
Journal of Agricultural Science in Finland
Maataloustieteellinen Aikakauskirja
Vol 63:255—85

COMPETITION AND YIELD ADVANTAGE IN
BARLEY-BARLEY AND BARLEY-OATS MIXTURES

Selostus: Kilpailu ja satoetu sekä ohran lajikeseoksissa että ohran
ja kauran lajiseoksissa

KARI JOKINEN

Department of Crop Husbandry,
University of Helsinki
SF-00710 Helsinki, Finland

Academic Dissertation
TO BE PRESENTED, WITH THE PERMISSION OF THE
Faculty of Agriculture and Forestry of the
University of Flelsinki, for public criticism
in Auditorium xn, Aleksanterinkatu 5, Helsinki,
on November sth 1991, at 12 o’clock noon.

SUOMEN MAATALOUSTIETEELLINEN SEURA • HELSINKI





257

ACKNOWLEDGEMENTS

This work was carried out at the Department of Crop Husbandry, University of
Helsinki.

I wish to express my sincere gratitude to Professor emeritus Eero Varis, who pro-
posed the subject for my dissertation and for his support at all stages of the work.

1 am very grateful to Docent Eija Pehu and Professor Erkki Kaukovirta, the
referees of this work for invaluable advice and criticism in finalizing this thesis.

My sincere thanks are due also to my colleagues, especially to Docent Juha
Helenius, Docent Reijo Karjalainen, Mr. Markku Yli-Halla, M.Sci., Docent Timo
Törmälä and Docent Pauli Seppänen for discussions and their interest shown during
the work.

I wish to thank Docent Leila-Riitta Erviö and Professor Peter M.A. Tigerstedt
for the stimulating discussions.

I am indebted to Mrs. Aira Vainiola for the protein analyses and to Mr. Reino
Hakala and Mr. Jouko Närhi for their technical assistance in the field experiments
in Viikki.

I want to express my very special thanks to the staff of the Finnish Seed Testing
Station for their excellent assistance in identificationof barley varieties from the seed
yield.

I also want to express my special thanks to the technical staff on the Kotkaniemi
Experimental Farm of Kemira Oy for their cooperation in carrying out part of the
field experiments.

My warm thanks are due to Mr. Tuomo Perälä, M.Sci., for his contribution to
this work.

My warm thanks are due to Mrs. Sevastiana Kuusamo, M.A., Dr. David Thomp-
son and Mr. Peter Joy, M.Sci., for linguistic revision of the manuscript.

I am very grateful to all those persons, too numerous to name here, who have
helped me during recent years.

This study was initially supported by the University of Helsinki. Financial sup-
port from the Academy of Finland, Kemira Oy and the Scientific Foundation of the
Finnish Association of Academic Agronomist (Raisa and S.G. Nieminen’s Special
Fund) is gratefully acknowledged.

I am grateful to the Scientific Agricultural Society of Finland for including this
study in their series of publications.

Finally, I express my warmest thanks to my wife Eeva-Maija and to our son Olli
for their encouragement, understanding and patience during my work. I wish to ex-
press my special gratitude to my parents for their support during these years.





259

Competition and yield advantage in barley-barley and
barley-oats mixtures

Contents

ACKNOWLEDGEMENTS 257

ABSTRACT 261

LIST OF ORIGINAL PUBLICATIONS 262

1. INTRODUCTION 263

2. REVIEW OF THE LITERATURE 263
2.1. Definition of mixtures 263
2.2. Definition of competition 264
2.3. Characterization of yield advantage from mixed cropping 265
2.4. Experimental designs used in studies on competition and their applicability to mixed

cultivation 266
2.5. Occurrence of yield advantage in barley-barley and barley-oats mixtures 268

3. AIMS OF THE PRESENT STUDY 268

4. MATERIALS AND METHODS 269
4.1. Experimental design 270
4.2. Location and management of the experiments 270
4.3. Analysis of the stands and yield 270
4.4. Mathematics and statistics 270

5. RESULTS AND DISCUSSION 271
5.1. Applicability of the linear regression model to studies on the competition and grain

yield advantage of mixtures 271
5.2. Competitive hierarchies in mixtures and the stability of competitive relations 273
5.3. Factors affecting competitionbetween components and competitive ability of a genotype 274
5.4. Yield advantages 277
5.5. Stability of mixtures 279

SUMMARY AND CONCLUSIONS 279

REFERENCES 281

SELOSTUS 284





Maataloustieteellinen Aikakauskirja
Vol. 63: 255—85

Competition and yield advantage in barley-barley and
barley-oats mixtures

KARI JOKINEN

Department of Crop Husbandry, University of Helsinki
SF-00710 Helsinki, Finland

Abstract. Competition and yield advantage in barley varietal mixtures and in barley-oats
mixtures were investigated. The trials were based on replacement series, but in a few cases the
overall density of the stand was varied on the basis of an addition series.

Both models of competition, one based on the de Wit model and the other upon a linear
regression model, agreed as to which component was the dominant and which was the subor-
dinate in the mixture. The competition coefficients from regression analyses depicted compe-
tition between components better in a dense than in a sparse stand.

The competitive ability of a genotype did not depend directly upon individual characters
of the genotype, such as rate of initial development, earliness, culm height, tillering capacity
or grain yield in monoculture (adaptation), A good combination of characters from the view-
point of competition was provided by the barley cv. Arra with its rapid initial development
and rapid culm growth (earliness), the variety being dominant irrespective of number of com-
ponents in the mixture, stand density, level of nitrogen fertilization or growing season. This
suggests that competitive relations and distribution of resources within a mixture are deter-
mined at an early stage in the growing period. In other cases the competitive ability of a geno-
type varied from one environment to another with the competitive relations between compo-
nents being inconsistent. The dominance ofan aggressor usually increased with increasing nitro-
gen fertilization especially when the total density of the stand was high. As a rule, competition
affected all the components of yield with the kernel weight being least affected.

The grain yield of varietal mixtures did not differ from the yield of the highest yielding
component grown alone, i.e, mixtures did not overyield. The relative yield total of varietal
mixtures was higher at low (RYT > 1) than at optimal densities (RYT =1). Also the relative
yield total was higher under conditions where the nitrogen fertilization was not optimal. The
results of a varietal trial repeated during three successive years indicated that the relative yield
total of a given mixture varied from one growing season to another, fluctuatingaround unity.
Thus highly adapted barley varieties appear to compete for the same resources, and the grain
yield advantage of such mixtures is marginal.

The results of the barley-oats mixture trials revealed that the mixture may overyield. The
relative yield totals of barley-oats mixtures were usually equal to or greater than unity the lat-
ter suggesting that the mixtures of barley and oats may use resources more efficiently than
monocultures, and some grain yield advantage could be achieved with such mixtures.

The protein yield of the barley-oats mixtures did not differ from the yield of the highest
yielding component grown alone. The ratio of actual and expected protein yield and the rela-
tive protein yield total were usually slightly greater than one. The grain yields of mixtures were
not consistently more stable than monocultures as determined by the coefficient of variation.

Index words: Competition, yield advantage, barley, oats, mixtures, models
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1. INTRODUCTION

Mixed cropping has been general practice
throughout the tropics and subtropics since
time immemorial. In the main, the choice of
mixed cropping has been, and still is founded
upon an assumed advantage over monocul-
tures that is based upon experience rather than
upon accepted scientific procedures. Interest
in mixed cropping has grown in recent years.
The reason for the revived interest is that
mixed cropping is regarded as a potentially su-
perior, even a more efficient method of crop
production than methods based on only a sin-
gle crop species or variety (e.g. Harper 1977,
Trenbath 1974, 1976, 1983, Wolfe 1985,
Vandermeer 1989). The advantages arising
from the use of mixtures may oftenbe exploit-
ed by simply mixing certain genotypes togeth-
er without the need for any additional inputs.

The systematic investigation of mixed crop-
ping is still a new field, and no traditions of
research have yet developed. This is apparent
from the wide variety of different concepts of
research priorities, and especially of ap-
proaches adopted within the field by differ-
ent workers. The difficulties in analyzing the
results of mixture trials are reflected in the di-
verse and often divergent ways of interpret-
ing trial results and of assessing the advantage
of mixtures over sole crops (e.g. Pearce and
Gilliver 1978, Trenbath 1978, Willey 1979,
1985, Mead and Riley 1981, Gilliver and
Pearce 1983, Pearce and Edmondson 1984,
Vandermeer 1989). Scientists are gradually
becoming aware that if their research into
yield formation and the factors determining
it is restricted to monocultures their insight
into yield formation in mixtures and the pos-
sibilities of exploiting mixture effects will re-
main partial, even biased.

There are three aims of research on mixed
cropping (Trenbath 1974). The first aim is to
screen from mixtures constituted more or less
at random the combinations which are most
productive and best suited to a given area of
cultivation. The second task is to study and
test under standard conditions traditionally
grown mixtures which have been claimed to

perform well. The third aim, which is proba-
bly the most important from the standpoint
of promoting research into crop mixtures, is
to understand the chemical, physical and bi-
ological phenomena underlying the possible
advantage of mixtures over the correspond-
ing sole crops. Of these factors, interplant
competition for resources is one of the most
influential in determining the magnitude of
the yield advantage of a mixture. This third
aim is by far the most challenging and com-
plex.

