on genetic differences.

Another disadvantage of mass selection is the genetic heterogeneity of
the population resulting from a programme of mass selection. This very phe=-
nomenon illustrates that mass selection cannot approach very quickly the
final goal of selection: exhaustion of the genetic variation for characters
of interest. This disadvantage manifests itself especially if mass selection
is in the form of truncation selection, i.e. selection of the best pheno-
types vwhen considering the whole population.

Application of truncation selection means simply selection of all plants
from the selection field that surpass a certain level, If selection is for
yield all plants yielding more than a defined lower level are selected. More
lavels are defined (for each character one) if selection is for more than
one character. This type of truncation selection is called selection with
independent culling levels. )

With truncation selection there is no correction for differences among
environmental conditions prevalent within the selection field. This disad-
vantage can be removed partly by decreasing the variation in environmental
conditions to which the plants to be compared are submitted. Gardner (1961)
therefore divided the plants in a selection field, planted with the maize
variety Hays Golden, into small areas (which he called strata). each con-
taining 40 plants. In each stratum {also being cailed grid) the 4 highest
yielding plants were salected. With 4 generations of selection the yield
had increased from 79.3 bu/acre to 97.4 bu/acre. The linear regression of
relative yield (i.e. the yield expressed as an percentage of that of the
unselected variety) on the number of selection interventions amounted to
3.93%. Another yardstick for the average progress per generation is the
geometric mean of the total progress over 4 generations {(22.8%)}. This
amounted to 5.3% per generation. Considerable fluctuations around these
means did show up.

This remarkable success stimulated a revival of interest in mass selec-
tion, especially in the United States where, because of the success of
hybrid maize research on mass selection had been neglacted since about 1925.
An interesting summary on procedures and results of mass selection in the
10 years following Gardners publication was given by Le Cochec (1972}.

Verhalen et al. (1975) applied grid selection in a cotton variety known
to be genetically variable for fiber length. Truncation selection was ap-

“plied for comparison. The selection field was arbitrarily subdivided into
three 20x60 m grids. Within each grid 100 plants were visually selected
and from these planta the upper and lower 10% were choaen, on the basis of
fiber length, both in each grid and over the whole selection fieid. Plants
bordering skipg in the same row or in an adjacent row were excluded from
consideration. Because of overlapping not ({2x3x10)+(2x30)=120 different
plants were selected, but only 85. Despite this overlapping about half of
the plants selected by the one method were not selected by the other.

2




Therefore it was supposed that one selectioh method should be superior to
the other. The fiber length of the offspring of the B85 plants was measured
to determine the selection response. In 6 out of 8 compariscns the result of
grid selection was significantly better than that of truncation selection.

As was mentioned by Verhalen et al. (1975) an increasing similarity of
the environmental conditions for the plants to be compared can be expected
at decreasing grid sizes. This means an improvement of the opportunities for
selection response.

Presumably the minimal size for grid selection is effectuated by so=-
called honeycomb selection (Fasoulas, 1973, 1976, 1977, 1979; Fasoulas &
Tsaftaris, 1975). In the 1973 publication honeycomd selection was presented
as a method of salection for self-fertilizing crops, to enable breeders to
distinguish high yielding genotypes, even if these were represented by sin-
gle plants. The procedure was announced to be applicable under heterogeneous
s0il conditions. Selection could start already in the F, of seif-fertilizing
crops.

The central idea was that growing conditions for contiguous plants are
more similar than those for non contiguous plants. Comparison of the perfor-
mance of a single plant with the performance of its neighbours would give
the best impression of the genotypic value of the central plant. & fair
comparison is possible when the plants are grown in & regular hexagonal pat-
tern (the honeycomb pattern), because then each plant has 6 neighbours,
each at the same distance. A plant should be smelected if it is yielding
better than each of its 6 neighbours.

Although soil heterogeneity seemed to be considered as the most restric-
tive factor for the success of selection, competition was mentioned as an~
other influence that masks the genotypic value. By growing the plants in the
selection field in absence of competition, the plants can show their genetic
potential under their private soil conditions. Fasoulas (1973) admitted that
it was unclear "whether plants selected on the basis of very low competition
or without competition would perform well in solid stand". Because prelimi-
nary results had shown him that the yvielding ability of a (wheat?) genotype,
selected without competition, was not affected at high plant density he
dared to grow an F, population of wheat in a honeycomb selection field at
interplant distances of 50 c¢m. Nevertheless it was stated that interplant
distance deserved further investigation. Because the method was only illus-
trated no decisive evidence on its worth for practical application could be
derived.

In a next paper (Fasoulas & Tsaftaris, 1975) more attention was given to
competition as a cause for the lack of success of single plant selection. It
was advocated that selection should be done under conditions without compe-
tition, i.e. at very low density.

In an experiment with 7 hybrid maize varieties (the structure of the va-
rieties was not given) it was observed that the ranking of the varieties was



the same, regardless of whether the varieties were grown as single plants
{without competition) or in a normal density (monocultures with intrageno-
typic'competition}. The same was found in an experjment with 7 cotton vari-
eties.

In a selection experiment with cotton superior plants were selected in an
F, population grown under noncompetitive conditions in a honeycomb pattern
(interplant distance 90 cm). The progenies of the selected plants were grown
at three densities. High yielding progenies were said to maintain their su-
periority across the three planting densgities, but in Fig. 2 (l.c¢.) a change
in ranking of the 2 parental varieties is manifest.

For an cobligate cross-fertilizing crop like rye monogenotypic varieties
are not grown and then the plants are exposed to intergenotypic competition.
Fasoulas & Tsaftaris (1975) exclude this category of crops from their cen-
cept of constant ranking of monegenotypic varieties across densities.

Spitters (1979) mentions experiments with self-fertilizing crops showing
spacing dependent ranking (p.77, l.c.). Briggs and Faris (1979) found at
2 sites contrasting agreements between the performance of cultivars in space
plantings and in solid seedings. More evidence should therefore be acgquired
before it can be stated that, in general, genotypes having the highest yield
under noncompetitive conditions also have the highest yield in monocultures,
grown at normal density.

