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INTRODUCTION

Orchardgrass, Dactylls glomerata L., Is a cool-season, perennial,
bunch-type grass which has been successfully used in many temperate
regions of the world.

It is used for both pasture and hay, either in

mixtures with legumes or in pure stands.

Orchardgrass breeding programs

usually emphasize improvement in forage yield, winterhardiness, forage
quality, and disease resistance.

Little research has been done on

breeding orchardgrass for compatibility with legumes, yet this is an area
that needs more attention because of the advantages of using legumes in
pasture improvement.

Legumes are seeded with grasses to improve yield,

quality, and seasonal distribution of pasturage (Rohweder and Van Keuren,
1985).

Birdsfoot trefoil, Lotus corniculatus L., is a very desirable

pasture legume because of its nonbloating potential for ruminant grazing
animals, favorable adaptation to continuous grazing, and uniform
distribution of growth during the grazing season (Wedin et al., 1967).
It is, however, very sensitive to competition from grasses grown with it.
Grasses should be grown with birdsfoot trefoil to prevent or reduce weed
invasion and to contribute to the yield of the pasture.

Maintenance of a

desirable birdsfoot trefoil-orchardgrass mixture is conditioned by many
factors, including:

fertilization, defoliation system, irradiance,

temperature, water availability, and cultivar type of each component
species.

Traits of individual orchardgrass plants that may affect

compatibility with birdsfoot trefoil include growth rate, growth habit,
plant height, and tiller production.
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The objectives of this study were: (i) to study the variability In
a wide range of orchardgrass germplasm sources for traits that may be
associated with competitive ability with blrdsfoot trefoil; (11) to
estimate herltabllltles and predict genetic gain and correlated responses
from selection for compatibility traits in a promising orchardgrass
population; and (ill) to study response to divergent selection in that
population for several traits considered to be most closely associated
with compatibility with blrdsfoot trefoil.

Competitive Relationships In Grass-Legume Mixtures
Competition can be defined as the phenomenon that occurs "when each
of two or more organisms seeks the measure it requires of any particular
factor and when the immediate supply of the particular factor is below
the combined demand of the organisms" (Clements et al., 1929; Donald,
1963).

The term competition can be used to describe those events that

lead to the modification of the growth and development of a plant as a
result of its association with other plants.
Two plants do not compete with each other as long as the water,
supply, nutrient supply, oxygen and COg, and irradiance and heat, are in
excess of the needs of both.

Harper (1964) stated that competition

itself is only one component of Interference between plants, although at
times it may be a very dominant one.

Noncompetitive interferences may be

the direct stimulation of one species by another, for example, nitrogen
fixation by a legume which at some point becomes partially available to a
nonlegume.

Competition among plants most commonly occurs for irradiance
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water, and nutrients, although competition for oxygen, carbon dioxide,
and space may also occur (Donald, 1963; Rhodes, 1970). It is generally
accepted that the more similar the needs of the two organisms, the more
intense the competition.

Thus, intraspecific competition is more intense

than interspecific competition (Haynes, 1980).

Ecological and competitive combining ability
Cause (1934) suggested that two extreme states can exist in a
mixture, either competitive exclusion or coexistence.

Competitive

exclusion is a situation where fundamental niche requirements are
sufficiently similar and relative competitive abilities are sufficiently
different in the overlapping niche (Aarssen, 1983).

This situation

eventually leads to exclusion of one component from the mixture.

The

term "coexistence" implies that the fundamental niche requirements are
sufficiently different with interspecific competition absent in the
unique niches of each component.

Aarssen (1983) added to Cause's (1934)

theory by suggesting that competitive exclusion may be avoided where
natural selection results in niche differentiation (selection for
ecological combining ability), or when reciprocal selection maintains a
balance of competitive abilities (selection for competitive combining
ability).

Selection for ecological combining ability (EGA) increases the

exclusive niche of the inferior competitor.

Selection for competitive

combining ability (CCA) increases the competitive ability of the inferior
competitor.
Ecological combining ability refers to the ability of mixtures to
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produce high yields relative to their component monocultures.

The EGA of

a mixture may be reflected by deWit's (1960) relative yield total (RYT).
An RYT=1.0 indicates the absence of EGA.

Selection which results in

niche differentiation is, therefore, accompanied by an increased value of
RYT beyond 1.0.

This indicates that the components have, to some extent,

avoided competition.

An RYT>1.0 could also result from a positive

stimulation of one or both of the components on the other (Khan et al.,
1975).
Competitive combining ability reflects the survival potential of the
mixture and will depend on the relative ability of the two components to
reduce the availability of contested resources to each other (Aarssen,
1983).

An estimate of CGA is given by the yield suppression ratio (YSR)

which expresses the proportionate yield reduction of the inferior
competitor resulting from interspecific competition to that of the
superior competitor.

A value of YSR=1.0 indicates a competitive

equilibrium of the components in the mixture.

This means that each

component suffers the same proportionate yield reduction as a consequence
of interaction with the other component, and hence has the same
proportionate contribution to the total mixture yield.

The lower the

YSR, the smaller the exclusive niche of the dominated component and the
weaker its ability to exploit the inclusive niche.

Thus, values of

YSR<1.0 imply a greater risk that one component will competitively
exclude the other and hence a greater probability that the mixture will
not persist.
Aarssen (1983) argues that niche requirements generally overlap
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broadly in plants.

Therefore, coexistence is permitted because there are

numerous combinations of biological attributes in plants that are roughly
equivalent in the overall competitive power that they confer.

In

selection for CCA, these attribute complexes are continually adjusted in
an ongoing process of coevolution in which each component alters the way
in which it competes with the other component.

Competitive ability and yielding ability
Donald (1963) drew attention to the confusion about the relationship
between competitive ability and yielding ability, which could lead to the
implementation of inappropriate selection criteria in breeding programs.
The studies by Harlan and Martini (1938), Suneson (1949), and Sakai and
Gotoh (1955) have clearly demonstrated that the adaptation of selffertilized cereal cultivars to a particular environment, as judged by
grain yield in pure culture, is independent of competitive ability
against other cultivars.

Similarly, Jennings and De Jesus (1968) showed

a significant inverse relationship between grain yield of rice cultivars
in pure stands and their competitive ability in mixtures.

Donald (1963)

questioned the assumption made by Stapledon (1928), and subsequently by
grass breeders throughout the world, that ability to compete and persist
under grazing is synonymous with ability to produce under grazing.

This

assumption led to the development of pasture type cultivars with improved
persistence under grazing, but with lower production, especially in
spring and early summer.

Further consideration of those physiological

characteristics which might be associated with competitive ability and
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yielding ability by Donald and Hamblin (1976) adds more support to the
view that these attributes are not positively related.
Growth vigor and yielding ability of components, however, are
factors affecting botanical composition of a pasture.

Cowling and

Lockyer (1967) observed that those grass species such as orchardgrass,
which are high yielding in pure swards are also high yielding and less
compatible when grown with white clover (Trifolium repens L.),
particularly when environmental conditions favored grass growth.
Orchardgrass is known to be very competitive toward sainfoin (Onobrychis
viciifolia Scop.) and alfalfa (Medicago sativa L.) in comparison with
other grasses such as timothy (Phleum pratense L.) and meadow fescue
(Festuca pratensls Huds.) (Spedding and Diekmahns, 1972).

Donald (1978)

observed that the breeding of high yielding grasses results in species
that are highly competitive toward legumes.
Use of impersistent grasses to encourage large legume percentages
after the establishment year has often been suggested.

Camlin (1981)

reported that use of less persistent perennial ryegrass (Lolium perenne
L.) cultivars in Northern Ireland allowed greater white clover
production.

Of nine grass species studied in combination with birdsfoot

trefoil in Minnesota, only reed canarygrass (Phalarls arundinacea L.) and
smooth bromegrass (Bromus inermis Leyss.) allowed an increase in
birdsfoot trefoil percentage from the first to the third year of the test
(Sheaffer et al., 1984).

Grass percentage of mixtures was negatively

2
related to birdsfoot trefoil yields each year (r =0.70). Parsons and
Davis (1961) found that birdsfoot trefoil production was proportionately
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higher with a later maturing, less vigorous orchardgrass cultivar used in
the mixture.
Rotili and Zannone (1970) studied intensively the performance of
alfalfa, red clover (Trifolium pratense L.), tall fescue (Festuca
arundinacea Schreb.), and orchardgrass genotypes in association with each
other and the nature of the competitive effects.