The main object of the present study was
to compare the yielding abilities of barley
varietal mixtures and of barley-oats inter-
specific mixtures with the respective pure
stand yields, and to examine the nature of
competition between the components.

2. REVIEW OF THE LITERATURE

2.1. Definition of mixtures
Mixtures used in crop production may be

interspecific or intraspecific. There are sever-
al alternatives to increase the heterogeneity of
a crop stand by the use of intraspecific mix-
tures (Wolfe 1985). The various modes of
heterogeneity actually form a continuous se-
ries represented by multilines at the one ex-
treme and by varietal mixtures at the other.

In the multiline mixtures the components
differ from each other only withrespect to cer-
tain identifiable genes, e.g. disease resistance
factors. According to Wolfe and Barrett
(1979) and Wolfe (1985), varietal mixtures
offer the best possibilities of exploiting in-
traspecific mixture effects in practical farm-
ing. A particular feature favouring the use of
varietal mixtures over other intraspecific mix-
tures is that the former are considerably easi-
er to prepare than, for instance, multilines.
Varietal mixtures also possess a greater genetic
capacity to withstand most abiotic and biotic
stresses than multiline mixtures. A disadvan-
tage of varietal mixtures as compared with
other intraspecific mixtures could be the likeli-
hood of the mixture’s greater heterogeneity
with respect to quality of the yield.
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2.2. Definition of competition

According to Begon et al. (1986 p.203)
competition can be defined as an interaction
between individuals brought about by a shared
requirement for a resource in limited supply
and leading to a reduction in the survivorship,
growth, and/or reproduction of the individu-
als concerned. The first part of this definition
focuses on the causes of competition
resources are required by different individu-
als and are shared out among them. The sec-
ond part focuses on the effects on population
dynamics the reduction in the contribution
made by individuals to future generations
when they are brought together (Firbank and
Watkinson 1990).

However, different schools of thought de-
fine competition in various ways, which tes-
tifies for the manifold nature of competition
and for the diversity of phenomena underly-
ing it. According to the so-called American
school (see e.g. Vandermeer 1989 p.9), all
negative interactions occurring between plant
individuals or populations constitute compe-
tition. The concept of competition can be
divided into exploitative competition involv-
ing competition for some resource, i.e. com-
petition for the same growth factor(s). Anoth-
er type of competition is interference compe-
tition, in which individuals or populations in-
terfere with each other’s growth e.g. by mutu-
al shading or the production of allelochemi-
cals. Interference can also result from the ef-
fects of saprophytic organisms living in the
root systems, truly pathogenic organisms and
various insects which attack plants.

According to the so-called British school
(see e.g. Harper 1977), the term competition
should be used only when plants compete for
growth factors. By defining competition in
this way, one excludes all other types of di-
rect or indirect modes of interaction between
plants, which can be attributed to interference.

More recently the traditional terminology
of competition has been elaborated still fur-
ther, mainly in order to take into account the
complex interactions prevailing among differ-

ent organisms (Clay 1990, Connell 1990,
Louda et al. 1990). On the basis of the new
models, competition can be divided into real
competition and apparent competition. Real
competition includes direct interference and
indirect exploitation of shared resources. Ap-
parent competition is caused by indirect inter-
action via a shared enemy or indirect interac-
tion via other species. Thus apparent compe-
tition is dependent on the presence of addi-
tional species other than the competing spe-
cies in question. The relative contributions of
various mechanisms in different competitive
situations can be difficult to quantify, espe-
cially from field experiments.

According to Fowler (1990), the operation
and outcome of competition between in-
dividuals of two or more plant genotypes or
species may be consistent and predictable, that
is, orderly. Alternatively, the outcome of com-
petition between plants may be quite incon-
sistent and hence unpredictable, that is, dis-
orderly. The more factors upon which the out-
come depends, and the larger the stochastic
component of the interaction, the more incon-
sistent and unpredictable will be the outcome
of competition. Climate, location and
management activities all contribute to com-
petitive hierarchies among agricultural plants
by varying resources, environmental condi-
tions and the degree of vegetative suppression.

The best understood mechanism, which in-
fluences the growth of plants irrespective of
whether they grow in mixtures or pure stands,
is competition for resources (de Wit 1960,
Donald 1963, Harper 1977, Trenbath 1974,
1976, Tilman 1982, 1988, 1990, Vandermeer
1989). Plants compete for limited resources
which are essential for plant growth and de-
velopment (light, water, nutrients, oxygen and
carbon dioxide). Competition can occur above
or below ground, or both (Tilman 1982,
1988). In general, the growth of a healthy,
young plant is dependent upon the rate of ab-
sorption of any of the growth limiting factors
(Trenbath 1976). Competition is usually
most intense for a given resource where that
resource is most limiting and competition for
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all resources is most intense where density or
biomass is greatest (Goldberg 1990).

In a young stand, where the leaf area and
root density are still at low levels, the availa-
bility of growth factors to an individual grow-
ing in the stand is as great as for an isolated
individual. As the biomass of individuals in-
creases, the distancesbetween stems and roots
decrease in the stand, which results in changes
in availability of resources. As the stand be-
comes increasingly dense and neighbour ef-
fects intensify, the growth of the individual
in the stand slows down relative to the isolat-
ed individual (Trenbath 1976, HAkansson
1983, Weiner and Thomas 1986, Firbank and
Watkinson 1985, 1990). It is important to
note that the plant’s reaction to a neighbour-
ing individual is less a direct effect of the
neighbour than the affected plant’s response
to its own altered microenvironment. Accord-
ing to Goldberg (1990), such indirect inter-
actions consist of two distinct processes: one
or both plants has an effect on abundance of
the intermediary and/or response to changes
in abundance of the intermediary. Competi-
tion for resources involves negative effects
(e.g., light depletion under a plant canopy)
and positive responses (e.g., the dependence
of growth or survival on available light). Thus
a plant can be a good competitor in two ways:
by rapidly depleting a resource or by being
able to continue growth at depleted resource
levels.

Competitionwithin mixtures is more com-
plex than in monocultures as physiological
and morphological differences between geno-
types, for instance in the extent of the stems
or roots, will affect competition for resources
(Grime 1979, Tilman 1982, 1988). Caldwell
and Richards (1986) have argued that alloca-
tion and architecture are of greater impor-
tance than physiological activity rates in de-
termining relative effects on resources among
similar-sized plants.

Competition for resources comprises a se-
ries of events which result in an uneven dis-
tribution of growth factors among plant in-
dividuals in the stand. The different ways in

which plants react to this uneven distribution
of growth factors is the cause of variation in
size among individuals (Bloom et al. 1985),
but in extreme cases self-thinning is possible
as well (Firbank and Watkinson 1990). Even
though there are differences in size among in-
dividuals before competition for growth fac-
tors begins, competition tends to augment or
enhance these differences (Spitters 1984,
Spitters and Kramer 1986), which results in
competitive hierachies (Keddy 1990).

One cannot, by means of field trials, con-
clusively demonstrate for what growth factors
or at what stage of development there has
been competition (Harper 1977, Vandermeer
1989). It is rather likely that all the growth fac-
tors will limit the growth of plants, since the
plant responds homeostatically to resource im-
balance by allocating new biomass to acqui-
sition of the resources that most strongly
limit growth (Mooney 1972, Thornley 1972,
Bloom et. al. 1985).

2.3. Characterization of yield
advantage from mixed cropping

Characterization of yield advantage from
mixed cropping is not necessarily simple. Ac-
cording to Willey (1979), the yield advan-
tage from cultivating mixtures may be based
on three criteria:
a) The main component of a mixture must

produce a full yield and the secondary
component (crop) must produce at least
some yield.

In this case it is easy to assess whether there
is any yield advantage, since by definition
there will be a yield advantage whenever the
secondary component produces a measurable
crop.
b) The mixture must outyield a monocrop of

the higher yielding component.
This definitive criterion has been tradition-

ally used in mixture studies involving herbage
crops (Donald 1963, van den Berg 1968) and
in some other studies as reviewed by Tren-
bath (1974). This criterion for defining yield
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advantage is based upon the assumption that
a yield unit of any component is of equal val-
ue with regard to quality.
c) The yield of the mixture must exceed the

combined sole crop yield of the compo-
nents.

In this situation, a yield advantage occurs
if mixtures give higher yields than growing
both the component crops separately. This is
much the commonest situation in practice,
too. It is also the situation in which the mag-
nitude or even the existence of a yield advan-
tage is not readily apparent. Part of theprob-
lem is that component crops which are often
very different in type, or level of yield must
be put on some comparable basis. A more dif-
ficult aspect is that any assessment of a yield
advantage involves the comparison of a mix-
ture situation in which the component crops
are competing with each other, with a sole
crop situation in which they are not. Such a
comparison must take into account the com-
petitive relationships between the components
(see next section).