In rye it is practically impossible to make use of genetically homogenecus
material as a check (see section 2.1). Therefore, it was decided to measure
progress by selection by comparing the performance of offspring of plants
selected on purpose with that of the offspring of plants selected at random.
The result of random selection was thus the point of reference to measure
the results of other selection methdds.

1.2 AIMS OF THE EXPERIMENTS

Honeycomb selection was proposed as a method enabling the breeder to
start selection already in the F, generation of a self-fertilizing crop.
Ir an F, population in general all plants will have an unique genotype for
a complex character such as kernel yield. Because honeycomb selection was
annouticed to be the best method for identification of superior genotypes,
. sach represented by only one plant, its application to cross-fertilizing
crops was not excluded. The procedure appeared therefore alse suitable for
heterogeneocus populations of outbreeding crops.

The method was applied to rye to cellect evidence on the usefulness of
the methed under conditions of practical breeders. Its relative efficiency
compared with other methods of mass selection was studied. These other meth-
ods comprised random selection, truncation selection, grid selection and
gselection with independent culling levels.



Because in rye it is as important to develop material with shorter culms
as it was in wheat, simultaneous selection for improved yield and decreased
culmlength was applied. This was done by honeycomb selection and by selec-
tion with independent culling levels.

As a substrate for selection on the one side the diploid winterrye vari-
ety Dominant was used and on the other an autotetraploid population of win-
terrye, developed at our institute. As was anticipated using the variety
Dominant meant a difficult starting point for realizing selection responses.
on the contrary the autotetraploid population, having a broad genetic base,
was never submitted to artificial selection before. This population was as-
sumed to afford an easier starting point for realizing selection responses.

The experiments with auteotetraploid rye are described in chapter 6, the
experiments based on Dominant material are described in the other chapters.

1.3 RYE AS AN AGRICULTURAL CROP

Data, derived from the USDA issue Agricultural Statistics (1978), on the
area and yield of rye are reproduced here in Table 1. Compared to 1975 the
total area increased with 7.8% to about 16.2 million ha. Fifteen years ear-
lier, in 1961, the world's total acreage amounted to 28.5 miilion ha
{Bushuk, 1976). A drop in acreage of 43% has thus occurred since 1961. The
total production decreased from 35 million tong in 1961 to 2%9.4 million
tons in 1976, a decrease of 16%. (Tc compare: the total acreage of wheat
amounted to 232.4 million ha in 1976.) The 1980 issue of Agricultural Sta=-
tistics provides data for 1979. The world total rye area amounted to 13.28
million ha, the mean yield was 1.61 tons/ha and the total production 21.4
million tons. Thus the lohg term trend of rye to decline as an agricultural
crop was continued.

In the Netherlands the decline in the area was even more pronounced.
Figure 1, based on data of several issues of the Dutch list for varieties,
presents the area of rye in the Netherlands since 1945.

The dramatic decrease of the Dutch rye area can be explained largely by
the lag in development of the rye yield per ha as compared to that of wheat
{(see Table 2; source: Landbhouwcijfers, 1975, 1977). The additional yield of
wheat tends to increase. The ratio in yield however being fairly constant,
The yield potential of rye appeared to be reascnable during our experiments:
in one of the largest experiments (crop 10) the grain yield was 6300 kg/ha.
Kupers (1975) observed in a2 trial field a yield of 4.7 ton per ha. Clearly,
agronomists and breeders have devoted much more efforts in the past to wheat
than to rye. Besides, it is a common practice to grow rye on worse soils.
The little interest of farmers to grow rye will certainly not rest on the
costs of growing, nor on the farmers price per 100 kg (see Table 3; source:
Landbouwcijfers, 1977).



Table 1 Area, yield per ha and production of rye. Data of 1976

continent country area yield preduction

{1000 ha) {tons /ha) {1000 tons)

America Canada 251 1.75 440
U.5.A. 283 1.35 3s:
Argentina 340 0.97 330
others 25 1.16 29
Europe:EEC:Belg.&Lux. 17 2.94 50
Denkark 72 2.97 214
France 114 2.49 284
Germany 663 3.17 2100
Ttaly 16 2.19 35
Netherlands 21 3.10 65
U.K. 8 2.38 19
rest:Austria 120 3.42 410
Portugal 211 0.70 148
Spain 225 0.95 214
Swedan 122 3.50 427
Czechoslovakia 186 3.02 561
GDR 600 2.43 1455
Poland 2934 2.36 6922
USSR a0¢3s 1.55 13991
others 313 1.480 563

Africa: South Africa 89 0.04 (?) 4 (?)
aAsia: Turkey 530 1.40 740
Oceania: Australia 28 0.54 15
World total 16203 : 1.81 29397

Table 2 Mean yield (in kg/ha) of winterwheat and winterrye in

the Nether-

lands
'51/155 'S6/'60 '61/'65 '66/°'70 '71I/'%5 1976 1977 1978 1979
wheat 3900 4500 4600 4700 5200 5700 5400 6800 61400
rye 2800 2900 2900 3100 3300 3100 3500 4000 4000
difference 1100 1600 1700 1600 1900 1800 1900 2800 2100
ratio 1.39 1.55 1.59 1.52 1.58 1.84 1.54 1.53

1.70
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Figure 1 Area of rye in the Netherlands since 1%45.

Rye is mainly used in mixed fodders. When rye is the only ingredient in
the fodder the results are mostly bad, especially with pigs and chicken.
Wieringa (1967) established that the growth inhibition caused by feeding
rye reste on resorcinols in the pericarp of the kernel. Hoffman and Wenzel
(1977) developed a nondestructive colorimetric method to determine the
alkylrescreinol content of individual rye kernels. Selection to decrease
the content to the level found in wheat appears te be possible because
Becker et al. (1977) observed considerable variation in rye for 5-alkyl-
resorcinol content.