Their hypothesis, which

they refer to as the "hypothesis of biological density," is that at any
given numerical density and with whatever unit of measurement (individual
plant or plot), a genotype in a mixture shows a better performance than
in monoculture when it finds, because of the presence of a weaker
partner, a lower biological density than in a pure stand.

In contrast,

if it finds a greater biological density due to the presence of a
stronger partner, it will give a lower yield than in monoculture.
Eagles (1983) evaluated swards of orchardgrass developed from plants
of contrasting populations selected for high and low dry matter
production in mixed intraspecific cultures and monocultures.

He found

that dense swards developed from plants selected in monocultures
maintained a significant difference between the high and low selections,
whereas those developed by selection from mixed cultures showed no
significant difference in yield.

These results are consistent with

earlier reports of no positive relationship between competitive ability
in mixed cultures and vigor in pure stands.
Eagles (1983) suggested that, on a physiological basis, it seems
reasonable to assume that characters which confer the ability to compete
well in a heterogeneous sward are not those that confer the ability to
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maximize yield In a uniform monogenotyplc sward.

Eagles and Williams

(1971) described grass Ideotypes that could lead to maximum dry matter
production in spaced-plant, mixed-community, and monoculture situations.
They suggested that high yield may be achieved from a spaced plant with a
multi-tillering, lax or prostrate habit and long, nonrigid leaves
resulting in maximum irradlance interception over a large ground area.
In a mixed community, high competitive ability may be achieved by
vigorous leaf growth with long floppy leaves shading neighboring plants,
particularly during early growth.

Also, rapid root growth during

seedling establishment may be an important factor in competition for
water and nutrients (Eagles, 1972).

In a monoculture, high yield may be

achieved by a sparsely tillering plant with long erect and rigid leaves
allowing favorable irradlance interception.
These relationships between yield and specific morphological and
developmental characteristics could have significant implications for
forage breeders.

In the past, many grass cultivars have been developed

from superior parents selected on the basis of their performance as
spaced plants. However, this selection strategy may produce a highly
competitive cultivar because of a similarity between characters expected
to maximize production under space-planted and competitive conditions.
These characteristics may be the most undesirable ones when the objective
is to maximize yield per unit of ground.

Eagles (1983) stated that

"cultivar production by selection of superior parents based on spaced
plant performance per se may not result in maximum yield under dense
sward conditions."

He indicated that it may be more appropriate to
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select among spaced plants for those characteristics associated with
maximum sward yield.

This approach was utilized by Rhodes (1975) in

selecting for the canopy characteristics—long leaves, erect tillers, and
rigid leaves, in Lolium. The resulting populations yielded up to 30%
more than the original populations in dense stands.

Effects of management on competitive ability
A discussion of competitive relationships in grass-legume mixtures
needs to place some emphasis on the effects of management.

Use of

different management options for grass-legume mixtures can greatly alter
environmental and genetic factors and, thereby, change yield of the
components and botanical composition of the mixture.
The primary management options available to the producer growing
grass-legume mixtures involves:

species, cultivars, seeding rate and

arrangement of components, level of N fertilization, and frequency and
intensity of defoliation.

Other management options include level of

application of other nutrients, and irrigation.

Certain levels of

management and uncontrollable environmental factors such as irradiance,
temperature, and to some extent water can all be regarded as stresses,
which may reduce the production of a mixture below its potential level.
The following sections describe the direct effects of management on
relative yield and dominance of the grass-legume mixture components.
Defoliation

Frequent defoliation will favor the dominated

component of a mixture by removing more forage of the dominant component
(Chamblee, 1972; Rhodes, 1981).

Infrequent defoliation will usually
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favor the dominant component by allowing it a competitive advantage for
an extended time period.

Growth habit, however, will interact with

defoliation conditions to modify the previous considerations (Haynes,
1980).

The growth habit of pasture plants is extremely important because

it is one of the principal factors governing the response of a plant to
defoliation (Langer, 1973). Pasture plants, which are well-adapted to
grazing, are characterized morphologically by the location of shoot
meristems close to the soil surface and well below the level normally
reached by a grazing animal or harvesting machine.

Expanding leaf blades

are able to continue growth after defoliation of such tillers.

Thus, the

leaf forming process is unaffected by defoliation (Haynes, 1980).
Orchardgrass and tall fescue have this type of growth habit.

Davies

(1960) found, however, that excessive grazing soon reduced the vigor of
orchardgrass and eliminated it from mixtures.

However, if grazing was

too lenient, it was likely to grow luxuriantly and gain dominance within
the sward.

Brougham et al. (1978) found that over long periods the

selective effects of defoliation can result in the development of
populations of erect types with large plant parts under infrequent
defoliation and prostrate small leaf types under frequent defoliation.
The more prostrate Empire-type cultivars of birdsfoot trefoil
persist better in pastures than the more upright European types such as
Viking and Mansfield (Seaney, 1974; Van Keuren and Davis, 1968). The
European cultivars can be used in pastures but must be rotationally
grazed.

The more prostrate Empire types, even when closely grazed, have

more leaf area remaining, which promotes flowering and seed set on stems
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near the ground, thus facilitating reseedlng.
Growth habit Is a major factor Involved In the competition between
grasses and legumes for Irradlance. Competitive relationships are'
altered enormously by availability of Irradlance and frequency and method
of defoliation.

Thus, frequency and Intensity of defoliation must be

planned In accordance with the growth habit and regrowth characteristics
of Individual components of a pasture, particularly in relation to
maintenance of the legume component;
Plant density and arrangement

Plant density and arrangement are

additional management variables which can affect relative dominance of
the components of a grass-legume mixture.

Chevrette et al. (1960)

indicated that blrdsfoot trefoil yield is very sensitive to variations in
seeding rates of the other mixture components, especially if the other
component is highly aggressive.

Wilson (1969) reported that reducing the

orchardgrass seeding rate in a mixture with smooth bromegrass, white
clover, and red fescue (Festuca rubra L.) resulted in an Increase in
percentage of other species in the mixture.

Fyfe and Rogers (1965) and

Newman and Smith (1972) minimized seedling competition by controlling
seeding pattern.

They found that balanced grass-legume mixtures could be

maintained more easily in alternate rows than in broadcast seedings.
Alternate-row mixtures have usually minimized both seedling and mature
plant competition.

Tewari and Schmid (1960) found within-row grass-

alfalfa mixtures to be higher than alternate-row mixtures in total drymatter yield and alfalfa percentage.
reported the opposite situation.

Kilcher and Helnrichs (1958)
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Macronutrients

The response of mixtures to an increase in the

supply of mineral nitrogen consists of a direct effect of N stimulating
the growth of the grass to a much greater extent than that of the legume
followed by a consequential increase in competitiveness of the grass for
irradiance, water and other nutrients (Donald, 1963).

Wolf and Smith

(1964) found that N fertilization markedly reduced the amount of ladino
clover and birdsfoot trefoil in all grass-legume mixtures.

The secondary

effects of N can be nullified to some extent if competition for
irradiance is minimized by an appropriate defoliation regime and adequate
supplies of water and nutrients (Blaser and Brady, 1950).

Roots reach

maximum growth at lower levels of N supply than shoots and increasing
nitrogen increases the shoot:root ratio (Vallis, 1978).
The response of established grass-legume pastures to P is generally
an increase in total yield as well as an increase in the percentage of
the legume component in the sward (Baylor, 1974).

The major stimulatory

effect of phosphorus on legume growth is one of increasing nodule number
and weight (Shaw et al., 1966). Phosphorus deficiency causes a decrease
in the shoot:root ratios for many pasture species (Biddiscombe et al.,
1969).

There are many examples in the literature that indicate the poor

nutrient competitive ability of legumes.

0'Conner and Vartha (1969)

reviewed results of investigations that show that alfalfa suffers from
competition with associated grasses for F, K, and S.

Grasses have

articulated root systems which allow them to exploit the soil environment
more effectively than legume root systems.

Haynes (1980) and Hunt and

Wagner (1963) concluded that, when K is sufficient, alfalfa dominates the
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grass, but when K Is limiting, grass dominates the alfalfa.

Physiological and Morphological Traits Influencing
Competitive Ability
Basic physiological and morphological differences between grasses
and legumes affect the nature of competition that develops In their
mixtures.

Yamada and Horlnchl (1961) stated that "competitive ability is

determined by quantitative processes Involved in the intake of water,
nutrients and light."

It is difficult to separate and categorize these

differences as they Interrelate and Interact in a complex manner and in
different ways in different situations. Physiological processes may be
modified by the age and stage of development of the plant and by the
influences of Irradiance, temperature, and water availability.