2.4. Experimental designs used in studies
on competition and their applicability
to mixed cultivation

Replacement series design. Most of the
competition studies on crop plants have been
made by using replacement series. The design
and analysis are popular not least because they
are based on small experiments. A replace-
ment series design consists of pure stands of
the species and one or more mixtures made
by replacing a proportion of one component
by a corresponding proportion of the other,
holding the overall density constant (de Wit
1960, Harper 1977, Willey 1979).

De Wit (1960) proposed a model for com-
petition between plants. The model is based
upon the assumption that the development of
biomass of each component of the mixture
corresponds to that component’s share of the
available growth factors. If the growth fac-
tors are unevenly distributed in the mixed

stand among the various components, the
model will predict that individuals of one of
the genotypes, i, will yield more in the mix-
ture than in pure stand, while those of the oth-
er genotype, j, will yield less in the mixture
than in pure stand. In this type of situation
genotype i is the aggressor and j the subor-
dinate. Trenbath (1978) concluded that this
proportional model generally gives a superi-
or fit compared to the additive model, indicat-
ing that competition for the same resources
is very common.

Based on the replacement series experiments
three main classes of mechanisms which con-
tribute to competitive relations between com-
ponents of a mixture was proposed by Mead
and Riley (1981):
a) Mutual inhibition. The yields of both com-

ponents grown in mixed stand are smaller
than expected.

b) Mutual cooperation. The yields of both
components grown in mixed stand are larg-
er than expected.

c) Compensation. This is by far the most
common situation, in which one compo-
nent produces a higher yield, the other a
lower yield than expected. The components
differ in their competitive abilities.
If components of a mixture inhibit one an-

other, no advantage is to be gained from
mixed cropping. Conversely, the existence of
mutual cooperation between components in
a mixture renders a yield advantage possible.
In the case of compensation it is not always
clear whether there is a yield advantage, as an
inference of yield advantage based solely on
a comparison of absolute yields can be mis-
leading as shown by Willey (1979).

To avoid an ambiguous comparison, one
can calculate the relative yield total (RYT) (de
Wit and van den Berg 1965). This is equal to
the sum of the relative yields (RY) of the com-
ponents of the mixture, where each compo-
nent’s relative yield is the ratio of its yield in
the mixture to its yield in pure stand. Using
RY values one can place different genotypes
in relative and comparative order irrespective
of differences in both magnitude and quality
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of yields in pure stand. In addition, the results
can be presented graphically. The relative yield
total can thus be used as a criterion for yield
advantage. If the RYT of a mixture is unity,
there can be no yield advantage, since the
same yield of each genotype could have been
obtained with monocultures as with a mixture,
without changing the total area of land. The
area fractions of the monocultures have to be
taken corresponding to the relative yields of
the species. When RYT > 1, a larger area of
land is needed with monocultures than with
a mixture to produce the same combined yield
of the component genotypes. Also when sig-
nificant deviations of RYT from unity occur,
some form of annidation may be suspected,
although the deviation could also be due to
allelopathy, non-linear yield response or
pathogen activity (Trenbath 1974, 1976,
Braakhekke 1980).

When the overall density of a series of mix-
tures is not held constant, one can also calcu-
late values of land equivalent ratio (LER)
(Trenbath 1976). For the estimation of LER
values one must use total yields per unit area,
otherwise the procedure corresponds to that
for working out RYT. It follows that LER =

RYT when the overall density is held constant.
One can also calculate indices of competi-

tive relationships, such as relative crowding
coefficient (de Wit 1960), coefficient of ag-
gressivity (Mcgilchrist and Trenbath 1971)
and competitive ratio (Wiley and Rao 1980).
Of these, the competitive ratio is independent
of any possible yield advantage of the mixture
(Willey and Rao 1980). However, the values
of indices may be unstable, being dependent
on the experimental design (Inouye and
Schaffer 1981, Connolly 1986, 1987,
HAkansson 1988, 1991). Also their statistical
behaviour is difficult to comprehend (Van-
DERMEER 1989).

The replacement series design is valuablefor
comparing the outcome of competition be-
tween two plant genotypes under different
plant treatments or growing conditions as con-
cluded by HAkansson (1988 p.65, 1991
p.237). Its use has led to important insights

into the nature of niche differentiation (Tren-
bath 1974) and differential resource use by
plants. For example, Berendse (1982)
demonstrated niche differentiation between
species with different rooting depths, and
Hall (1974) discovered that the depressing
effect of Setaria on Desmodium could be
ameliorated by the addition of potassium.
Other experiments have shown that pathogens
can alter the outcome of competition between
species (reviewed by Burdon 1987) as can
parasitic plants (Gibson 1986), herbivores
(Whittaker 1979) and the presence or ab-
sence of mycorrhiza (Fitter 1977). In a
slightly different use of the replacement series,
Cottam (1985) showed that the intensity with
which herbivores feed on plants may vary ac-
cording to their proportions in mixtures.

Additive designs. In an additive experiment,
the density of one component is held constant
while that of the other is varied. This design
has been criticized by Harper (1977 p. 249)
on the grounds that total density and propor-
tion vary together, thus confounding the ef-
fects of total density and frequency. The ad-
ditive model has been very little used in studies
on mixed cropping.

Addition series. Neither the replacement
nor the additive designs attempt to describe
the complete range of outcomes of competi-
tion between two species. These outcomes
form a response surface and the substitutive
and additive designs are restricted in that they
merely take slices through that surface (Fir-
bank and Watkinson 1990). A thorough un-
derstanding of the competitive interaction be-
tween pairs of species can only be achieved by
growing them in a complete design which in-
cludes a wide range of frequencies and total
densities (Inouye and Schaffer 1981). Thus
competition can only be measured in absolute
terms from trials in which the overall density
of the stands can vary, since »total plant
weight may be taken as the measure of com-
petition; namely, the smaller the mean plant
weight, the more intense the competition with-
in population is considered to be» (Kira et al.
1953). One possible experimental approach is
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to replicate a replacement series design at a
wide range of densities giving an addition se-
ries (Spitters 1983).

A way of analyzing competitive relation-
ships between plants from addition series is
to use methods involving various types of
regression analysis (Mather and Caligari

1981, Wright 1981, Häkansson 1983, 1988,
Spitters 1983, Firbank and Watkinson 1985,
1990). These methods produce equations
which depict intra- and intergenotypic com-
petition. They can be based on a model ac-
cording to which the reciprocal of the yield
of an individual plant is linearly related to the
stand density (Willey and Heath 1969, Con-
nolly 1986, 1987). The advantage of the ad-
ditive linear reciprocal equation compared to
other equations describing competition lies in
the biological significance of the regression
coefficients in the model (Wright 1981, Spit-
ters 1983). In addition to defining various
competitive relationships between components
the regression model has been used to evalu-
ate the usefulness of mixtures (Wright 1981).

The additive linear model can be extended
to embrace mixtures with more than two com-
ponents. In this case, however, the number of
observation points needed to calculate the
regression will increase considerably, since the
number of parameters describing the competi-
tive relationships is equal to the square of the
number of components (Wright 1981). In
practice, the resolution of these more complex
relationships will require very large trials. This
is doubtless the main reason why so few
studies of this kind have been conducted.

2.5. Occurrence of yield advantage in
barley-barley and barley-oats mixtures

Growingof variety mixtures, multi-lines or
bulk hybrids instead of pure line varieties of
barley has been proposed as a means of ob-
taining higher yields. In most cases the yields
of the mixtures have been reported to be about
the same as or slightly higher than that of the
weighted mean of their components (Sim

monos 1962, Allard and Adams 1969, Clay
and Allard 1969, Sandfaer 1970, Blijen-
burg and Sneep 1975, Lang et al. 1975,
Eisenberg 1980, Nitzshe and Hesselbach
1983, Aufhammer et al. 1984, Baker and
Briggs 1984, Harrabi et al. 1986, Hou-
moller et al. 1986, Karjalainen and Hnvo-
la 1987, Mcdonald et al. 1988, Aufhammer
and Stutzel 1989).

In several studies of barley-oats mixtures
grown for feed, grain yield increases over the
mean of the components in monoculture have
been observed and even overyielding has oc-
curred (Salminen 1945, van Dobben 1953, Be
bawi and Naylor 1978, Taylor 1978, Fejer

et al. 1982). In trying to combine the two spe-
cies so that there was less mutual competition
at critical stages, Syme and Bremner (1968)
found that mixture yields did not exceed the
better component and were usually similar to
mid-component.

As in the case of varietal mixtures also in
most cases of mixtures of oats and barley the
yield of the mixture is compared with the aver-
age of the yield of the monocultures. A higher
yield of the mixture is interpreted as an argu-
ment for mixed cropping. This indicates that
the yield advantage of mixtures is not always
completely assessed. This is because without
calculationof the relative yield total (RYT) the
interpretations based on the ratio of actual
and expected yields can be misleading espe-
cially in cases where compensation occurs
(Willey 1979). Compensation seems to be
the most common situation in mixtures of bar-
ley and oats, i.e. the competitive abilities of
barley and oats differ(for example Salminen
1945, de Wit 1960, Syme and Bremner 1968,
Fejer et al. 1982). An analysis of relative
yield total performed according to the de Wit
model is also in most cases impossible because
only the total yield of a mixture is reported.