One of the reasons for the lower yield of rye then in wheat is its
greater culmlength. Because of that the risk of lodging after giving a cer-
tain amount of fertilizer is greater for rye than for wheat. Another possi-
ble disadvantage of the long culms is the lower harvest index that could be
associated with that. Products of the photo-synthesis should preferably be
allocated to production of kernels and not to straw production. $till an-
other reason for the lower yield of rye is its shorter growing season: rye
is harvested earlier than wheat. It has been observed that shortness of the

Table 3 Farmers prices (Df1/100 kg) for wheat and rye

'55 '60 '65 t70 Y75
wheat 25.15 30.25 35.45 37.55 43.20
rye 21.25 20.75% 29,20 32.1¢ 41 .45




culms is sometimes associated with an improved ability to survive cold win-
ters. This forms, especially in Eastern Germany, an additional reason to
breed rye with short culms (Sturm & Engel, 1980}).

Shortening of the culme can be forced by application of chemicals.
Kuizenga (1975) observed, after treatment of Dominant with ethrel (also
called etephon), significant shortening of the culms, decreased lodging(es-
pecially when 90 or 120 kg N/ha was given) and a higher number of ears. The
yield increase did not suffice to counterbalance the costs of the treatment.
Kihn et al. (1977) found after simultaneous application of CCC and ethrel an
effective reduction in strawlength, coinciding with a much improved lodging
resistance.

It is clear that, in the long run, it is more ecohomic to develop new
varieties with shorter culms. In the present experiments attention was given
to this goal.

1.4 HINTS FOR READING

It was thought better to prevent the use of abbreviations as much as
possible. Nevertheless a few are used throughout the text. They are:
G for grid
H for honeycomb
ICL for independent culling lewvels
R for random
T for truncation

These abbreviations are used in connection with the words selection,
plant and family. For example: "ICL-selection" is selection of plants in
accordance with the criteria for selection with independent culling levels;
an “"ICL-plant" is a plant selected through "ICL-selection”; an "ICL-family"
is the offspring of an "ICL-plant”.

1f a character is measured on parental plants as well as on their off~
spring the parental observation is represented by x and the observation on
the offspring by y. Underlining of a variable means that it is a stochastic
variable.

In Figure 2 the pathway of the experiments is outlined. Throughout the
text crop numbers are mentioned, referring to certain experiments. To see
the position of these experiments in the vhole programme one should use
Figure 2 as a guide.

The meaning of "yield" is weight of the ears of an individual plant,
*kernel yield" is the weight of the kernels produced by an individual plant.
By plant density is meant: the number of plants per m2; by ear density: the
number of ears per m2.

Throughout the text levels of significance are indicated by:

* : P < .,05
*#* . P < Q0,01
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Figure 2 Pathway of the experiments.

*xk: P < 0.001
The meaning of the symbol ~ is 'approaches the value of'; the symbol =
indicates identity in probability distribution.




2 SELECTION IN CROP I

2.1 MATERIAL AND METHOQD
The material

As indicated in section 1.2 the variety Dominant was chosen as substrate
for the selection experiments with diploid winterrye. During the years of
the experiments Uominant was the most widely grown rye variety in the Nether-
lands. It ig a synthetic variety based on about 12 inbred components, which
are maintained by socalled sibmating (Mastenbroek, 1975). The varisty was
therefore assumed to contain enough genetic variation for further improve-
ment by continued application of an effective mass selection method. Honey-
comb selection was given the opportunity to prove itself to be such an ef-
fective method. Data on the amount of genetic variation actually present
within the variety was gained in the course of the experiments.

The lay=-out of the selection field

Fasoulas & Tsaftaris (1975) mentioned two honeycomb designs:

(i} Thea ranking honeycomb desigm.
This design can be used for ranking genotypes when, per genotype, sev-
eral plants (e.g. 14 to 56) are grown.

{ii) The screening honeycomb desigm.
This design was proposed for selection of superior genotypes when each
genotype is represented by only one plant. By insertion of plants of
a check genotype at prescribed asites the yield of each plant can be
compared with the average yield of its 6 neighbours as well as with the
average yield of the 3 nearest check plants.

The use of clones or pure lines as genetically homogeneous checks is con-
~ ceivable for rye but was not applied. Pure lines are rather difficult to
produce and to maintain, (Owing to its gametophytic incompatibility system
{Lundgvist, 1956) rye is an obligate allogamous crop)}. Furthermore they have
a performance far below that of non inbred rye material. Therefore pure
lines were not used.

Cloning of rye plants is feasible, but cloning will result in rather het-
erogeneous clones, because the splitting of the plants to be cloned results
in plant parts differing in size and recuperation ability. Such heteroge-
neous clones are not suited as check material.

The honeycomb pattern of planting was, therefore, applied without inclu-
sion of check plants. The pattern is depicted in Figure 3. when the distance
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between 2 plants egquals d cm the area per plant equals the area of a regular
hexagonal with side % J¥ @ cm. This area amcunts to % J3 d2 cm2.

To plant a selection field in this pattern, the soil is marked in 2 ortho-
gonal directions. The crossing points of the markation lines indicate the
location of some of the plants. Each crossing point of the diagonals through
the rectangulars marks the position of one of the remaining plants. The
distance between 2 parallel markation lines ig either 3 d cm or d cm.

The soil conditions for a central plant and those for its 6 neighbours
will be the more similar the smaller 4. It is then more likely that a cen-
tral plant which performs better than its neighbours, does so because of its
superior genotype. The smaller d the better the elimination of the dis-
turbing influence of soil heterogeneity. However, the disturbing effect of
intergenotypic competition increases when 4 decreases. Fasoulas (19%73) ap-
plied d=50 cm in wheat and Fasoulas & Tsaftaris (1975} applied &=90 cm for
maize and d=100 cm for cotton. Apparently, they chose to exclude competition
effects rather than to minimize effects of scil heterogeneity. As indicated
in section 1.1 it is uncertain, especially for cross-fertilizing crops,
wvhether genotypes having the highest yield under non-competitive conditions
are also superior when grown at normal density. The principle of selecting
under competitive conditions resembling those under normal growing condi-
tions was therefore followed. (The spatial distribution of the plants in a
honeycomb selection field is more in agreement with a distribution after
broadcasting than the distribution after sowing in rows.)