These

factors, and management practices, all influence morphological expression
and, therefore, are of significance in the ecology, adaptation and
productivity of grass-legume associations.

The following sections will

describe the morphological components influencing canopy structure and
the variability in physiological expression of these components for
differing irradiance, temperature, and water availabilities. Emphasis
will be placed on relating these physiological and morphological
complexities to competitive relationships in grass-legume associations.

Canopy characteristics
Donald (1961) suggested that competition for Irradiance is often the
most intense form of competition in grass-legume mixtures.

In a pasture,

foliage of each plant will be intermingled with that of several of its
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neighbors.

The successful plant is not necessarily the plant with more

foliage, but the plant that has its foliage in an advantageous position
for irradiance interception, relative to the foliage of its competitors
(Etherington, 1976). Therefore, physiological characteristics, and whole
plant morphological characteristics such as canopy height and
architecture determine peak photosynthetic rates and competitive
abilities of plants for irradiance.
The grass-legume sward is a complex canopy of leaves and other plant
parts by which irradiance is intercepted, transmitted, and reflected.
The relationship between the spatial arrangement of the foliage and total
leaf area is important in determining Irradiance utilization and crop
growth rate (Brown and Blaser, 1968; Rhodes, 1973a; Wilson, 1961).
Penetration of irradiance through a canopy approximately follows Beers
Law (Rhodes, 1973b).
I = I e-kL
o
where;
I = the irradiance on any horizontal plane in the plant community,
= the irradiance at the surface of the community,
e = the base of the natural logarithms,
k = extinction coefficient for irradiance energy, and
L = Leaf Area Index (LAI) above the horizontal plane.
The LAI is the ratio of total leaf area to total ground area beneath
the canopy.
community.

The extinction coefficient (k) is an attribute of the plant
It is an index of the plant traits (leaf reflectance,
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transmission, Inclination, and leaf area density) that determine how much
Irradlance Is absorbed by a unit LAI.

Therefore, k can be defined as the

negative natural logarithm (-In) of l/l^ divided by the LAI:
-ln(L/LO)
k
L
The extinction coefficient and the optimum LAI will differ according
to plant morphology and leaf arrangement in the canopy.

Maximum

productivity of the sward is achieved when the lowermost foliage of the
sward is at its compensation point (Wilson, 1960).

Decreasing k values

are associated with an increasing number of leaves illuminated above the
compensation point.

In erect canopies, irradlance energy is spread over

a greater leaf area because of a lower extinction coefficient and a
higher optimum or critical LAI than in more prostrate types (Rhodes,
1973b).

Considerable variation in optimum LAI, critical LAI and

extinction coefficient have been found among grass species (Brougham,
1960; Hunt and Cooper, 1967), cultivars within a species (Rhodes, 1971)
and among families and genotypes within a cultivar (Rhodes, 1971).
Cooper et al. (1971) compared the maximum crop growth rate, canopy
structure and irradlance interception of six contrasting forage grass
cultivars.

Maximum crop growth rate was negatively correlated with

extinction coefficient and positively correlated with critical LAI and
with the angular distribution of the leaves, so that the more erect the
growth habit the greater the crop growth rate.

Pearce et al. (1967)

attempted to quantify the effect of foliage angle by using vegetative
barley plants.

Their study revealed a positive correlation between leaf
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erectness and the rate of net photosynthesis per unit ground area.
Five major morphological characters control the structure of the
vegetative grass canopy.

These are: (1) leaf size, particularly leaf

length which determines height of the canopy; (ii) tiller angle, which
represents the mean angle between the tillers and soil surface; (iii)
leaf angle, although important in controlling canopy structure in
cereals, has little variability among cultivars of forage grasses (Hunt
and Cooper, 1967); (iv) leaf rigidity; and (v) number of tillers per
plant (Rhodes, 1973a).
Probably the most important feature of plants that determines their
competitive ability for irradiance is height.

Trenbath (1974) and Donald

(1963) concluded that the component in a mixture with its leaf area
higher in the canopy is at a general advantage.

In most grass-legume

pastures, the grasses are taller and more vigorous than the legumes.
This leads to shading of the legume and possible reduction in its density
if the sward is not well-managed.

Eagles and Williams (1969) have

suggested similarly that an erect habit may confer a competitive
advantage over prostrate plants in mixtures of two populations of
orchardgrass.

Wilson (1961) concluded that natural selection has

probably resulted in many species raising their foliage to a height
which, although advantageous in competition, reduces the growth rates of
pure stands by decreasing the ratio of assimilating to supporting parts.
Canopy height is influenced by leaf length; tall canopy height is
generally associated with long leaves (Rhodes, 1973a). This influence of
leaf length and/or canopy height was also supported by Hunt and Cooper

17

(1967), who found that erect long-leaved species of forage grasses had
the largest photosynthetic systems and highest crop growth rates.
The amount of foliage present as expressed by LAI is also an
important parameter in studying irradiance penetration and usage by
pasture plants.

A canopy with a lower LAI will not be as efficient in

utilizing low levels of irradiance as a canopy with a higher LAI.
However, with horizontal leaves, a high LAI is a disadvantage because of
excessive self-shading (Haynes, 1980). Tiller production is often cited
as an important attribute determining the amount of foliage present (Kays
and Harper, 1974).

It has frequently been shown to be affected by

interspecific and intercultivar competitive stress.

Compared with

monoculture performance, the suppressed component of a mixture shows a
decrease in tiller number, whereas the aggressor frequently produces more
tillers per plant in mixed culture (Rhodes, 1970).

Zarrough et al.

(1983) found that a close relationship existed between forage yield and
tiller density in tall fescue before equilibrium tiller density was
reached.

However, after tiller density reached equilibrium, forage yield

was closely associated with yield per tiller.
Rate of leaf area accumulation has been documented as an important
parameter of grassland production (Brown and Blaser, 1968; Cooper, 1966).
The components of leaf area accumulation, leaf size and rate of leaf
appearance, can be affected by competitive stress (Rhodes, 1968),
although it seems that rate of leaf appearance per tiller was not
affected as frequently by competitive stress as tiller number per plant
(Rhodes, 1968).

Rhodes (1968) found that response of leaf size to
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competition Is quite variable; sometimes both leaf length and width are
unaffected even though the dry matter production of the plant Is severely
affected by competition.

At other times, striking differences in leaf

length and width result from varying competitive associations.

Effect of shading on canopy structure and
competitive ability
Competition for irradlance occurs when the presence of one plant
reduces the net photosynthesis of another by reducing the amount of
radiant energy It receives.

The Immediate response to shading is lowered

leaf net photosynthetic rate.

In the longer term, photosynthesis is

further reduced by the modified physiological, biochemical, and
anatomical characteristics of leaves that form under reduced irradlance
(Ludlow, 1978). Shaded leaves are thinner and have an overall reduction
in the capacities of biochemical and physiological processes.

When

pasture plants are shaded, net photosynthetic rate of individual leaves
declines, even though their dark respiration rate also declines.

Shaded

plants allocate a larger proportion of their dry weight increase to
leaves and leaf area ratio increases.

However, this is insufficient to

counteract the decrease in net assimilation rate, and relative growth
rate declines (Ludlow, 1978).
Shading also has other effects on the distribution of dry matter
within the plant, and on development.

It Increases leaf length but

reduces leaf width and thickness; and rates of leaf initiation, emergence
and expansion.

Shading Increases internode length and plant height but

reduces root/shoot ratios, tillering in grasses and branching in legumes
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(Langer, 1973). Rhodes and Stern (1978) reported that shading of grasses
increased leaf area production per tiller and leaf size, but did not
change rate of leaf appearance.

Reduced irradiance intensity or

competition for irradiance may reduce root growth and root;shoot ratio
(Donald, 1958). This may then affect a plant's competitive ability and
contribute to the interaction between root and shoot competition.

Shade-

tolerant orchardgrass is more likely to persist in alfalfa mixtures than
other grasses, assuming adequate K nutrition (Chamblee, 1972; Miller et
al., 1984). The rate of photosynthesis in orchardgrass is as great at
30% of full sunlight as at higher irradiance intensities (Singh et al.,
1974).

Reducing incident irradiance interception by 67% for as long as

three years did not produce a detrimental effect on yield or persistence
of orchardgrass (Blake et al., 1966).

In contrast, ladino clover stands

died when subjected to that much shade for two years.

Eagles (1972)

suggested that competition for nutrients is of greater importance than
competition for irradiance in orchardgrass.
Legumes tend to have a greater irradiance requirement than grasses
and they do not adapt as readily to shaded conditions.