3. AIMS OF THE PRESENT STUDY

The overall object of the present study was
to compare the yielding abilities of barley
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varietal mixtures (I and II) and of barley-oats
interspecific mixtures (III —V) with the respec-
tive pure stand yields, and to examine the na-
ture of competition between the components.
Special emphasis was paid to the following
topics:
1) To assess the applicability of a linear

regression model to the analysis of intra-
and interspecific mixtures (11, III).

2) To study the types of competitive relation-
ship between barley varieties of different
types (developmental rhythm, morpholo-
gy, adaptation), the stability of the com-
petitive relationships and the way in which
varieties combine with respect to possible
yield advantage (I, II).

3) To study the competitive relationships be-
tween two species (oats and barley), the
stability of their competitive relationships
and the way in which these species com-
bine with respect to yield advantage
(III—V).

4) To study the manner in which stand den-
sity and cropping intensity affect the com-
petitive relations between components and
the yield advantage of mixtures (I—V).

4. MATERIALS AND METHODS

Herein will follow the general outline of the
experiments (Table 1). Details are described
in the original publications (I —V).

Table 1. General description of the trials reported in original publications (1 —V).

Trial Soil Cultivars, Density Nitrogen Mixtures,
2= two-row plants/m2 kg/ha Proportions
6=six-row

Reported
Species pFI
Year Tyr

in
Type

Barley- 5.4 Agneta (6) 500 80 Binary,
Tertiary,
Quaternary

(I)
barley 5.8 Arra (6)
1983 Muddy clay Hja 673(6)
1984 Muddy clay Porno (6)
1985 Sandy clay

Barley- 5.5 Agneta (6) 500 50
100

Binary,
Tertiary

(I)
barley Sandy clay Pomo (6)
1984 Ida (2) Quaternary

Kustaa (2)
Barley- 4.9 Agneta (6) 200 50

100
Binary
Tertiary

(ID
barley Silty clay Arra (6) 400
1983 Porno (6) 600

Barley- 5.6 Agneta (6) 200 10
40
80

Binary
25/75
50/50

(III)
oats Muddy clay Veli 400
1983 600

75/25
Barley- 5.4 Agneta (6) 200

Veli 500
800

10 Binary (111)
oats Finer 40 25/75
1984 fine sand 80 50/50

75/25

Barley- 5.4 Ida (2)
Veli

200 10 Binary (III)
oats Finer 500 40 25/75
1984 fine sand 800 80 50/50

75/25
Barley- 5.2 Aapo (2) 500

Agneta (6)
Ida (2)
Veli
Agneta (6) 500
Veli

80 Binary (IV)
oats Finer 120
1986 fine sand

Barley- 5.7 80 Binary (V)
oats Finer
1985 fine sand
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4.1. Experimental design

The experiments performed in the field were
replacement series. In four experiments (11,
III) also addition series were included.

The experiments were laid out in a ran-
domized complete block design where only
one factor (genotypic composition of the
stand) was included. Where there were two or
more factors a split-plot or split-split-plot de-
sign was used, respectively. The hierarchical
order from the whole plot to subplots fol-
lowed the amount of nitrogen fertilization,
density and genotypic composition of the
stand. In the site experiment (V) the site was
in the whole plot and genotypic composition
in the subplot. The genotypic composition of
the stand refers to pure stands of species
(barley-oats) or genotypes (barley-barley) and
mixtures. The number of blocks varied from
three to four.

4.2. Location and management of the
experiments

All the barley varietal mixtures (I—II) were
located at the Experimental Farm of the
University of Helsinki in Helsinki Viikki
(60° 13'N, 25° 00'E). Some of the barley-
oats trials (III) were carried out at Viikki as
well and some (IV and V) on the Kotkaniemi
Experimental Farm of Kemira Oy in south-
ern Finland (60° 22'N, 24° 22'E).

The mixtures were mechanically mixed be-
fore sowing. The proportion of components
is based on the number of plants per unit area.
The size of the plot in Viikki was 10m 2 and
in Kotkaniemi 15 m 2 (IV) or 30 m 2 (V) with
rows spaced at 12.5 cm. The levels of nitro-
gen fertilization and densities are given in Ta-
ble 1. The fertilizers were placed 8 cm deep
in the soil before sowing.

The crops were kept free of weeds by ap-
plying once at the time of shoot emergence the
herbicide Actril S (2—3 liters/ha mixed with
300 liters of water) containing MCPA (235
g/1), dichlorprop (184 g/1), ioxynil (38 g/1) and

bromoxynil (24 g/1). All the plots of each tri-
al were harvested at the same time when the
grain moisture of the latest variety was below
30 %.

4.3. Analysis of the stands and yield

The early growth and development of the
components were observed both visually and
by determining the phytomass (I, III), leaf
area (I) height (I) and tillering pattern (1). The
number of generative shoots was also count-
ed in some trials (I—IV).

The harvested grain yields from all the mix-
tures in each trial were separarated into the
components of the stand. The results were
used to determine the relative yields (RY),
relative yield totals (RYT), land equivalent ra-
tio (LER), competitive ratio (CR) and a line-
ar regression model.

The protein content (%) of the grain was
determined by the Kjeldahl method (IV, V)
and the protein yields were calculated.

The 1000-grain weights of the mixtures and
components were determined in some trials.
The number of grains per ear was calculated
from the grain yield per plant, the number of
generative shoots per plant and the 1000-grain
weights.

4.4. Mathematics and statistics

Relative yields (RY) and relative yield totals
(RYT) were calculated according to the meth-
od of de Wit and van den Berg (1965), land
equivalent ratio (LER) according to Tren-
bath (1976) and competitive ratio (CR) ac-
cording to Wiley and Rao (1980). The meth-
od of calculation for RY, RYT and CR is
presented in (I) and for Ler in (II). The in-
dices were calculated from the average values
of replications. No statistical analysis was
made for RY, RYT, LER and CR because no
single method has been adopted for quantify-
ing interactions (Pearce and Edmondson
1984, Vandermeer 1990 p.26). The expected
yield of a mixture is the sum of the yields of
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the components grown in pure stand divided
by the number of components in a given mix-
ture.

The grain and protein yields per area of
each experiment (pure stands, mixtures) were
subjected to an analysis of variance. The anal-
ysis of variance was used also for the analysis
of other data described in the original papers.
The structure of the analyses of variance de-
pended on the experimental design, and the
analyses were performed according to Steel
and Torrie (1980). If the analysis of variance
revealed significant differences, mean separa-
tion was accomplished by Tukey’s honestly
significant difference test (HSD) (P = 0.05) ac-
cording to Steel and Torrie (1980 p. 185).

In order to evaluate the dependence of
reciprocal yield per plant on the density of the
components, multiple linear regression was
performed (11, III) as described by Wright

(1981) and Spitters (1983). The form of the
regression model for the genotype ’a’ was
1/Wa= Aa + BaaNa + BabNb, where 1/Wa is
the reciprocal grain yield of an individual
plant, Aa is the reciprocal of the theoretical
maximum yield of an individual, Baa
describes the influences of intragenotypic
competition, Bab describes the influences of
intergenotypic competition and Na and Nb are
the plant densities of the genotypes.

The analysis of linear regression was car-
ried out with the statistical package StatSO
(HP-1000). The number of functional units,
i.e. number of plants per unit area used as in-
dependent variables in regression, was that ex-
isting at the beginning of the period over
which the competition effects were studied.
Thus the number of functional units was in-
dependent of the competition effects studied.
Although tertiary mixtures were included in
the trials, the data were inadequate for the
analysis so that only binary mixtures were in-
cluded in the reciprocal model.

5. RESULTS AND DISCUSSION

5.1. Applicability of the linear regression
model to studies on the competition
and grain yield advantage of mixtures

In the present studies of barley-barley (II)
and barley-oats mixtures (III), parameters ob-
tained by applying the regression model were
used to define various competitive relation-
ships between components and to evaluate the
usefulness of mixtures. The regression equa-
tions accounted for 90—96% of the variation
in grain yield (the inverse yield/plant) of the
genotypes (R 2 = 0.90—0.99).

Mixture components. The intragenotypic
parameter of one genotype in the linear regres-
sion model was always greater than the inter-
genotypic parameter. In most of the barley-
oats mixtures and in all the barley varietal
mixtures the intragenotypic parameter of the
other genotype in the same mixture was
smaller than the intergenotypic parameter.
Thus when Bab > Baa and Bbb > Bba in the
regression equation and b’s yield in pure stand
was greater than a’s (Baa > Bbb), the least
productive component in pure stand suffered
from competition in the mixture. This is an
indication of a certain degree of compensa-
tion (Mead and Riley 1981).