In the present case selection fields the interplant distance was chosen
to be 4=15 cm. This was considered to be the smallest distance, vet offer-
ing a possibility of walking across the crop without damaging the plants.
The area per plant amounts then to 195 cm?, which corresponds with
51.3 plants per m2. Because 250 smali-grain plants per m? is considered to
be the optimal number, the present plant density was still rather low.

Whether the applied interplant distance represents a satisfactory compro-
mise between the mentioned advantages and disadvantages of a certain plant
density was unknown at the start of the experiments. Some experiences on
the effect of plant density on the result of honeycomb selection are given
in section B.5.

Hamblin (1575) stated that selection for yield should be attempted only
at normal crop densities. However, Hamblin et al. (1978} observed for wheat
a much better elimination of the disturbing effect of soil heterogeneity
(using a moving average) under low density (6.25 plants per m?} than under
high density (625 plants per m2). It should be remembered that these 2 den-
sities represent 2 extremes.

As a last illustration of opposing opinions on the optimal plant density
for selection we cite Valentine (1979): “Chebib et al. (1973) concluded that
the efficiency of single plant selection for 1l characters (including grain
yield} in vheat could be doubled by sowing uniform sized seed in close-

11



P a* %
4 4 4
4. 4“ x
3 . T
3.' g —t— \‘a‘: =
A G
—r— VA 3
: “#ﬁﬂl 'o' i
2&\ - L Y S, e »
“~ . - -
1 k] 1
™ 1™ =
row 1 2 3 4 -] -] 7

Figure 3 The honeycomb pattern. The plants are indicated by a cross. The
heavy lines correspond to the lines marked in the soil of the selsction
field. The wide-dotted hexagon indicates a central plant with its 6 neigh-
bours, the narrow~dotted hexagon indicates the area per plant. The intrarow
distance between two plants equals d; the interrow distance amounts 0.5 4y3
{In the actual experiments d=15 cm).

planted relative to wider spaced stands sown with unsorted seeds. For this
reason the honeycomb design suggested by Fasoulas (1973) may not result in
single plant selection of the maximal efficiency”.

The selection field

The number of plants for the selection field was based on the available
manpower and set at about 5000 plants. These plants were to grow at an
intrarow {=interplant) distance of d=15 cm and an interrow distance of
% 3 d=13 cm (see Figure 3). For 5000 plants, each with an area of % /3 d2
=195 cm2, about 100 mZ was needed, i.e. a square field measuring 10x10 m?2.
This field was provided with a border having a width of 1 m. The total field
measured therefore about 12x12 m2. The field centained 93 rows {total width
of the field 92x13=1196 cm), each consisting of 79 or 80 plants (80x15=
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1200 cm). Before sowing or planting, 80 parallel markation lines were drawn
in one direction and 47 lines were then drawn at right angles with the former.
This resulted in 80x47=3760 plant positions on crossing points (of which
B80x46=3680 were used) and 79x46=3634 positions on crossing points of imagi-
nary diagonals; in total 7314 plant positions.

The plants considered for selection were the 66 plants in the middle of
the 76 central rows (i.e. 66x76=5016 plants). For applicatien of honeycomb
selection one should know the performance of the neighbour plants in the
border. The plants observed were therefore the 68 plants in the middle of
the 78 central rows (i.e. 5304 plants). These plants occupied an area of
1020x1014=1034280 cm?, i.e. 103,428 m2, the border excluded. The position
of every plant was described by 2 coordinates: the row number and the number
of the plant within the row. The position was thus given by the so-called
row-plant number.

2.2 THE PLANTS OF CROP 1

2.2.1 The growing of the crop

on 6 and 7 Octocber, 1974 8526 not disinfected kernels of Dominant were
sown in a mixture of peat and soil (Trio}, most of them in Jiffy pots (1 ker-
nel per pot) and the rest, destined to form the border, in boxes. Because
of heavy rainfall and damage by mice, only 85% of the kernels emerged. Ad-
diticnal sowing was therefore done on 31 October and 5 November. The condi-
tion of the voung plants was bad. The reason for this was the unprecedented
heavy rainfall, which from October up to and including March, 1975 amounted
to 641 mm. The occurrence of frost was not worth mentioning. Transplantation
of the plants from the nursery tc the selection field could not be done
until 10 April, 1975. Some of the plante showed already a short culm.

After this adverse beginning the conditions improved considerably. The
plants survived the transplantation well and a nice crop developed. April
was wet and cold, May and June were cool and dry, July was normal. In the
first decade of August there was a heatwave, which accelerated full matura-
tion. The harvest took place from 5-9 August. From each plant the length
(in cm) of the longest culm (excluding its ear) and the number of ears were
fecorded. This was done in the field, immediately after lifting the plants.
The ears were cut off and stored in a bag, labelled with the row-plant num-
ber. After 2 weeks of drying the ears were threshed and kermel yield per
plant was assessed. The 3 observations were noted down on a map. Figure 4
shows a part of it.