Shading of

legumes restricts the supply of carbohydrates to the root system, thus
causing reduced nodulation and nitrogen fixation.

This leads to death of

nodule tissue and possibly an increase in the rate of nitrogen transfer
from legumes to grass (Chestnutt and Lowe, 1970).

Shading is known to

induce rapid root nodule senescence in white clover and birdsfoot
trefoil, with alfalfa and red clover being more tolerant of this
treatment (Butler et al., 1959).
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Ludlow (1978) suggested that the ability of a plant to gain
preferential access to incident radiation is likely to be the major
factor determining competitiveness for irradiance, and plant height is
probably one of the most important factors governing preferential access.
Donald (1963) noted that a plant's success in gaining a greater share of
a limited nutrient may cause such an increase in growth that a competing
species may be suppressed secondarily by shading.

Of three grasses

studied in combination with alfalfa at first cut in Minnesota, smooth
bromegrass was the most competitive for irradiance, orchardgrass was
intermediate, and reed canarygrass was least competitive (Miller et al.,
1984).

Birdsfoot trefoil is a long-day plant requiring a 16- to 18-hour

photoperiod for full flowering.

A shorter day length restricts flowering

and results in a plant having a more prostrate, rosette growth habit
(Seaney and Hanson, 1970).

Thus, reduced height in birdsfoot trefoil

during the period when an aggressively growing grass such as orchardgrass
is dominant, could be a factor in competitive interactions.

Period and rate of growth
Physiological and morphological responses of a plant are associated
with period and rate of growth.

Factors which influence period and rate

of growth of a species are important, therefore, in understanding
competitive interactions in grass-legume mixtures.

The major

environmental factors influencing period and rate of growth of a species
are temperature, water availability, and irradiance.

Irradiance has been

discussed previously in relation to the canopy development.

21

The natural distribution of pasture species is determined largely by
their adaptation to the major climatic and edaphic factors of the
environment, especially those operating during critical stages of
development, such as germination, initiation of reproductive development
and flowering.

The role of temperature has increasing importance as it

deviates above or below the general biological norm of about 20 C
(McWilliam, 1978). Plants must be adequately buffered to adjust to
short-term temperature change and must also possess underlying adaptive
systems that synchronize growth and reproduction with cyclic changes in
temperature.

Thus, plants may become more or less dormant in midsummer

or winter during periods of temperature or water stress.

Many temperate,

perennial pasture species, including ryegrass, orchardgrass, and tall
fescue, are adapted to grow actively at moderately low temperatures, but
tend to become dormant at high temperatures, especially when such
conditions are associated with moisture stress (McWilliam, 1978).
Brougham (1959) showed that the annual growth curves of white clover
and ryegrass were complementary in New Zealand.

White clover contributed

most to total herbage production in late summer and autumn because of a
higher optimum temperature for growth (24 C for white clover vs. 18-21 C
for ryegrass).

Under the low temperature and irradiance regimes of late

autumn, winter, and spring, ryegrass dominated the mixture.

Laskey and

Wakefield (1978) observed that reduced stands of birdsfoot trefoil, when
grown with perennial ryegrass, seemed to be due to rapid seedling
emergence and development of the grass at a critical stage in the early
growth and development of the legume.

The slower growing grasses.
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Kentucky bluegrass (Poa pratensls L.) and red fescue did not inhibit
growth of birdsfoot trefoil.

Lawson et al. (1984) found that dry matter

production from birdsfoot trefoil pastures was distributed more uniformly
throughout the grazing season than dry matter production from cool-season
grasses.

Grass was the major component in birdsfoot trefoil-grass

pastures in May and early June, and birdsfoot trefoil made up the largest
percentage of the yield in August.

Similarly, Jones (1986) found that

tiller density was the more important reed canarygrass yield component
and also exhibited a greater competitive effect against legumes than
tiller weight. Parsons and Davis (1961) found that birdsfoot trefoil
made up a larger proportion of the orchardgrass-birdsfoot trefoil mixture
as the first cutting was made later in the spring in Ohio.

Cool spring

growing conditions favor orchardgrass growth, giving it an initial
competitive advantage over birdsfoot trefoil.

Warm midsummer

temperatures, however, tend to favor birdsfoot trefoil and reduce the
growth of orchardgrass.

Both birdsfoot trefoil and orchardgrass are

subject to winter damage.

Considerable variability exists within both

species for low temperature survival (Jung and Baker, 1983; Grant and
Marten, 1985). Increased sensitivity to low temperature of one component
in a mixture will likely confer a competitive advantage to the other
component.
Temperature can markedly affect the morphology of plants and,
therefore, influence their ability to adapt to altered temperature
conditions or to survive in competition with other members of the plant
community.

A tendency for more erect growth with higher temperature has
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been reported for both grasses and legumes.

Long days and high

temperatures promote shoot elongation and increase internode length,
resulting in a more upright growth habit.

This effect of high

temperature has been observed in tall fescue and orchardgrass (McWilliam,
1978).
The optimum temperature for growth of roots tends to be lower than
that for shoot growth for a number of grasses (McWilliam, 1978). Thus,
in the early spring, root growth is more active and competes more
effectively for available carbohydrates in the form of current
photosynthate and stored reserves.

As the season advances, the soil

temperature becomes more favorable for growth of shoots and their growth
accelerates at the expense of the root growth.

Numerous studies on the

nature of competition between species and populations of pasture plants
have shown that the effects of root competition are usually greater than
those of shoot competition during the establishment phase of a sward
(Martin and Field, 1984).

A faster growing root system, which is likely

temperature related, generally is required for one component of a pasture
to gain an advantage over the other in the early competition for
nutrients and water (Trenbath, 1974).

Donald (1958) showed that the

proportionate yield reduction due to shoot competition was greater when
root competition was occurring than when it was absent.

Thus, an

interaction between root and top competition occurs (Milthorpe, 1961).
Water availability or stress can dramatically change a species
growth and development patterns.

Plants have developed both

morphological and physiological mechanisms to enable them to withstand
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and adapt to water deficits.

Current evidence suggests that

morphological responses are more sensitive to water deficits than
physiological processes (Turner and Begg, 1978).

Water stress affects

growth and yield of pastures In several ways. A reduction In the
expansion of new leaves, an Increase In the death of old leaves, and a
reduction In tillering will reduce the growth rate of swards.
Comparative studies show that differences in growth rate under stress do
occur between species and this affects their drought tolerance and
competitive ability under dryland conditions (Harris and Lazenby, 1974).
However, the factors determining the differences in growth rate under
water stress are not clear from these studies.
Success of any species in competition for water will depend on the
rate and completeness with which it can make use of the soil water
supply.

Because water is so often physiologically limiting, the rate and

extent of exploitation of the soil space is Important (Etherlngton,
1976).

Evans (1977) found that roots of grasses were longer, thinner,

and more finely branched than those of clovers.

Even though grasses and

clovers had similar root surface areas, the longer and more extensive
roots of grasses gave them a considerable advantage over clovers In
volume of soil explored.

Legumes are considered to have lower water-use

efficiency (MUE) than grasses because of low stomatal resistance (Haynes,
1980).

Powell and Kardos (1968) found that mixtures of alfalfa and

blrdsfoot trefoil with orchardgrass and smooth bromegrass had higher WUE
than the legume monocultures.

Orchardgrass is more drought tolerant than

either timothy or Kentucky bluegrass, but less drought tolerant than
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smooth bromegrass (Jung and Baker, 1985).

A major factor in this drought

tolerance is the tendency for dormancy to occur during periods of
moisture stress and high temperatures (Spedding and Diekmahns, 1972).
Also, drought tolerance of orchardgrass is probably related to its
extensive root system (Jung and Baker, 1985).

Birdsfoot trefoil has a

well-developed taproot with numerous lateral branches in the upper 30 to
60 cm of soil.

Its taproot does not penetrate as deeply as that of

alfalfa; however, the distribution of branch roots in the upper soil is
more extensive.

Birdsfoot trefoil, like orchardgrass, is quite drought

tolerant (Grant and Marten, 1985). It does not show, however, the
dormancy induced by water stress as does orchardgrass. Thus, water
stress can influence the competitive relationships of orchardgrassbirdsfoot trefoil mixtures.

Breeding Orchardgrass for Compatibility with
Birdsfoot Trefoil
Ideotype development
Harper (1967) proposed that the ecological concept of diversity and
its effects on stability would imply that complex mixtures have
advantages in efficiency over simple mixtures or monocultures. He also
considered it unlikely that any two species chosen arbitrarily can
immediately combine with maximum efficiency because selection has been
primarily in monoculture.