According to the model, the Montgomery
phenomenon (Baa > Bab and Bbb < Bba with
the pure yield of ’b’ larger than that of ’a’)
occurred in some barley-oats mixtures and
also in some barley-barley mixtures. Since ac-
cording to the model one defines the most
productive component in pure stand on the
basis of a parameter describing intragenotypic
competition within an equation, one can ar-
rive at misleading estimates. This was especial-
ly liable to occur in barley-oats mixtures in
1983 where the maximum yield (an asymptotic
point) fell outside one’s field of observation.

In the barley-oats mixture at the lowest level
of nitrogen fertilization in 1983 the intrageno-
typic competition of both components was less
than the intergenotypic competition (Bab
< Baa and Bba< Bbb). This indicates that the
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mixture yields of both components were rela-
tively greater than the pure stand yield of the
components. In this situation it was a ques-
tion of mutual cooperation according to
Mead and Riley (1981). It is important to
note the fact in the case of mutual coopera-
tion the mixture may overyield as the actual
yields also showed. One concludes from the
equation that overyielding depends upon the
ratio between the pure stand yields of the com-
ponents and upon the degree of mutual
cooperation. Thus in the extreme case where
two components exploit completely separate
environmental resources, then Bab =Bba = 0,
and each behaves exactly as if it were grow-
ing in monoculture at half the normal densi-
ty, resulting in considerable mixture advan-
tage.

When the parameter describing intergeno-
typic competition for one genotype was less
than that describing intragenotypic competi-
tion (Bab < Baa) the grain yield of a genotype
in the mixture was relatively greater than
genotype’s pure stand yield (see for example
barley cv. Arra in the mixture with barley cv.
Porno at the high level of nitrogen fertiliza-
tion). This was not only over a particular
range of densities; a genotype responded also
more readily to increases in stand density in
mixture than in monoculture. This indicates,
as was also observed by Wright (1981), that
the proportion (L) of component a’s maximal,
asymptotic yield in a mixture with b (the den-
sities of both components being equal) will be
attained when the density (p) of a in the mix-
ture, pmi =Aa/(Baa + Bab)(l-L)/L, which
will be larger than '/zpmo when Bab < Baa for
’a’. It follows that in order for a given propor-
tion of the maximum yield of a genotype to
be attained, a genotype would have to be pres-
ent at higher densities in the mixture than in
pure stand (pmi> Vi pmo). Thus when the to-
tal density of the stand exceeded a certain lev-
el, the yield of a genotype in a mixture in-
creased, whereas the yield of a genotype in a
pure stand of similarly increasing total densi-
ty levelled off. In the barley-oats mixture at
the lowest nitrogen level in 1983 both

Bab < Baa and Bba < Bbb. Thus one may as-
sume according to the model that the optimal
overall density of the mixture was larger than
the optimal densities of either monoculture.

Further exploitation of the potential of the
material is somewhat precluded by the fact
that the value of A (the reciprocal of the the-
oretical maximum yield of an individual) in
the regression was insubstantial. This caused
uncertainty in determining the density which
would result in maximum yields of the com-
ponents, either in optimal proportions in a
mixture or in pure stand. To obtain reliable
estimates ofA, one would need to lay out tri-
als including extremely dense and extremely
sparse stands for measuring yield/plant. Only
then could the regression model be adjusted
to give precise results. The greater the degree
of precision required, the greater the amount
of dataand the more complex the model need-
ed.

As the stand density decreased, for exam-
ple in the mixture of barley cv. Arra and bar-
ley cv. Agneta at high level of nitrogen fer-
tilization, the competitive ratio calculated ac-
cording to the replacement series analysis ap-
proached unity. This indicates that intrageno-
typic competition should approach intergeno-
typic competition for both components. How-
ever, the parameters obtained from the regres-
sion model are independent of the stand den-
sity. This suggests that competition between
components was not always linearly related to
cropping density in the present study. Thus the
regression model applied in this way described
competition only in relatively dense stands, as
observed also by Wright (1981).

When intragenotypic competition out-
weighed intergenotypic competition in the
mixture, the increasing frequency of an ag-
gressor (barley) increased the barley’s relative
yield (RY) relatively less than the decrease in
the relative yield (RY) of a subordinate (oats).
Then the competitive ratio of an aggressor
(barley) decreased as theactual values of com-
petitive ratio indicated. Thus it is important
to note that one can predict from the regres-
sion model how the competitive ratio of the
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de Wit model is dependent on the intra- and
intergenotypic competition in the mixture al-
though the competitive coefficients of the
regression model are independent of the
proportions of the components. Recently Fir-
bank and Watkinson (1990) also observed
that the competitive equivalence between
plants of differentspecies may also vary with
frequency and density. This may be because
the morphologies of the plants respond in
different ways to different combinations of
frequency and density.

Since both analyses on replacement series
after the model of de Wit (1960) and the
regression models gave similar results as
regards competitiveness of the genotypes
(competitive ratio, relative competitive abili-
ty), one can employ either model, bearing in
mind their respective limitations as discussed
in (II) and (III). If one is aiming to make a
fundamental analysis of competition, partic-
ularly of the intensity of competition, one
should adopt the regression model and use ad-
dition series. If one’s aim is to make a prelimi-
nary screening of components with, mainly
mixed cropping in view, and provided that the
mixtures crop near-optimally over a wide
range of densities as is the case with cereals,
replacement series should suffice. Also the
similarity in size of individual plants is an im-
portant assumption in the replacement series
design (de Wit 1960, Harper 1977 p.
291—302) to ensure that density and yield are
not confounded (Keddy 1989 p. 116).

Mixture totals. If one takes the mixtures as
a whole, intragenotypic competition was
stronger than intergenotypic (Baa/Bab > Bab/
Bbb), both in the barley varietal mixtures in
general and in the barley-oats mixtures in
1983. According to Spitters (1983), this may
indicate the existence of niche differentiation.

In the present study the parameter
(Bab X Bba)° 5 was smaller than either Baa or
Bbb for the respective components in three
barley varietal mixtures and in the barley-oats
mixtures in 1983 at nitrogen levels of 10kg/ha
and 80 kg/ha. This indicates that a mixture
of optimal composition will outyield the pure

stand yields of both components, as the actu-
al yields in most cases showed. According to
the present results, both the level of nitrogen
fertilization and the components of a mixture
were important determinants of the parame-
ter (Bab x Bba)0 5

. Thus for further studies
one should ideally find components with as
low an interspecific or intergenotypic compe-
tition as possible, and investigate the environ-
mental variables which determine the magni-
tude of this competition.

5.2. Competitive hierarchies in mixtures
and the stability of competitive
relations

In most of the mixtures the grain yield of
one (or some) of the genotypes in a mixture
was higher, and the yield of the other(s) was
lower than the pure stand yields, i.e. the rela-
tive yields of the components were not equal
(I—V). This indicates that the competition be-
tween genotypes was usually asymmetric
(Keddy 1989 p.119, 1990) or one-sided (Fir-
bank and Watkinson 1990), thus producing
competitive hierarchies.

Phytomasses measured from the barley-oats
mixtures in 1984 (III) showed that the
phytomass of barley was greater in admixture
than in pure stand, and conversely for oats.
Dominance relations determined in the same
trial at the end of the growing period suggest
the effect of competition having accumulat-
ed, assuming that a component’s harvest in-
dex was the same in the mixture as in pure
stand as shown by Spitters (1979 p.
189—191). The accumulation of competition
might be because of snowballing (Newman
1973), which is most likely caused by compe-
tition for light and not by direct competition
for nutrients (Wilson 1988). Weiner (1986,
1990) has also shown that when above- and
below-ground effects are separated, above-
ground interactions (competition for light) are
asymmetric, wheras below-ground effects
(competition for nutrients) are symmetric.
When above- and below-ground effects occur
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together, interactions are again asymmetric.
Thus the results of the present studies suggest
that the observed asymmetry in the mixtures
might be predominantly caused by competi-
tion for light.

The degree of competitive ability of a geno-
type varied sometimes from one growing sea-
son to another, as shown by the dominance
of Hja 673 over Porno and Agneta in the bar-
ley varietal mixtures (I). Likewise in the
barley-oats mixtures the competitiveness of
barley cv. Agneta varied somewhat depend-
ing on e.g. cropping intensity (III) and grow-
ing season (111, IV). The competitive relation-
ship between two genotypes was also some-
what influenced by other components in a
mixture (I, II). These results suggest that the
competitive ability is not necessarily a stable
characteristic of a given genotype. Pickett
and Bazzaz (1978) and Radosevich and
Roush (1990) demonstrated that environmen-
tal conditions influenced competitive relation-
ships and caused hierarchies among plant spe-
cies grown in mixtures to be inconsistent.