In deviation from the described procedure the selection fields of later
years were not established after transplantation of seedlings. Further, they
were harvested without simultaneous recording of culmlength and earnumber.
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Table 4 Summary of the observations on plants belonging to crop 1.
n: number of observed plants, x: mean, s: gtandard deviatiom, cv_: coef-

ficient of phenotypic variation. °
all selected plants
plants
character {n=5260} H-selection R-gelection
(n=114) {n=57)
culmlength X 145.7 142.2 150.2
(cm) s 13.4 6.9 12.8
c.-vp 0.092 0.049 0.085
earnumber x 4.89 7.80 4.96
] 2.38 2.98 2.55
cvp 2.487 0.382 0.518
kernel yield x 95.2 160.9 103.8
(dg) 5 64.7 6i.4 659.8
cvp 0.680 0.381 0.672

2.2.2 3Some statistical properties

The 78x68=5304 plant positions can be divided in (2x68)+(76x2)=288 plant
positions in the border (marked with * in Figure 4) and 76x66=5016 plant
positions enclosed by this border. Kernel yield was recorded on 5260 plants,
viz. 280 in the border and 4980 inside the border. No kernel yield record
was obtained from 5304-5260=44 positions. Data on the plants belonging to
crop 1 are summarized in Table 4. The mean earnumber amounted to 4.89. Thus,
on the basis of the intended piant density (i.e. 51.3), the eardensity was
250.9. This amounts to only 63% of the optimum of 400 ears per m? (Kupers,
1975), whilst the plant density was only 21% of the plant density considered
to be optimal (i.e. 250). The extreme regular distribution of the plants in
the selection field must have partly been responsible for this compensgation
for the low plant density. The compensation as regards kernel yield can even
be considered to be about complete, because the mean kernel yield per m2
amounted to 51.3x95.2=4884 dg (=4884 kg/ha). In view of the low plant den-
sity, the poor condition of the seedlings and the late time of transplanta-
tion this was indeed a surprisingly high kernel yield.

The mean kernel yield per ear was 95.2/4.89=19.5 dyg.
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Figure ¢4 A part of the map of crop 1.
Each hexagon contains the observations on a single plant; the upper number is
the length (in cm) of the longest culm, the lower left number is the number
of ears, the lower right number is the kernel yield (in dg). The hexagons
marked with * belong to the border, those marked with ! had 2 kernel yield
surpassing that of each neighbour.
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Figure 5 The distribution of x, the kernelyield (in g) of 403 plants (row 1,
2, ----. 6 of crop 1). The right histogram depicts the distribution for lnx.
M:median; m:mode.
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Figure 6 The distribution of the earnumber of 403 plants (row 1, 2,
6 of crop 1).

The probability distribution of kernel ylield

In Figure & the histogram for kernel yield of 403 plants (row i,2,....6
of crop 1} is given. The skewness (see Snedecor & Cochran, 1967) for the
untransformed kernel yields (x) amounted ¥,=1.392%#%*,  that for the trans-
formed data (i.e. for ln(x) amounted to ¥;=-0.0l19. The significant positive
skewness of the untransformed data was taken away by the simple transforma-
tion and the coefficient of variation was halved.

According to Spitters (1979) positive skewness for yield can be explained
by competition. From the literature he derived the general rule that in sit-
vations without interplant competition the distribution is normal (l.c.,
p-91). From this one could conclude that in crop 1 Fasoulas' ideal of absence
of competition was not prevalent.

The skewness for kernel yield will rest on the similar skewness for ear-
number, see Figure 6. (The correlation of kernel yield and earnumber was 0.3%Q;
see Table $.) More data on the distribution for culmlength, yield and ear-
number of the plants in the selection fields are given elsewhere. The con-
clusion. is that the often assumed normal distribution for a guantitative
character could nct be justified here for yield.
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Table § Phenotypic relation of characters of plants from crop i. The char-
acters are: WE: weight of the ears, (in dg}; WK: weight of the kernels

(in dg); NE: earnumber; CL: culmlength {in cm).

The relation between WE and WK was studied:

(i) : per ear (n=20}%)

(ii) : per plant (n=1l1ll)

The relations between WK and CL and between NE and CL was studied:

(i) : for 203 plants

(ii) : for 17 plants with NE>7

{iii): for 180 plants with NE<8

WE WK NE

WK (i}: WK=0.BB1WE-0.0179

WE=2.068
WE=2.368
r1=0.998
(ii):WK=0.886WE=-0.167
r2=0.997
NE r=0.90 (n=203)
CL (1) ¢ r=0.52%** (i) @ r=0.36%*%
(ii) : WK=0.44CL=-47.73 (ii) : CL=3.BBNE+128.53
r=0.65%%* r=0.36
(iii): WK=0.15CL~13.73 (iii): CL=2.53NE+127.47
r=0,50%%x I=0.54%%x

Some phenotypic correlations

The individual threshing of every plant of crop 1 was timeconsuming. In
the case of a high correlation between the weight of the esars of a plant and
the weight of the kernels produced by the same plant (here indicated by
yield, resp. kernel yield) threshing can be omitted. The kernel yield is
then characterized sufficiently by the weight of the ears: selection can
then be based on weight of the ears and the threshing confined to the ears
of the selected plants.

The phenotyﬁic'correlation was estimated for the following situations:

(i) per ear: r; was calculated from all 201 ears of 43 random plants
from row 26 and 27,

(1i) per plant: r; was calculated from 111 random plants from row 23
and 24.

From Table 5 it can be seen that both correlations approached unity.
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Therefore in all later experiments "yield" was observed in stead of Kkernel
yield. It was derived that 2.068/2.368 or 87.3% of the yield could be attri=-
buted to the kernmels. The regression coefficient indicated 88.1%.

The phenotypic correlation of earnumber and kernel yield was estimated
from 203 plants (from row 23, 24 and 28). This correlation (r=0.90) was high
{as could be expected}. Indirect selection for yield via selection for ear-
number was, however, rejected (see the end of section 2.3.4).

A scatter diagram suggested that for strong tillering plants there was
another relation between kernel yield and culmlength than for moderately
tillering plants. The correlation between Kernel yield and culmlength was
estimated therefore for:

(i) all 203 plants mentioned before

{ii} for the 17 plants with at least 8 ears

{(iii} for the 186 plants with less than 8 ears

The correlations were moderately nigh, but significant. High kernel yield
was associated with great culmlength, but this association was weaker for
moderately tillering plants than for strong tillering plants. These correla-

tions are estimates for a heterogenecus population. They do not imply that

a homogeneous short-straw population should consist of poor producing plants.
From the observed association one may not conclude that, by selection of
recombinants, it is impossible to gain a short-straw, high producing type of
plant.