Harper (1976) argued that plant populations

develop with constraints of limited resources for a given space and
period.

As a result, properties of community performance can be

recognized.

In the community, the balance of species and of genotypes
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within them Is determined by Individual fitness.

Thus, a plant that

takes up nutrients In excess of Its ability to respond to them,
transpires water faster than Is needed to permit an optimal
photosynthetlc rate or produces a denser canopy than Is needed to trap
Its optimal Irradlance requirements, gains In fitness If the activity
harms Its neighbors. It Is not to be expected that the evolutionary
forces favoring Individual fitness have any necessary relationship to
community productivity.

Donald (1963) also suggested that features of

agronomic value are rarely ones that confer survival value.

Harper

(1976) stated It would be necessary to reverse the whole trend of the
evolutionary process that has favored Individual fitness when selection
for Improved production per unit area Is desired.

Such selection places

emphasis on forms of group selection. Group selection Is, however,
difficult for a forage grass breeder to conceptualize.

Because the

breeder Is more accustomed to Individual plant selection. It may be more
rational to design individual plant ideotypes that emphasize community
performance in dense stand associations.
Breeding one component of a grass-legume association for Increased
interspecific compatibility has been postulated in several species but
never Implemented.

Hutton (1971) discussed the performance of plant

species in mixtures and noted that there are few data to substantiate the
value of improved cultivars grown in mixtures.

However, he did express

optimism concerning the potential value of new cultivars that can
increase animal production and he cited supporting evidence.

Zarrough et

al. (1983) studied the production and compatibility with birdsfoot
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trefoil of three genotypes of tall fescue that differed in tillering
capacity.

They found that forage yield was closely associated with

yield/tiller after equilibrium tiller density was reached.

The highest

yielding genotype of tall fescue (HYT) in monoculture was one
characterized by low tiller density and high yield/tiller.

Birdsfoot

trefoil grown with the HYT genotype was 26% more productive than when
grown in a mixture with the LYT genotype of tall fescue in glasshouse
studies.

They concluded that tall fescue genotypes can be selected for

morphological characters that allow improved compatibility with a legume
such as birdsfoot trefoil.

Similarly, Jones (1986) found that tiller

density was the more important reed canarygrass yield component and also
exhibited a greater competitive effect against legumes than tiller
weight.

Parsons and Davis (1961) observed that late maturing strains of

orchardgrass were less vigorous in early spring growth, equally vigorous
in summer growth and more compatible with birdsfoot trefoil than common
strains.

This suggests that selection for late maturity may be a way to

improve the compatibility of orchardgrass with birdsfoot trefoil.
Correlations determined on diallel cross progenies of orchardgrass by
Sato et al. (1980) indicated that late maturity was associated with
greater leaf width, greater culm diameter, decreased tiller density, and
greater leafiness.

They also reported that tall canopy height was

associated with longer leaves.
Numerous examples exist in the literature, which quantify phenotypic
response to selection for canopy traits.

Rhodes and Stern (1977)

selected among spaced ryegrass plants for morphological traits that
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Influence canopy structure.

They obtained a yield increase of 30% over

the base population from selection for leaf length.

Rhodes and Mee

(1980) selected within six ryegrass populations for canopy
characteristics that are associated with dry matter yield.

They obtained

substantial increases in leaf length from selection in all six
populations.

Regular but smaller changes in both tiller angle and leaf

rigidity were obtained, but leaf angle showed no response to selection in
any population.

Determination of the annual dry matter yields of the

selected lines revealed large changes associated with leaf length, with
increased yield being associated with longer leaves.

In contrast, the

changes in yield associated with changes in both tiller angle and leaf
rigidity were of smaller magnitude and less general in occurrence.

Plant

morphology, therefore, is an important aspect of herbage grass
productivity and undoubtedly deserves greater emphasis in future breeding
programs (Drolsom and Smith, 1976).
The relationship between canopy structure and yield (Rhodes and Mee,
1980) has important implications for forage grass breeding.

Many grass

cultivars have been developed by using parents selected on the basis of
their performance as spaced plants.
competitive.

These cultivars tend to be highly

A marked similarity exists between those characteristics

expected to maximize production of the individual spaced plant and
competitive ability in mixtures (Eagles, 1983).
Given these conditions. Harper's (1976) suggestion of the need for
developing an ideotype to guide grass breeders in improving the
compatibility of pasture species seems to have considerable merit.
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Ideally, such an ideotype for orchardgrass would identify those
characteristics of spaced plants that would confer compatibility when
grown with birdsfoot trefoil.
Donald and Hamblin (1976) defined those morphological and
developmental characteristics that cereal ideotypes should possess for
maximum yield as spaced plants, as plants in a mixed community, and in
monoculture.

Similarly, Eagles and Williams (1971) described a grass

ideotype for high yield under spaced-plant conditions, which would also
be highly competitive in mixed communities.

This ideotype is a "plant

with multi-tillering, lax or prostrate habit and long, nonrigid leaves."
Eagles (1983) suggested that for orchardgrass in a monoculture,
maintained at a high average leaf area index, low competitive ability
with minimum mutual interference between plants is desirable.

This

ideotype would be a sparsely tillering plant with long, erect and rigid
leaves presenting a favorable irradiance profile.

It seems logical that

this same ideotype would be appropriate in selecting orchardgrass
populations for increased compatibility with birdsfoot trefoil.

Selection of superior parents
The genus Dactylis includes subspecies having three different levels
of ploidy:

diploid, tetraploid, and hexaploid.

The common, widely

distributed, agriculturally important subspecies glomerata is a
tetraploid.
(2n=28).

Tetraploid Dactylis is a cross-pollinated autotetraploid

The development of superior synthetic cultivars requires that

forage breeders develop and utilize efficient procedures for evaluating
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combining ability in a cross-pollinated autotetraploid.

Prediction of

combining ability in orchardgrass can be done on the basis of individual
plant evaluation, clonal evaluation, or some type of progeny test
procedure.
In the development of synthetic cultivars, the forage breeder
selects individual clones knowing that their ultimate value depends on
the performance of advanced generations of crosses among them.

The

usefulness of individual plant selection is dependent on heritability or
transmission of desired characteristics from the parental clones to the
synthetic generation used by the forage producer.

Dominance and

epistasis, or environmental effects including genotype-environment
interactions, could decrease the usefulness of phenotypic selection of
individuals or clones.

It is well-established that the phenotypic

characters of selected plants can be determined more accurately in
replicated clonal nurseries than on individual plants in a source nursery
(Hanson and Carnahan, 1955).
Rhodes (1973a) found that components of canopy structure in ryegrass
such as tiller angle, leaf length and leaf rigidity, had narrow-sense
heritabilities greater than 0.75. McDonald et al. (1952) suggested that
parent-progeny associations are relative, with characters such as height
in bromegrass exhibiting 50% heritability in replicated nurseries.
Carlson and Moll (1962) found that broad-sense heritabilities among
plants within strains for maturity, resistance to rust and leaf streak in
orchardgrass were quite high with values of 0.76, 0.85, and 0.75,
respectively.

Spring vigor, leafiness and panicle number heritabilities
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were lower at 0.53, 0.54, and 0.61, respectively.

Weiss et al. (1951)

reported significant parent clone-open pollination progeny correlations
for leaf width, panicle number, and winter survival in orchardgrass.
High correlations between single crosses and mean performance of parent
clones were found for leafiness, leaf width, panicle number, leaf
diseases and lodging.
Individual plant selection has been widely utilized with
considerable success by forage breeders.

Hanson and co-workers (1972)

reported rapid response from recurrent phenotypic selection in each of
two alfalfa populations for resistance to six disease and insect pests.
Miller and Carlson (1982) found that recurrent phenotypic selection was
highly effective in improving resistance to rust in orchardgrass.

Gains

of 11% and 10% were obtained by one cycle of phenotypic selection for
high and low specific leaf weight, respectively, in reed canarygrass
(Topark-Ngarm et al., 1977).
Utilization of progeny tests is required when for any reason the
heritability of a particular phenotypic expression is low.

Such an

evaluation requires an expenditures of resources greater than that
required for phenotypic selection and is usually conducted only on plants
selected on the basis of individual plant or clonal performance.

Morley

and Heinrichs (1960) estimated that heritability had to be as low as 10%
before the inclusion of a progeny test would give better results in
annual improvement compared with phenotypic (individual plant) selection
alone.
Hill and Haag (1974) evaluated several selection methods for
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autotetraplolds on a theoretical basis.