In many plants, variation in fitness is not
always related to genotype, and much of the
variation observed is an environmentally in-
duced variation in phenotypic plasticity (Tur-
Kington 1989). In the present studies the
grain yield per individual of a component
growing in admixture (see for example oats cv.
Veli in the mixture with barley cv. Aapo in
IV) was even equal to that in pure stand, but
the relative proportions of the various yield
components differed in the two situations.
This indicates that plants at the individual lev-
el characteristically showed a plastic response
to their environment, whether in pure stand
or in a mixture. It is thus understandable that
the type of environment, or more specifically
the availability of growth factors, has a cru-
cial influence upon the development of in-
dividuals of different genotypes. This being
so, it becomes very difficult to predict the
competitive relations for a combination of
components for all sets of environmental con-
ditions.

5.3. Factors affecting competition
between components and competitive
ability of a genotype

The significance of Ihe barley type (two-
/six-rowed) and the earliness of barley. In bar-
ley varietal trial six-rowed (tall-growing, erect,
less tillering) barleys as a class were no better
as competitors than two-rowed (low-growing,
prostate, vigorously tillering) (I). Likewise,
early maturing barley varieties were not con-
sistently more competitive than late maturing
varieties (I). The results of the barley-oats mix-
ture trials also showed that six-rowed barleys
were not more aggressive towards oats than
were two-rowed barleys (111, IV). These results
are not in accordance with the results of
Mitchley and Grubb (1986) and Mitchley

(1988) who found a positive correlation be-
tween the height of a grassland species and its
competitive ability. Thus the results of the
present study suggest that there are charac-
teristics other than those studied which deter-
mine the genotype’s predominance in a mix-
ture.

The significance of the adaptation of a
genotype. In a given environment a genotype
yielded less in pure stand than other compo-
nents, but still proved to be dominant in the
mixtures, or the converse was true (I—V).
Thus vigour and adaptation did not necessar-
ily determine the competitive ability, agreeing
with the other results reviewed by Spitters
(1979).

It is, however, important to note that bar-
ley cv. Agneta, which was unable to exploit
its entire genetic potential right from the be-
ginning of the growing period because of low
soil pH, proved a poor competitor (II). Simi-
lar observations were made by de Wit (1960).
This suggests that the poorly adapted and the
lower yielding variety may be unfavoured in
competition.

The significance of initial development and
redistribution of space. The rate and mode of
initial development up to the end of the first
month of the growing period were examined
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in more detail for the barley varietal trial in
1983 (I) and for the barley-oats mixture trial
in 1984 (III). According to these results, the
competitiveness for grain yield of a genotype
in a mixture usually increased with phytomass
(I, II) and culm height (I) accumulated dur-
ing initial development. It appears that a larg-
er phytomass combined with a taller main
culm early in the growing period conferred
upon the variety a competitive advantage later
on in the season. The strong initial develop-
ment of barley cv. Arra in particular was the
factor which most probably contributed to its
competitiveness in all mixtures, irrespective of
growing season (I), sowing density (II) or
cropping intensity (II). Thus the rate of ini-
tial development seems to play an important
role in competition, as shown also in other
studies (Fischer and Miles 1973, Harper
1977 p.354, Spitters and van den Berg 1982,
Spitters 1984, Firbank and Watkinson 1985,
Roush and Radosevitch 1985, 1987, Spitters

and Kramer 1986, HAkansson 1991).
Owing to its rapid initial development the

genotype such as barley cv. Arra (I, II) was
in a position to exploit growth factors first
when these were most needed (Perby and
Jensen 1984). The rapid uptake of nutrients
especially nitrogen by one of the varieties in
a mixture might deprive other components.
According to Metivier and Dale (1977), a
period of deprivation lasting a few days will
adversely affect assimilation and thereby dry
matter accumulation. On the other hand, ef-
fective uptake of nitrogen at the beginning of
the growing period may enhance the pho-
tosynthetic efficiency of a variety, e.g. due to
a higher activity of Rubisco (Making et al.
1984), and thus promote the expansive growth
of a component in the mixture. Later in the
growing season the taller and early develop-
ing variety like barley cv. Arra might not only
have access to incoming light for its own
growth, but might simultaneously reduce the
growth of the smaller plant by setting up a
positive feedback loop whereby the larger
plant continually improves its access to light
and the smaller plant was increasingly denied

access to it as shown by Keddy and Shipley

(1989). Reduced access to light will reduce car-
bohydrates available for root growth, there-
by reducing rates of nutrient uptake (Tilman
1988). Caldwell et al. (1987) illustrated that
shading or defoliation can reduce root growth
and mineral uptake even within 24 h.

In addition, component analyses of the
yield indicated that competitive relations were
determined at a relatively early stage of de-
velopment. The competitive situation which
was thus brought about affected mainly the
degree of tillering and kernel number/ear (111,
IV). Similar observations were made by e.g.
Spitters (1979) and Valentine (1982).

In the trials, the competitive relations were
examined between different barley varieties
and a single oats variety (IV). All the barley
varieties emerged before the oats. However,
the low-growing barley cv. Aapo, which be-
gan culm extension late, was not more com-
petitive than oats at the high level of nitrogen
fertilization. This suggests that when the
productivity of the stand increased due to the
increase of nitrogen fertilization, competition
for light intensified, whereas competition for
nutrients became less important, as shown by
Tilman (1982, 1988). This confirms that the
slow initial development of oats does not al-
ways result in its suppression in a mixture;
rather that by competing more effectively for
light in later stages of its development by vir-
tue of its greater height, oats can stabilize
dominance relations. This might also indicate
the redistribution of space. According to
Spitters (1984), the relative differences
among the genotypes in a mixture are only
maintained if they have the same relative
growth rates during the course of time. Thus
space may be redistributed in favour of geno-
types with higher relative growth rates.

Among the yield components examined,
kernel weight generally showed the least vari-
ation (IV). The stability of kernel weight was
probably a result of this character’s being un-
der stricter genetic control than other compo-
nents of yield (Harper 1977 p. 664—71). If
environmental conditions are unfavourable
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for the development of yield components oth-
er than kernel weight, very little compensato-
ry effect is possible with respect to kernel
weight. Thus the redistribution of space is
more likely to occur before the grain filling
period. Factors that determine the opportu-
nity and capacity for compensatory responses
include physical constraints on plant growth,
resource constraints on plant growth, flexibil-
ity in internal resource allocation and type of
intraspecific density dependence (Louda et
al. 1990).

The significance of differences in allocation
of genotypes. In the barley varietal mixture
trial of 1983 there were no significant differ-
ences between the phytomasses or culm
heights of Hja 673 or Agneta (I). This indi-
cates similar rates of initial development for
these genotypes. However, Agneta had be-
come more dominant than Hja 673 by the end
of the growing period. According to measure-
ments, Agneta allocated relatively more as-
similates to the main culm than did Hja 673,
and the leaves on Agneta’s main culm were
wider than in Hja 673. It is therefore likely
that Agneta competed more successfully for
light than Hja 673. This suggests that in cases
where rates of initial development of varieties
are similar relatively small morphological
differences, caused by differential allocation
of resources, may contribute to the dominance
of a variety in a mixture.

The significance of a biotic stress. In the
mixture trial of barley cv. Agneta and oats cv.
Veli in 1984 (III) the competitive ability of oats
was reduced compared to other mixture tri-
als of the same cultivars (111, IV, V). The
strongly reduced competitive ability of oats
might be due to an infestation of frit fly (Os-
cinella frit) which retarded the formation of
the main culm of oats and thus lowered the
capacity of oats to compete at least for light.
The results suggest that competition for
resources, and thereby competitive relations
between components can be influenced not
only by abiotic stress factors, but by biotic
ones as well. This was also shown by Harp-

er (1977 p.401), Clay (1990), Connell (1990),

Louda et al. (1990). On the basis of the pres-
ent material one cannot estimate, however,
what were the relative contributions of com-
petition for resources (real competition) and
of biotic stress factors (apparent competition)
in determining competitive relations. In oth-
er studies reviewed by Crawley (1983) it was
shown that if the competitive dominant is
preferentially fed upon, then a less competi-
tive species can increase, and species diversi-
ty is promoted, but if the less competitive spe-
cies is preferentially fed upon then it is dou-
bly disadvantaged.

The significance of the productivity gra-
dient. In the barley-oats mixture trial of 1983
(III), the degree of dominance of barley in-
creased as the productivity of the stands
responded positively to nitrogen fertilization.
At the lowest level of nitrogen oats was even
more productive in pure culture (111, Table 4)
and more dominant than barley (111, Fig. 2).
These results suggest that the oats cv. Veli
might be a better competitor on a nutrient-
poor soil by virtue of its superior ability to ex-
ploit soil nutrients, whereas barley cv. Agne-
ta might compete better for light on account
of its faster initial development but also part-
ly because of its pronounced response to nitro-
gen fertilization. These results are in accor-
dance with the resource competition theory
(Tilman 1982, 1988) which predicts that
genotypes which compete efficiently for light
become more abundant as overall productivity
rises, while genotypes which exploit nutrients
more effectively than their neighbours increase
in abundance as the environment becomes less
productive. Long-term pure culture trials in
Finland also demonstrated in general that oats
responded to increased fertilization more
slowly than barley, oats producing larger
yields than barley in a low fertilization en-
vironment (Vermeulen 1991).