A positive relation (in a segregating population} of culmlength and yield
appears also in other small grains (e.g. McKenzie and Lambert (1961) for
barley).

In a dense stand, which is more in accordance with a normal crop density,
there will be many mexre plants with a small number of ears (say at most 7).
For those plants a weaker positive phenotypic correlation between culmlength
and kernel yield was observed. Selection in a wider stand for short culms
does not have to be very disadvantageous for kernel yield when the plants
are grown in dense stand. Nevertheless, truncation selection for short culms
was not performed, because the shortest plants produced no kernels at all
(or only a fev). These plants were considered to suffer from some deficiency.

The phenotypic correlation of earnumber and culmlength was estimated for
the same group of plants. The estimates were low, which suggest that it must
be possible to gain a short, good tillering (thus good producing) plant type.

2.2.3 The actual selection

Honeycomd selection

Application ¢f the simple criterion for honeycomb selection, i.e. a plant
should yield more than each of its neighbours, resulted in selection of
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692 plants. The portion of selected plants was 692/4980=0.139, not very dif-
ferent from the expected portion (0.15 according to Fasoulas (1973)).

The mean kernel yield of these 6§92 plants amounted to 195.4 dg, the coef-
ficient of variation was 0.413.

This number of selected plants was considered to be too large to comprise
the offspring of each selected plant in the comparative trial (crop 3). The
honeycomb criterion was therefore adjusted as follows:

(i} the yield should be higher than that of each of the 6 neighbours
(ii} the culmlength should be less than the mean culmlength of the 6 neigh-
bours.

This modification has been applied in all selection fields described in
the present text. Honeycomb selection in this text refers therefore to ap-
plication of this double criterion. The second criterion was inspired by
the desire to breed rye with shortened culms. By this a stiffer crop can be
gained, preventing lodging at higher amounts of fertilizer. It supplies an
alternative way to get a higher yield per ha in addition to direct selection
for kernel yield. The urgent need for that was shown in section 1.3. The two
criteria for selection together aimed at breaking the positive correlation
of culmlength and kernel yield (see former section). By applying these cri-
teria plants were selected that had a short culm but yielded all the same
satisfactory. This way of honeycomb selection resembles selection for a high
harvest-index (=kernel yield/biomass).

Harvest index is a plant character that is not very sensitive for the
positive relation between kernel yield and earnumber (this positive relation
manifests itself very clear when varying plant density). Selection for har-
vest-index should thus be effective at an irregular stand of the crop (see
Donald & Hamklin, 1976), because the influence of interplant distance is of
minor importance. In section 6.3.4 more considerations on this subject and
experimental results are given.

One hundred and fourteen of the 692 plants that were selected initially
met the requirement for the second criterion. When selecting, the fact was
neglected that some plants had less than & nejghbours.

Because less than 1% of the plants was missing this will have concerned only
a few selected plants, Moreover it appeared that the number of neighbours
did not play an important role (see concluding remarks).

Because of the positive correlation of kernel yield and culmlength, pri-
marily those plante from the group of 692 were selected that yielded less
than the average of this group (see Table 4).

Random selection

As anncunced at the end of section 1.1 progress by selection was measured
by comparing the performance of offspring of intentionally selected plants
with that of the offspring of random plants. Because 114 plants were se-
iected by H-selection, 57 plants were selected at random. (The reason for
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Table 6§ The mean kernel yield of the nyp plants

with k neighbours., Row 1, 2, ..., 15 of crop 1
k o, mean kernel yield (dg)
3 1 72.0
4 3 123.7
5 27 100.2
6 916 102.6

this will be explained in section 2.3.1.) The R-selection was carried out

using a random permutation table. The observations on the 57 R-plants are

summarized in Table 4.

Two restrictions were imposed:

{1} only plants not selected by H-selection were considered. Later this
restriction was judged to be wrong. It was, therefore, only applied in
crop 1:

{ii) only plants yielding at least 80 kernels were considered. This restric-
tion was imposed because the lay-out of crop 3 reguired 80 kernels per
entered offspring. This restriction must have been the main reason for
the fact that the mean yield of the R-plants exceeded that of all plants
in crop 1 by 8.6 dg.

concluding remarks

It has been considered to use the following as a second criterion for
H-selection: the culmlength should be less than that of each neighbour. Ap-
plication of this en a random sample revealed that considerably less than
100 plants should then be selected. To avoid the risk of random drift a less
restrictive gecond criterion was chosen: the culmlength should be less than
the mean culmlength of the & neighbours.

The mean kernel yield of plants with 3,4,5 or 6 neighbours was established
from 15 rows, in order to observe the effect of the number of neighbours on
the kernel yield of the central plant. The result is shown in Table 6. There
was no clear tendency that the yield of the central plant is the higher the
lower the number of neighbours. Such a tendency could be expected as an ef-
fect of increased area per plant. However, the occurrence of missing plants
might indicate poor local growing conditions. Indeed, the one plant of
Table & having only 3 neighbours was a poor yielder. Obviously, the local
conditions on the spot were adverse.

2.3 THE RESULT OF THE SELECTICON

2.3.1 Material and method for crop 3
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Figure 7 Position of the plots in crop 3. The encircled plotnumbers indi-
cate plots with an R-family.

The material included in crop 3 comprised 114 B-families and 57 R-fami-
lies (see section 2.2.3). Crop 3 was laid out to compare the performance of
the H-families with that of the R-families (see section 2.3.6). By this
method some interesting quantitative genetic parameters could be estimated
from observations on the R-plants (crep 1) and on their offspring in crop 3
(see section 2.3.4 and 2.3.5). Such estimations could not be made if the
selection response was measured by comparing the performance of the B-fami-
lies {or a mixture of them) with the performance of plants grown from a mix-
ture of the seeds of the not-selected plants.