They suggested that the most

desirable selection methods for cross-pollinated autotetraploids would
permit large selection intensity, have a short generation interval, and
be adaptable to a cyclic program.
meeting these criteria.

Individual plant selection is best for

They point out, however, that responses from

individual selection decrease rapidly as environmental variance
increases.

If refinement of technique does not reduce the environmental

variance to a level that will permit individual selection to be
effective, the breeder has no choice but to use some type of progeny test
procedure.
Forage grass breeders usually need to consider several traits when
choosing among selection units.

There are three basic approaches as

described by Elgin et al. (1970) to select for multiple traits; (i)
independent culling levels and successive elimination, in which a breeder
selects for all characters at the same time but independently of each
other, rejecting all individuals which fail to come up to a predetermined
standard for each character irrespective of what the values are for other
characters; (ii) tandem selection which is simply selecting successively
for each character singly; and (iii) index selection in which one scores
plants for several traits and attempts to attach a value to each trait.
The selection value of the plant is the sum of these trait values.
Index selection is defined as an aid to the breeder in selecting
simultaneously for multiple traits.

A major criticism of several indices

is that the relative importance of the traits in the index is crucial to
the performance of the index.

Therefore, a breeder needs to set goals
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and determine relative importance of the traits of interest before the
use of index selection.
Smith (1936) first proposed index selection to cope with the complex
task of improving breeding material by selecting simultaneously for
several quantitative traits.

Hazel (1943) later extended index selection

procedures by outlining methodology for estimating genetic variances and
covariances and by defining the genetic worth of an individual as a
linear function of genetic values, each weighted by their relative
economic weights.

The Smith-Hazel approach is considered the optimum

index when accurate estimates of variances and covariances are available
(Williams, 1962).
Plant breeders often do not have reliable estimates of variances and
covariances or the information that is needed to assign relative economic
weights.

Consequently, other indices have been proposed, which do not

require estimates of population parameters.

Elston (1963) proposed a

multiplicative index without economic weighting factors.

Index values

for each line are calculated by multiplying phenotypic deviations for
each trait in the index.

Mulamba and Mock (1978) constructed a rank

summation index, which is a "parameter-free index."

It is constructed by

ranking the phenotypic values for each trait for each member of the
breeding population and then simply summing the ranks to give an index
value for each member.

Pesek and Baker (1969) suggested that breeders

would be better able to specify a desired gain rather than an economic
weight for a trait.

Their index uses desired gains to determine relative

weights and maximizes expected response in proportion to the gain
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specified by the breeder.
Index selection procedures have been more effective than other
selection procedures in numerous cases.

Brim et al. (1959) compared

Indices that Included up to six traits for improving economic value in
two populations of soybeans.

In both populations, an index of two simply

inherited traits, seed weight and fruiting period, produced gains nearly
as high or higher than those from direct selection for yield of grain,
protein or oil.

Eagles and Frey (1974) found that a selection index

calculated to maximize expected genetic gain in economic value and a base
selection index, where the traits were weighted by their relative
economic values, were superior for Improving overall economic value in
oats.

Elgin et al. (1970) compared tandem, modified Independent culling

levels, estimated index, and base index methods for multiple trait
selection in alfalfa for improvement of resistance to four alfalfa pests
and recovery after cutting.

The index methods were the most effective,

followed by modified independent culling levels and tandem selection,
respectively.

Population synthesis
Commercial orchardgrass cultivars are synthetics developed by
randomly Intermatlng selected parents and advancing their offspring
through two or three generations of seed increase.

The performance of

the synthetic is dependent on the value, relationship and combining
ability of the initial clones as well as the generation tested.

A

synthetic cultivar is, therefore, an expanding population consisting of
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few individuals in Syn-0 and many individuals in advanced generations.
When there are few individuals in the Syn-0, relatives may mate in
advanced generations, resulting in inbreeding. The number of parents in
the Syn-0, the inbreeding of the parents, and the relationship between
parents are factors that affect inbreeding and, consequently, vigor of
advanced generations (Busbice, 1969). Hill et al. (1969) recommended
that 75 or more parents be selected and recombined in each cycle of a
recurrent phenotypic selection program for an autotetraploid species.
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PART I.

VARIATION AND COVARIATION FOR LEGUME-COMPATIBILITY
TRAITS IN ORCHARDGRASS
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Variation and covariation for legume-compatibility
traits in orchardgrass
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ABSTRACT

Little research has been done on breeding orchardgrass for
compatibility with legumes; yet this is an area that needs more attention
because of the advantages of using legumes in pasture improvement.

The

objectives of this research were to study the genetic variation and
predicted response to selection for legume-compatibility traits in
orchardgrass.

Ninety-seven different orchardgrass (Dactylis glomerata

L.) germplasra sources were evaluated in a frequently-clipped, spaceplanted test during 1981 to 1984.

Each individual plant was evaluated

for spring and fall vigor, spring and summer canopy height, head height,
winterhardiness, growth habit, anthesis date, tiller number, rust
resistance, and leaf length and width.

The 51 polycross progenies of the

parents of Iowa 79-OGP-DT were chosen for more detailed study because of
their superiority in rust resistance, vigor, and winterhardiness and
their variability for traits that may affect compatibility with a legume.
Narrow-sense heritabilities on an entry mean basis for the 51 polycross
progenies were relatively high with values for spring canopy height,
growth habit, anthesis date, and leaf width exceeding 0.70.

Individual

plant heritabilities were greater than 0.40 for spring canopy height,
growth habit, anthesis date, and leaf width.

Predicted genetic gains for

mass selection and selection of superior plants within superior families
were similar for all traits.

Significant phenotypic correlations

indicated that winterhardiness, vigorous growth, tall spring canopy
height, erect growth habit, early anthesis, and narrow leaves tend to be
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associated with each other.

High tiller number was associated with good

spring and fall vigor, good wlnterhardlness, and genotyplcally with tall
summer canopy height.

The genotyplc correlation was usually higher than

the corresponding phenotyplc correlation.

Indirect selection

efficiencies for traits associated with competitiveness were highest when
selecting directly for anthesls date.
High herltabllltles, considerable variability, and favorable
correlations for traits that may be associated with legume compatibility
in the 51 polycross progenies indicated that development of orchardgrass
populations having either Increased or decreased compatibility with a
legume is an achievable goal.

Additional index words; Dactylis glomerata L., Grass breeding,
Herltability, Competitive ability, Competition, Grass-legume
mixtures
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INTRODUCTION

Orchardgrass, Dactylls glomerata L., is a cool-season, perennial,
bunch-type grass which has been successfully used in many temperate
regions of the world.

It is used for both pasture and hay, either in

mixtures with legumes or in pure stands.

Orchardgrass breeding programs

usually emphasize improvement in forage yield, winterhardiness, forage
quality, and disease resistance.

Little research has been done on

breeding orchardgrass for compatibility with legumes; yet this is an area
that needs more attention because of the advantages of using legumes in
pasture improvement.

Legumes are seeded with grasses to improve yield,

quality, and seasonal distribution of the forage (Rohweder and Van
Keuren, 1985).
In the past, many grass cultivars have been developed from superior
parents selected on the basis of their performance as spaced plants.
However, this selection strategy may produce a highly competitive
cultivar because of a similarity between characters expected to maximize
production under space-planted and competitive conditions (Eagles, 1983).
He indicated that it may be more appropriate to select among spaced
plants for those morphological traits associated with maximum sward
yield.

This approach was utilized by Rhodes and Mee (1980), when they

selected among spaced plants for characteristics that influence canopy
structure in ryegrass (Lolium perenne L.).

Selecting for maximum leaf

length alone resulted in a 19% increase in yield of the selections over
their base populations in dense stands.
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Numerous studies of grass-legume associations have Indicated that
morphological differences do influence the competitive nature of the
components.

Trenbath (1974) and Donald (1963) concluded that height is

the most important morphological feature determining competitive ability.
Sato et al. (1980) and Rhodes (1973a) found that increasing canopy height
is generally related to leaf length.

Eagles and Williams (1971)

suggested that an erect growth habit may confer competitive advantage
over prostrate plants in competition between two populations of
orchardgrass.

Cooper et al. (1971) found that maximum crop growth rate

was negatively correlated with extinction coefficient, and positively
correlated with critical leaf area index and angular distribution of the
leaves, so that the more erect the growth habit, the greater the crop
growth rate.
The amount of foliage present is also an important parameter in
studying irradiance penetration and usage, and competitive relationships
in pasture species.