Generally, species which compete more ef-
fectively for soil resources allocate relatively
more to the roots than to the stems (Tilman
1988). The relatively superior competitive abil-
ity of oats on nutrient-poor soils may there-
fore derive from differences in allocation be-
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tween the species. During the early stages of
development oats might invest relatively more
in the roots than to the stems compared to
barley as the results of Syme and Bremer
(1968) suggested. This would, however, put
oats at a disadvantage as regards competition
for light especially in an environmentwith a
high nitrogen level. Conversely, on a nutrient-
poor soil barley might invest relatively more
in its root system than in the stems, compared
to its behaviour on a nutrient-rich medium as
shown by Hansson (1987). This would reduce
barley’s ability to compete for light at later
stages of development on a nutrient-poor soil.
According to Bloom et al. (1985), allocation
is adjusted within roots or shoots in response
to environmental stress so as to maximize ef-
ficiency for capturing the most limiting re-
source. In addition to differences in root vs.
shoot allocation, also differences in leaf struc-
ture could lead to a tradeoff between respon-
siveness to increased soil nutrients and in-
creased solar radiation (Horn 1971, Mooney

and Gulmon 1979).
It is, however, important to note that the

dominance of barley cv. Agneta did not al-
ways increase when the production conditions
were improved by the increase of availability
of soil resources (V). Neither was oats cv. Veli
more dominant in low productivity conditions
thanbarley, although in low productivity con-
ditions the pure stand yield of oats was great-
er than that of barley. One can, however,
postulate that oats was able to exploit soil
resources more effectively in pure stand in low
productivity conditions but not in the mixture
owing to its slower germination compared to
barley. This might render oats a less effective
competitor for light even in low productivity
conditions. Thus the results suggest that the
balance of early development between com-
peting species has a fundamental effect on
subsequent competition for light and soil
resources along the productivity gradient.

In varietal mixture trials, barley cv. Arra
(II) as well as barley cv. Agneta (I) respond-
ed to increased nitrogen fertilization by an in-
crease in dominance. Porno was a variety

whichresponded weakly to increase of nitro-
gen fertilization both in mixtures and in
monocultures(I, II). This suggests that the re-
sponse of different varieties to the availabili-
ty of resources may also vary, thus affecting
their competitive ability.

5.4. Yield advantages

Grain yield. The present results (I —II)
showed that the yield of the barley varietal
mixture was often equal to the means of the
components grown in monoculture but also
exceeded them. It was uncommon for a mix-
ture to yield less than the mean of its compo-
nents. These results agree well with the earli-
er works reviewed by Simmonds (1962), Tren-
bath (1974) and Wolfe (1985). The present
results are also in accordance with recently
published studies of barley varietal mixtures
by Baker and Briggs (1984), Houmoeller et
al. (1986), Karjalainen and Hiivola (1987),
Gieffers and Hesselbach (1988), Ibenthal et
al. (1988) and Aufhammer and Stutzel
(1989).

The results revealed that the yield advan-
tage of the barley varietal mixture, as deter-
mined by relative yield total (RYT), was usual-
ly greater than unity under suboptimal pro-
ductionconditions (I, II). In high productivi-
ty conditions the relative yield total was close
to unity (I, II). The results of these experi-
ments in most cases are well compatible with
the de Wit competition model, agreeing with
the results of earlier barley varietal experi-
ments (e.g. Sandfaer 1970, Blijenburg and
Sweep 1975, Spitters 1979). Thus highly
adapted barley varieties appear to compete for
the same resources, and the grain yield advan-
tage of such mixtures is marginal.

The grain yield results of barley-oats mix-
tures showed that mixtures in general yielded
equal to or more than the mean of the com-
ponents grown alone (111, IV, V). The mix-
ture of barley cv. Agneta and oats cv. Veli
overyielded statistically significantly in 1983
(III). In some trials the mixture of barley cv.
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Agneta and oats cv. Veli also overyielded un-
der high productivity conditions, although the
differences were not statistically significant
(IV, V). Relative yield totals were usually
equal to or greater than unity (111, IV, V). In
thebarley-oats mixture trials the effect of den-
sity and proportion of the components (III)
and the effect of the level of nitrogen fertili-
zation (111, IV) upon the relative yield total
were not clear. In general, these results sug-
gest that the mixtures of barley and oats may
use resources more efficiently than monocul-
tures but an as yet unpredictable modifying
effect caused by environmental factors. The
results of other experiments in respect to
productivity of mixtures of barley and oats
have also been quite variable (for example
Syme and Bremner 1968, Bebawi and Naylor

1978, Taylor 1978, Fejer et al. 1982).
It is important to note that dominance re-

lations between the components influenced the
formation of yield advantage. If one takes
overyielding as one’s criterion, overyielding
will never be obtained as long as the compo-
nent which is less productive in pure stand is
dominant, and as long as the mixture’s rela-
tive yield total is close to unity. Furthermore,
theactual yield of the mixture will be smaller
than expected.Thus a cultivar which is almost
invariably dominant, such as Arra in the bar-
ley varietal mixtures (I, II) or Agneta in the
barley-oats mixtures (111, IV, V), may be un-
favourable for overall yield formation. This
applies especially to conditions in which a cul-
tivar produces less in pure stand than the other
components, and in which the relative yield
total of the mixture is near unity.

Overyielding is also impossible whenever
the higher yielding component in monoculture
is dominant in the mixture, and the relative
yield total is close to unity. In this case,
though, the actual yield can be higher than ex-
pected, as e.g. in the barley-oats mixtures in
1984 (III). The use of such a mixture on the
basis of overall yield is unwarranted, howev-
er, since a yield as great as that of the mix-
ture could have been obtainedby planting the
components in pure stand in the ratio of the

components’ relative yields.
If, however, the relative yield total of the

mixture exceeds unity, the mixture can over-
yield, and theactual yield can be greater than
expected, irrespective of dominance relations
between the components. The central issue of
whether or not to use a mixture depends upon
the conditions under which the relative yield
total will exceed unity. Since the results of the
present studies showed that in both the intra-
and interspecific mixtures the relative yields
of the components as well as pure stand yields
varied considerably, it is difficult to predict
yield advantage for mixtures formulated more
or less at random and under varying environ-
mental conditions. The establishmentof such
an advantage is nevertheless a precondition
for exploiting a mixture in practical farming.

Before a given mixture can be recommend-
ed in practice, extensive trials need to be car-
ried out to allow estimation of at least the rela-
tive yield total, since the ratio of actual and
expected yields on its own does not give a
comprehensive picture of the mixture’s pos-
sible yield advantage. In other words, the ac-
tual yield of the mixture may be higher than
the expected yield merely because the compo-
nent yielding better in pure stand is dominant.

From a methodological point of view it is
also important to note that the relative yield
total decreased approaching unity as density
was increased (II). In addition, the calculat-
ed land equivalent ratio value (LER) indicat-
ed that the yield advantage would have been
marginal. Thus a simple replacement series tri-
al cannot unequivocably demonstrate this to
be the case, as the overall density is predeter-
mined and does not necessarily lie at the op-
timal point of the yield-density function for
all the components in pure stand or for
the various mixtures (Connolly 1986,
HAkansson 1988). This means that even
when the relative yield total is greater than
unity, one cannot be certain that the mixture
was really superior to the monocultures un-
less maximal yield has been evaluated under
the appropriate conditions.

Protein content and protein yield. One ad-
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vantage of mixed cropping may be a higher
protein content of the yield which may be due
to the mixture’s superior ability to exploit
nitrogen (Willey 1979). The results of the
present study did not indicate, though, that
the protein content of a mixture was any
higher than that of the monocultures (V). Al-
though the protein content of the grain yield
of oats cv. Veli in the mixture with barley cv.
Agneta was generally higher than for the
monoculture, the protein content of the grain
yield of barley was correspondingly lower for
the mixture than for the pure stand (IV, V).
Thus barley’s ability to produce a higher mix-
ture grain yield than oats compensated for the
higher protein content of oats in the mixture
yield.

The protein yield of mixtures did not dif-
fer statistically significantly from the yield of
the highest yielding component grown alone
(IV, V). However, the ratio of actual and ex-
pected protein yield and the relative protein
yield total were usually slightly greater than
one, indicating that some yield advantage may
have been achieved.

5.5. Stability of mixtures

The literature suggests the idea that mix-
tures may crop more stably than monocultures
(Wolfe 1985). Still, general ideas on the sta-
bility of mixtures are partly conflicting (e.g.
Clay and Allard 1969, Trenbath 1974,
Lang et al. 1975, Shorter and Frey 1979,
Eisenberg 1980).