The comparative trial was laid out in a form similar to that advocated
for wheat by Shebeski (1970), whe planted a control plot adjacent to every
F, plot. This meant in the present case that - in general - an R-fanily
plot was bordered on both sides by an H-family plot. Each plot comprised
a single row of 20 plants plus a label. To be able to discriminate indivi-
dual plants at the time of harvesting, the chosen interplant distance (with-
in a row) was 5 cm. The length of a plot measured 21x5=105 cm, the width
(i.e. the interrow distance} 25 cm.

The trial was in twofold. Each complete block comprised 114+57=171 plots.
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The lay-out of crop 3 is depicted in Figure 7. The dimensions of the trial
field, excluding the 1 m border all around, were: width 38x25= 950 cm, depth
9x105=945 cm. The total area (89.775 m2) was considered to be small enough
to plant complete blocks. However, because small environmental differences
might occur among plots located at a distance of one or a few meters from
each other (e.g. a temporary puddle), Shebeski's method to eliminate the in-
fluence of local differences in soil conditions was adopted. This procedure
is especially applicable if the check is genetically uniform (a clone, a
pure line, or an F; hybrid). This was not the case here, but the method was
applied as well, because:

{i) in this way one can be sure that both R- and H-families will be evenly
distributed across the trialfield

(ii) this design offers an alternative for measuring selection responses
(see section 2.3.6).

Applying a randomization procedure the families were assigned a plotnumber.

The plants grew in a rectangular stand. The area per plant was 5x25=125 cm?,

i.e. 80 plants per m2. Here again the plant density was much lower than the

optimal density. (The precise density was 20 plants per 2I1x5x25=2625 cm?2,

i.e. 1321.25 cm? per plant or 76.2 plants per m?e.)

Because 2 kernels were sown per plant position for 2 blocks 2x2x20=80
kernels per family were needed. These kernels were disinfected with Aa-tirit
{containing Lindane and Thiram) and stored in one bag per family. First
40 Kkernels were taken out to sow block 1 and then the remaining 40 kernels
were sown in block 2. The border was sown with a random sample of kernels
from crop 1. After sowing appropriate measures were taken against damage by
pirds and large rodents. The trial was sown on 28 and 29 October, 1975 in
the same field as crop 1.

From 15 to 19 March, 1976 the rye plants were singled. The crop had a
good development. Most of the plant positions contained 2 plants. Because
the plants were firmly rooted, the lifting of one of the 2 plants must have
had some influence on the other plant. Empty positions were filled up by
supernumerary plants from the same plot. These positions were not marked.
(Later experiences learned that this transplantation had a drastic adverse
effect on growth and production of the concerned plants.) The filling up of

empty positiona could not always be done completelv., because it had to be
done within a single plot and in some cases not encugh plants were available.

Ten plets at the most will have contained less than 20 plants on 19 March,
1876. From 25 May onward the crop flowered. After mid June an attack by
brown rust (Puccinia graminis f.sp.secalis) became apparent. Because of the
drought {see section 3.2.1) the crop was harvested already from 20 to

22 July, 1976. Per plot all plants were lifted and collected in a sheaf.
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2.3.2 The observations

Each plot in creop 3 was harvested as a small sheaf. After drying, the
following observations were done:

{1) per plant: culmiength: the distance (in cm) between roots and ear,
along the longest culm
earnumber: the number of ears with at least 1 kernel
yield: total weight (in dg) of the ears

(ii) per plot: the number of broken ears

the weight {(in dg) of the broken ears.
The time reguired per sheaf for these observations was about 10 minutes
{when done by 2 persons). The observations sub (ii) are part of the respec-

tive totals per plot. The totals and the means per plant are thus the same
as those obtained when there were no broken ears. When the ear on the
longest culm wae missing, the culmlength of the longest complete ear was
recorded. A too short culmlength was then regigstered. This fault affected
total culmlength and mean culmlength.

Some considerations on the number of plants per plot

The anticipated number of plants per plot for crop 3 was 20. Because of
several cauges the actual number of plants was, for some plots, less at the
time of harvest. In fact even the actual number stayed unknown because the
registered number of plants could deviate from the actual number. Transplan-
tation during thinning, to f£ill up empty plant positions could not guarantee
the number of plants aimed at: there may have been too few plants and mis-
takes in counting may have occurred. During and after the harvest several
causes for a further deviation from the pursued number of plants occurred:
(i) notwithstanding the interplant distance of 5 c¢m the tillers of 2 neigh-

bours were entangled in such a way, that they were taken for one plant
(ii) one plant produced tillers in such a way that it was considered as
2 entangled plants. Accordingly, this plant was wrongly torm in 2 parts
(iii} at the time of lifting some plants broke at the levels of the roots
and the tillers of these plants were divided in 2 or more groups. When
recording the observations then 2 or more plants were registered.
This last cause for a false number of plants has probably happened rather
often. The registered number of plants is then too high. A false number has
a direct (mainly negative) impact on the mean yield (calculated by dividing
the weight of all ears belonging to a sheaf by the number of plants}. The
effect on mean culmliength will be less. In sections 5.3 and 6.3 the varia-
tion of the number of plants per plot is studied more precisely.
Twe trains of thoughts were followed as regards the further analysis:
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(i) a parent plant with a good genotype will, after open pellination, pro-
duce an offspring containing relatively many good planﬁs. The pro-
genies can, thersfore, be judged on the basis of mean performance per
plant. Such a mean may be biased downwards, especially for yield, be-
cause of fault (iii) stated above. Grain plants are assumed to take in
general a profit from having, during their ontogeny, an empty neighbour-
ing position. Because the justification for this assumption was ques-
tioned at the end of section 2.2.2 it is supposed here that the bias
downwards will turn the scale.

{(ii) a parent plant with a good genotype will, after open pollination, pro-
duce a good prcgeny. The progeniez can, therefore, be evaluated on the
basis of total yield per plot. Then the arrors, mentioned before, in
the registered number of piants do not play a role.

In conclusior a light preference for the second train of thoughte existed.

Both approaches however were performed.