Kays and Harper (1974) suggested that tiller produc

tion is an important attribute determining amount of foliage present, and
it is affected by interspecific and intercultivar competitive stress.
Zarrough et al. (1983) studied the production and compatibility with
birdsfoot trefoil (Lotus corniculatus L.) of three genotypes of tall
fescue (Festuca arundinacea Schreb) differing in tillering capacity.
They found that forage yield was closely associated with yield/tiller
after equilibrium tiller density was reached.

The highest yielding

genotype of tall fescue in dense monoculture was one characterized by low
tiller density and high yield/tiller.

Birdsfoot trefoil was 26% more

42

productive when grown in a mixture with the high yielding genotype than
with the low yielding genotype in glasshouse studies.

They concluded

that tall fescue genotypes can be selected for morphological characters
that allow improved compatibility with a legume such as birdsfoot
trefoil.
The objectives of this study were: (i) to study the variability in
a wide range of orchardgrass germplasm sources for traits that may be
associated with competitive ability with legumes; and (ii) to estimate
heritabilities and predict genetic gain and correlated responses from
selection for compatibility traits in a promising orchardgrass
population.
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MATERIALS AND METHODS

Ninety-seven different orchardgrass germplasm sources were
established in a space-planted experiment with birdsfoot trefoil in the
spring of 1981.

The 97 germplasm sources included: (i) polycross

progenies of 51 of the 52 parents of Iowa 79-OGP-DT; (ii) nine popula
tions and synthetics from the Iowa program; (iii) one experimental strain
from Minnesota; (iv) six polycross progenies from North Dakota; (v) ten
commercial varieties; and (vi) twenty plant introductions from the USSR.
Iowa 79-OGP-DT is a broad-based germplasm source selected for medium
to early maturity, disease resistance, winter survival, and drought
tolerance.

In Iowa tests, it averaged 5 days later in heading than

Sterling, and it ranked relatively high in winterhardiness, forage yield,
leaf disease resistance, and in vitro dry-matter digestibility (IVDMD).
Entries were transplanted in late April, 1981, in Webster silty clay
loam (Typic Haplaquolls) and Nicollet loam (Aquic Hapladoll) soils at the
Agronomy Research Center, 13 km west of Ames, Iowa. The experimental
design was a randomized complete block with three replicates.

Each plot

consisted of a single row of 10 orchardgrass plants spaced 46-cm apart,
within and between plots.

'Carroll' birdsfoot trefoil was seeded between

plants following transplanting.
The experiment was clipped periodically during 1981 to 1983 (10
times in 1982 and six times in 1983) to a height of 8 cm.

Each indi

vidual plant was evaluated for a number of traits thought to be
associated with compatibility with birdsfoot trefoil from September 1981
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Co August 1984 (Table 1).

Following anthesls evaluation and seed

harvest, the experiment was clipped back to a height of 8 cm on 23 July
1984.

Table 1.

Date of evaluation and units of determination of traits
studied in a space-planted test of 97 orchardgrass germplasm sources

Trait

Date of
evaluation

Rating scale and description
or method of determination

Rust rating

18 Sept. 1981

0-5

Fall vigor
Spring vigor
Fall vigor
Winter injury
Spring vigor
Spring canopy
height
Growth habit
Anthesls date
Head height
Tiller number

2
27
15
5
11

Oct. 1981
April 1982
Sept. 1982
May 1984
May 1984

1-9
1-9
1-9
1-5
1-9

16 May 1984
17 May 1984
June 1984
25 June 1984
1 Aug. 1984

cm to top of canopy
cm
1 = erect, 5 = prostrate
1-5
days after May 31.
cm to top of tallest panicle
cm
1 = most, 5 = very few
1-5
tillers

Summer canopy
height
Leaf length

2 Aug. 1984
20 June 1984

cm
cm

Leaf width

20 June 1984

mm

0 = no rust, 5 = high inci
dence of rust
1 = best, 9 = dead
1 = best, 9 = dead
1 = best, 9 = dead
1 = none, 5 = dead
1 = best, 9 = dead

cm to top of canopy
measured 1st leaf below
flag leaf
same as length, 2 cm from
ligule

Estimates of variance components, heritability and genetic gain from
selection were calculated for the 51 polycross progenies as suggested by
Nguyen and Sleper (1983).
In Table 2, the family variance component (a^) is the genetic
variance among half-sib families, which is equal to the covariance among
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Table 2.

Analysis of variance on an individual plant basis

Source

df

Replications

(r-1)

Families

(f-1)

Error
Within plots

Expected mean squares

cr

2
W

+ no

2

2
+ rno_
R

2^
2
a + no
w
2
a
w

(r-l)(f-l)
rf(n-l)

half-sibs and can be used to estimate the additive genetic variance
2
Thus, Op = cov(HS) = 1/4

2

assuming a diploid-behaving, random mating

equilibrium population with no epistatic variance and the parents of the
half-sibs are noninbred (Falconer, 1981). Levings and Dudley (1963)
indicated that the coefficients of the additive variance are identical
for the same covariances regardless of ploidy level.

Thus, analysis of

experiments, based on diploid inheritance but carried out with known
autotetraploids such as orchardgrass, are not in error with respect to
the coefficients for the additive genetic variance.

The error variance

2
(a )in this analysis is the plot-to-plot environmental variance.

The

2
within-plot variance (a ) is composed of the remainder of total genetic
^
2
2
2
variance and within-plot environmental variance (a ). Thus, a = a +
u
w
u
,,
2
2
3/4
+ Ojj.
Narrow-sense heritability on an individual plant basis was estimated
as follows:
2

4GF
4 +

aj +
AD

u
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Genetic gain per cycle (AG) of individual plant selection in one
year at one location was estimated as follows:
ck4a^
E

AG =

A
where c «= parental control factor (Sprague and Eberhart, 1977) and k =
standardized selection differential.

The value of c was equal to one

throughout all genetic gain calculations.
Prediction of genetic gain from individual plant selection within
superior HS families was calculated as follows:

AG =

ck.(1/4)0^
ck„(3/4)a^
— +
—

4:^

of +
s

w

Narrow-sense heritablllty on an entry mean basis was estimated as
follows:

4+T4
Predictions of correlated responses from Individual plant selection
in the 51 polycross progenies were calculated as follows:

CR = clh h r On
y
X y a Py
where:

c = parental control, 1 = intensity of selection, h^ =

heritablllty of character being selected, h^ = heritablllty of character
showing correlated responses, r^ = genetic correlation between x and y,
and apy = phenotypic standard deviation of character y (Falconer, 1981).
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RESULTS AND DISCUSSION

Variability Among Germplasm Sources
The 51 polycross progenies were superior to the other four groups of
entries In rust resistance, vigor, wlnterhardlness, canopy and head
height, tiller number and leaf length (Table 3).

As a group, they also

had the most erect growth habit and were intermediate in anthesis date.
In contrast, the 20 Pis from the USSR were the most inferior of the five
groups of entries in vigor, wlnterhardlness, and canopy height.

They

also had the most prostrate growth habit and the latest anthesis date.
As expected, the Syn-2 generation of 76-OGP-DT (a synthetic of 48 of the
52 parents of 79-OGP-DT) was similar in performance to the group of 51
polycross progenies.

'Orion', the latest maturing entry, had the

greatest head height and leaf length of all germplasm sources.

These

results indicated that the 51 polycross progenies had the most aggressive
growth characteristics and would be the most competitive with legumes.
Significant differences were found among the 51 polycross progenies,
among the 20 Pis from the USSR, and among the nine Iowa populations and
synthetics for all except one or two traits (Table 3).

In contrast, the

six polycross progenies from North Dakota differed significantly for only
anthesis date, head height, canopy height in August, and leaf width.
Similarly, the 10 commercial cultivars differed for those same four
traits plus rust resistance and leaf length.
The 51 polycross progenies were chosen for more detailed study
because of their general superiority in rust resistance, vigor, and

Table 3.