In the present studies the yield of a given
mixture varied less than the most variable
yield of pure stand, and they varied more than
the least variable pure stand yield as deter-
mined by the coefficient of variation (I). In
some cases the variation in grain yield might
even be smaller for the mixture than for the
least variable component in pure stand. An ex-
ample is provided by the variation in the yields
of Agneta, Pomo and their mixtures in five
trials (I, II) in which comparable cropping in-
tensities were used (80 100kg N/ha and 500

600 kernels sown/m2) (Mixture CV = 8.8,
Agneta CV = 11.7, Pomo CV = 14.2). The
coefficient of variation calculated on mean
yields of the mixture trials involving oats cv.
Veli and barley cv. Agneta (111, IV, V) shows
that a mixture was not more stable than the
most stable monoculture (barley CV = 5.3,
mixture CV=l3.7, oats CV =27.7).

Thus in the present studies not all mixtures
were more stable than the most stable com-
ponent. This is readily understandable in view
of the fact that the dominance relations be-
tween components can alter from one environ-
ment to another irrespective of differences be-
tween monoculture yields of these compo-
nents. For instance, the grain yield of a mix-
ture of two components may vary more than
the yields of either component in monoculture
solely, because the dominance relations vary
with a change in environment while grain
yields in pure stands remain fairly stable.

A thorough investigation of stability is
precluded by the limitations of the material,
or more specifically by the small number of
environments used. To gain a comprehensive
view of the stability of mixtures would have
required a wider series of trials enabling one
to apply rigorous methods of analyzing geno-
type-environment interaction. However, one
may encounter difficulties in selecting of ap-
propriate method of analysis, because the
different stability parameters may result in
very different stability rank orders of the
stands as shown by Huhn and Leon (1985).

SUMMARY AND CONCLUSIONS

In this study, competition and yield advan-
tage in barley varietal mixtures and in barley-
oats mixtures were investigated. The compo-
nents of the mixtures were officially recog-
nized cultivars used in commercial cropping.
The trials were carried out on the trial field
of the Department of Crop Husbandry,
University of Helsinki, Viikki and on the Kot-
kaniemi trial field, Kemira Oy in 1983—1986.

The competition between two components
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of an addition series design was defined ac-
cording to two approaches, one based on the
de Wit model and the other upon a linear
regression model. Competitive relations in
replacement series design were examined on
the basis of the de Wit model.

Three approaches were used to assess the
grain and protein yield advantage of mixtures:

a) comparing the yield of the mixture with the
yield of the components grown in pure
stands.

b) calculating the ratio between the actual and
expected yield

c) calculating the relative yield total (RYT).
The coefficient of variation was used as a

criterion of stability.

Competition

* Both models of competition agreed as to
which component was the dominant and
which was the subordinate in the mixture.

* Comparative trials revealed that competi-
tiverelations may depend on stand density.

* The competition coefficients from regres-
sion analyses depicted competition between
components better in a dense than in a
sparse stand.

* It was possible to assess the effect of alter-
ing mixture ratio on yield per individual of
the components from the relative contribu-
tions of intra- and intergenotypic competi-
tion, as measured by the components’
regression coefficients, even though these
competition indices are independent of the
mixture ratio.

* Competitive ability did not depend direct-
ly on individual characters of the genotype,
such as rate of initial development, earli-
ness, culm height, tillering capacity or grain
yield in monoculture (adaptation). A good
combination of characters from the view-
point of competition is provided by barley
cv. Arra with its rapid initial development
and rapid culm growth.

* Competitive relations between the species
and between the barley varieties were in

most cases inconsistent varying from one
environment to another.

* The dominance of an aggressor usually in-
creased with increasing nitrogen fertilization
especially when the total density was high.

* Competition affected all the components of
yield with kernel weight being least affected.

Grain yield advantage

* The results of some mixtures of barley and
oats showed that the ratio of actual and ex-
pected yields exceeded unity but the relative
yield total of the same mixtures was even
lower than unity. This was because the yield
of the dominant component was higher
than the yield of the subordinate compo-
nent when the components were grown in
pure stands. Thus from a methodological
point of view when one evaluates the yield
advantage of mixtures at least the relative
yield total should be considered. This point
becomes especially relevant in cases where
there are considerable differences between
the yield of the components grown in pure
stands and the competitiveness of one com-
ponent differs from that of the other.

* None of the varietal mixtures overyielded
statistically significantly. Especially at low
densities some varietal mixtures gave yield
advantage as assessed by relative yield to-
tal (RYT> 1). Also the relative yield total
was greater than one under conditions
where the nitrogen fertilization was not op-
timal. The results of the barley varietal tri-
al repeated during three successive years in-
dicated that the relative yield total of a giv-
en mixture fluctuates around unity. Thus at
optimal conditions the yield advantage was
marginal.

* The results of the barley-oats mixture tri-
als showed that the mixture of barley and
oats may overyield statistically significant-
ly. Relative yield totals were in most cases
equal to or greater than unity, the latter oc-
curring even in high productivity condi-
tions. This suggests that mixtures of barley
and oats may use resources more efficient-
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ly than monocultures and yield advantage
may be achieved by growing mixtures in-
stead of monocultures. However, large scale
field experiments are needed before such
combinations can be used in practice.

Protein yield advantage

alone. However, the ratio of actual and ex-
pected protein yield and the relative protein
yield total were usually greater than one in-
dicating that some yield advantage may be
achieved.

Stability of grain yield
* The protein yield of mixtures did not dif- * The mixtures were not consistently more

fer statistically significantly from the yield
of the highest yielding component grown

stable than monocultures.
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SELOSTUS

Kilpailu ja satoetu sekä ohran lajikeseoksissa
että ohran ja kauran lajiseoksissa

Kari Jokinen
Helsingin yliopisto, Kasvinviljelytieteen laitos,
Viikki,
00710 Helsinki

Kenttäkokein tutkittiin ohran lajikeseoksissa ja ohran
ja kauran lajiseoksissa tapahtuvaa kilpailua ja seosten
sadontuottoa. Kokeet perustuivat korvaussarjakoemal-
liin. Seosten komponentit olivat virallisia lajikkeita.

Sekä de Wit-malli että regressioanalyysiin perustuva kil-
pailuinani osoittivat komponenttien valtaavuussuhteet
samansuuntaisesti. Regressioanalyysi kuvasi kilpailua
erityisesti tiheissä kasvustoissa.

Lajikkeen kilpailukyky ei ollut yksiselitteisesti riippuvai-
nen lajikkeen yhdestä ominaisuudesta kuten esimerkiksi
alkukehityksen nopeudesta, aikaisuudesta, korren
pituudesta tai puhdaskasvustosadon määrästä. Ohralajik-

keista Arran nopea alkukehitys ja aikaisuus oli hyvä yh-
distelmä kilpailukyvyn kannalta lajikkeen ollessa aina val-
litseva. Arran vallitsevuus oli riippumaton seoksen kom-
ponenttien lukumäärästä, seoksen kylvötiheydestä, typ-
pilannoituksen määrästä jakasvukaudesta. Muiden lajik-
keiden kilpailukyky vaihteli ympäristöstä toiseen kom-
ponenttien kilpailusuhteiden ollessa vaihtelevia. Yleensä
vallitsevan lajikkeen vallitsevuus lisääntyi kasvuston typ-
pilannoituksen lisääntyessä, kun kasvuston kylvötiheys
oli suuri. Kilpailu vaikutti kaikkiin satokomponentteihin
kilpailuvaikutuksen kohdistuessa vähiten jyvän painoon.

Lajikeseosten jyväsato ei ollut tilastollisesti merkit-
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sevästi suurempi kuin eniten puhdaskasvustonatuottaneen
komponentin jyväsato. Lajikeseosten suhteellinen
kokonaissato oli suurempi harvassa (RYT> 1) kuin kas-
vutiheyden suhteen optimaalisessakasvustossa (RYT =1).
Lajikeseosten suhteellinen kokonaissato oli suurempi kas-
vustossa, jonka typpilannoituksen määrä ei ollut op-
timaalinen. Kolmena peräkkäisenä kasvukautena toistet-
tujen lajikeseosten suhteellinen kokonaissato oli lähellä
yhtä. Siten tulokset osoittivat, että hyvin sopeutuneet
ohralajikkeet kilpailevat samoista kasvutekijöistä ja
seosten satoetu jyväsadonmäärän suhteen on marginaali-
nen.

Ohran ja kauran lajiseosten jyväsato oli joissakin
tapauksissa tilastollisesti merkitsevästi suurempi kuin enit-

en puhdaskasvustonatuottaneen komponentin jyväsato.
Lajiseosten suhteellinen kokonaissato oli yleensä yhtä suu-
ri tai suurempi kuin yksi jälkimmäisen tapauksen osoit-
taessa, että seokset saattavat hyödyntää kasvutekijöitä
paremmin kuin vastaavat puhdaskasvustot ja seosten
käyttö saattaa olla perusteltua.

Lajiseoksen valkuaissato ei poikennut tilastollisesti mer-
kitsevästi eniten puhdaskasvustonatuottaneenkomponen-
tin sadosta. Suhteellinen kokonaissato valkuaissadon
suhteen oli tavallisesti suurempi kuin yksi. Seokset eivät
olleet yksiselitteisesti jyväsadon määrän suhteen vakaam-
pia sadontuottajia kuin puhdaskasvustot vaihtelukertoi-
mella mitattuna.
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