2.3.3 Comparison of the 2 blocks

Begides there possibly being a block effect from soil differences, also
the way of sowing could give rise to such a block effect. Each progeny was
grown boeth on a plot in block 1 and on a plot in block 2. To compare the
2 blocks pairs of plots were compared. Every pair was represented by a plot
in each of the 2 blocks.

The obsgervations for progeny j on the plots in block 1 and block 2 are
indicated respectively by 115 and Zpy- There is a block effect & if

E(Ilj - ij) = Egj =620

The null hypothesis (to be tested) and the alternative hypothesis are:
HO: the 2 blocks afford the same results (i.e. 6§=0)

Ha: the 2 blocks afford different results (i.e. §#0).

It is assumed that 4 is nermally distributed. The test statistic t is

5

(2.1)

)

when Student's t-distribution with p-1 degrees of freedom is indicated by
Ep_l. P being the number of pairs {in crop 3 holds p = 171), then under H,:

LA Y (2.2)

In the first 7 columms of Table 7 the results of the tests are presented.

These are not very congistent: for culmlength the 2 hlocks showed a highly
significant difference for growing conditions, for earnumber the growing

conditions may be considered to be the same, for yield the growing condi-
tions are just significantly different.
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Tadble 7 Comparison of the blocke ih crop 3. The characters are: (1) mean culmlength {cm), (2) total number
of ears per plot, {3) wean earnucber, (4) total yield (4g) per plot, (5) mean yiald (dg). The meaning of the
sysbols is: ii: mean across the plots of block i; 3=R;-X;: r: correlation coafficient.

character X, s 2 fq t B £1qg * [t} Frygitay T PlEyeo”ty!
1) 121.165  119.987  2.177 4.028 1.47 0.0006 o.698 12.66 - 0

2y - 70.386 70.280  0.106  14.58 0.08¢  ©0.925 6.197 2.62 0.005

(3 3.596 3.625  «0.029 0.7087 -0.5387 0.5%08 0.208 2.97 0.003

(4) 1383.5¢  1307.62  S5.92  302.71 2.416  0.0167 ©.253 3.3 -0

(5) §9.375 §7.124  2.247  14.93 1.9683  0.0507 0.242 3.2 ~ ¢

The greater culmlength and yield in block 1 as compared with block 2 may
result from the way of sowing. When sowing block 1 the larger kerhels were
unvoluntary taken out of the bags by preference. Thus for block 2 inferior
kernels remained. Another cause might be the careless way of irrigation of
a neighbouring trial. Because of this block 1 was partly irrigated as well.
Because the summer of 1976 was unprecedently warm and dry this single irri-
gation may have had a lasting effect on culmlength and yield. (At the time
of the irrigation the earnumber was already determined.)

The cerrelation of the observations I35 and ¥y was also estimated. The
estimates and the result of testing Hy: "the correlation is zero" are pre-
sented in the last 3 columns of Table 7.

The pairing was done hecause of the common ancestor. The significant pos-
itive correlation indicates that this really increased the precision when
testing the null hypothesis. Nevertheless the correlation coefficients were
rather low, except for mean culmlength. For earnumber and yield there was
hardly a difference between the estimate for the totals and that for the
means.

The low correlation coefficient indicated a relatively large environmen-
tal variation among the plots within a block. This could be caused by:

(i) the fact that the neighbours of a family in block 1 are different from
the neighbours of the same family in block 2

(ii) the number of plants per plot (aimed to be 20) being too small, i.e.
this number was not large enough to indicate the genetic value of the
family to a reasonable degree. (This has been studied. See sectionm
5.3.2 angd 6.3.2.)

The total weight of all ears of all plants amounted to 456769 dg, i.e.
45.7 kg. According to a calculation for crop 1 (grown one year before), 87.3%
of the weight of the ears could be attributed to the kernels (such a portion
is called here: the conversion factor; see section 2.2,2). The derived kernel
yield was therefore 39.91 kg on an area of 89.775 m2. This corresponds with
4445 kg/ha. The conversion factor for crop 2 (grown in the same year as
crop 3, but on a different piece of land where the effect of the extreme
drought of 1976 was much more adverse) amounted to only 70.5% (see section
3.2.3}). The mean earnumber in crop 3 wag 3.61, so that per m2 3.61xB(=288.8
ears were produced. The mean kernel yield per ear was thus 4445/288.8=15.4 dg.
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2.3.4 The relation between R-plants {(crop 1} and their offspring (crop 3)

Introduction

The atudy of the relation between a random set of parents and their off-
spring after random mating was undertaken to estimate a few typifying quan-
tities. To facilitate further reading first 2 random variables are defined:
Eyi= the observation (for some character) on the random parental plant j
1j:= the weighted average of the observations (for the same character) of

the members of the family of half sibs, having plant j as their common
parent
For the suffix j it holds that j=1,...,n; n being the number of randemly
selected parents. The typifying quantities to be estimated are:
(i) the heritability in narrow sense (hg) of the character
From the linear regression of y on x, i.e. from f=atbx, hﬁ can be !
estimated by :

hﬁ = 2b (2.3}
{see Falconer (1960), p. 169).
(ii) the additive genetic variance (ag) of the character.
From the covariance of z and y, i.e. from cov (x.¥). ag can be esti-
mated by

G2 = 2 cov (X.Y) {2.4)

2

a
{9ee Falconer (1960), p. 153)

{(iii) the éenetic correlation (pg) between characters. This is treated in
the introduction of section 2.3.5.

The former estimationa for a certain character can only be justified when a

few assumptions hold for that character. These assumptions are:

(i) epistatic interaction does not play a role in the genetic part of the
determination of the phenotypic value

(ii) the parental population is in linkage equilibrium

{iii) the parents form a random sanmple

(iv} the parents give rise to an offspring after random mating.

These assumptions deserve some comments. The justification of the first

assumption offers difficulties. If there is epistasis, then the following

relations hold for any pair of loci:

- for the genetic covariance of parent and offspring

covigy, Gug) =% 0L * w L, | (2.5)
- for the genetic variance among families of halb sibs

Var(gas') =na? e ooz (2.6)

26