Performance in a space-planted test of different orchardgrass germplasm sources evaluated for traits associated
with competitive ability

Germplasm
source

Rust
ratingt

Fall
vigor
rating,
1981*

Spring
vigor
rating,
1982*

Fall
vigor
rating,
19824=

5l polycross
progenies

2.0**

5.7

4.6

4.0**

1.6**

6 N.D. poly
cross progenies

4.2

6.0

5.2

4.4

1.7

10 commercial
cultivars

3.8**

5.8

4.8

4.0

1.9

20 Pis from
USSR

4.0**

6.6**

5.8**

5.6**

2.7**

9 populations
and synthetics

2.1**

5.9**

4.8

4.1

1.6**

76-OGP-DT,
Syn-2tt

2.2

5.6

4.6

4.1

1.3

Orion+f

3.4

5.9

5.2

4.6

1.5

Napier**

3.1

5.6

5.2

3.9

1.9

Sterling**

3.8

5.7

4.7

4.1

1.9

Winter
injury
rating§

*,**Significant differences within group at the 0.05 and 0.01
probability levels, respectively.
tO=no rust, 5=high incidence of rust.
+l=best vigor, 9=dead.
§l=no injury, 5=dead.
11=erect, 5=prostrate.
#l=most tillers, 5=very few tillers.
ttAlso included in means reported for nine populations and
synthetics.
+^Also included in means reported for 10 commercial cultivars.
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Spring Spring
vigor
canopy
rating, height
1984t
cm

Growth
Anhabit thesis
rat- date In
Ing
June

Head
height
cm

Summer
Tiller canopy
number„ height
rating
cm

Leaf
length
cm

4.0**

30.8**

2.3**

9.4**

109.8**

2.8**

23.4**

26.2**

8.5**

4.8

25.8

2.6

5.5*

96.8**

3.3

18.9*

19.7

7.8**

4.8

26.0

2.6

7.2**

106.4**

3.1

21.4*

22.3**

7.9**

6.0**

21.8**

2.8

11.3**

107.5**

3.0**

20.4**

25.5**

9.0**

4.0**

29.1**

2.5**

9.8**

108.3**

2.9**

22.1**

25.7**

8.1**

3.5

33.1

2.1

9.3

112.5

2.7

25.8

29.6

9.5

4.5

24.2

2.8

14.8

119.9

2.8

20.7

30.6

9.4

4.5

28.6

2.5

7.2

104.1

2.9

22.1

22.6

7.4

5.1

26.1

2.5

6.8

103.7

3.2

22.1

20.2

7.2

Leaf
width
cm
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Table 4. Means, standard errors, ranges, and coefficients of varia
tion for traits of the 51 polycross progenies

Mean

Trait

Rust ratingt
Fall vigor rating, 1982*
Winter injury rating§
Spring vigor rating, 1984+
Spring canopy height (cm)
Growth habit ratingi
Anthesis date in June
Head height (cm)
Tiller number rating#
Summer canopy height (cm)
Leaf length (cm)
Leaf width (cm)

2.0
4.0
1.6
4.0
30.8
2.3
9.4
109.8
2.8
23.4
26.2
8.5

Standard
error

0.07
0.05
0.03
0.07
0.45
0.04
0.22
0.53
0.03
0.14
0.21
0.07

CV (%)

Range

1.0-2.8
3.5-4.8
1.2-2.2
2.9-5.3
24.0-37.8
1.7-2.9
6.7-14.2
95.8-117.3
2.3-3.2
21.2-25.3
22.5-30.1
7.6-9.9

27.2
8.1
16.8
13.7
9.7
10.8
9.7
4.0
7.8
6.0
5.7
5.3

tO=no rust, 5=high incidence.
+l=best vigor, 9=dead.
§l=no injury, 5=dead.
ll=erect, 5=prostrate.
#l=most tillers, 5=very sparse.

winterhardiness and their variability for traits that may affect
compatibility with a legume.

Ranges among the 51 progenies for traits

for which they differed significantly are shown in Table 4. The
progenies varied widely for spring and fall vigor, spring canopy height,
growth habit, and tiller number; traits reported in the literature as
affecting competitive ability.

Estimates of Heritability and Genetic Gain
Narrow-sense heritabilities on an entry mean basis (h^) were
relatively high with values for spring canopy height, growth habit
rating, anthesis date and leaf width exceeding 0.70 (Table 5).

Summer
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Table 5.

Heritability estimates and components of variance for
traits of the 51 polycross progenies?

Trait

Rust rating
Fall vigor rating, 1982
Winter Injury rating
Spring vigor rating, 1984
Spring canopy height
Growth habit rating
Anthesls date In June
Head height
Tiller number rating
Summer canopy height
Leaf length
Leaf width

h2
p

h^
w

0..59
0,>66
0..62
0..62
0..71
0.,79
0..88
0.,55
0.,57
0,,37
0.65
0.71

0,.21
0,,21
0..19
0..25
0.,48
0.,51
1.,15
0.,23
0. 17
0.,10
0.31
0.44

F
0,.13
0,
.07
.04
0,
0,.16
7.,14
0.,07
1.,96
7,,61
0.,02
0.,36
1.32
0.16

w
2,.43
1..26
0,.78
2,.46
49..44
0..48
4..57
121..64
0,,40
13.,41
15.39
1.17

0,
.28
0,.13
0,
.08
0..30
8.,72
0.,06
0.,77
17., 66
0.05
1.86
2.16
0.19

2

th Is narrow-sense herltablllty among half-slb families on an entry
mean bails, h^ Is narrow-sense herltablllty on an Individual plant basis,
o2 ISgVarlance among half-slb families,
is wlthln-plot variance,
and a Is between plot environmental variance.

2
canopy height was the only trait having a h^ less than 0.55.

Narrow-

sense heritabilities on an Individual plant basis (h^) were considerably
smaller than those on an entry mean basis (h^) for all Lralts except
anthesls date.

Individual plant heritabilities were greater than 0.40

for spring canopy height, growth habit rating, anthesls date, and leaf
width.

Those for wlnterhardlness, tiller number rating, and summer

canopy height were less than 0.20.

Heritabilities and genetic variance

components may be biased upward by genotype x environment Interaction
variance because of evaluation In only one environment.

Carlson and Moll

(1962) reported Indlvldual-plant, broad-sense heritabilities greater than
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0.50 In orchardgrass for spring, summer and fall vigor, leaflness,
panicle number, and maturity when estimated over two locations and two
years.

They also found that strain x environment Interaction effects

were usually small relative to strain differences.
Predicted genetic gains for mass selection and selection of superior
plants within superior families were similar for all traits (Table 6).
There was a slight advantage for using mass selection for traits with
relatively high herltabllitles; I.e., spring canopy height, growth habit,
anthesls date, and leaf length and width.

Predicted genetic gains were

similar whether 50 plants were selected from the best 10 or 15 families.

Intercharacter Associations
Correlation coefficients were computed for all possible pairs of
traits to study intercharacter associations.
correlations are given in Table 7.

Phenotypic and genotypic

The genotypic correlation was usually

higher than the corresponding phenotypic correlation.

All phenotypic

correlations among fall vigor 1982, winter injury, spring vigor 1984,
spring canopy height, growth habit, anthesls date, and leaf width were
significant with the exception of the one between fall vigor 1982 and
growth habit (Table 7).

Significant phenotypic correlations indicated

that wlnterhardiness, vigorous growth, tall spring canopy height, erect
growth habit, early anthesls, and narrow leaves tend to be associated
with each other.

High tiller number was associated with good spring and

fall vigor, good wlnterhardiness, and genotypically with tall summer
canopy height.

Rust rating was not correlated significantly with any
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Table 6.

Predictions of genetic gain for mass selection and selection
among and within the 51 polycross progenies

Trait

Rust rating
Fall vigor rating, 1982
Winter injury rating
Spring vigor rating, 1984
Spring canopy height (cm)
Growth habit rating
Anthesis date in June
Head height (cm)
Tiller number rating
Summer canopy height (cm)
Leaf length (cm)
Leaf width (mm)

Mass
selectlont

0.74
0.53
0.37
0.89
8.13
0.81
6.63
5.80
0.24
0.84
2.81
1.16

Selection within the
families
Within 10 best
Within 15 best
famllles4
famllies§

0.78
0.57
0.41
0.91
7.52
0.76
5.81
5.92
0.26
0.94
2.77
1.08

0.77
0.56
0.40
0.91
7.68
0.77
6.11
5.91
0.26
0.92
2.79
1.10

tMass selection Intensity = 3.5%, k = 2.2112.
^Selection intensity among families = 19.6%, k = 1.3998; selection
intensity within families = 16.7%, k = 1.4886
§Selection intensity among families = 29.4%, k = 1.1804; selection
intensity within families = 11.1%, k = 1.7094.

Table 7.

Phenotypic and genotypic correlation coefficients between
traits of the 51 polycross progenies on an entry mean
baslst

Trait

1

1. Rust ratlng+

3

4

5

-0.02

0.13

0.06

0.05

0.69**

0.72** -0.39**

-0.15

3. Winter Injury ratingH

0.15

0.84

4. Spring vigor rating, 1984§

0.02

0.87

0.98

5. Spring canopy height

0.16

-0.41

-0.73

-0.77

6. Growth habit rating#

0.10

0.34

0.76

0.78

-1.01

-0.24

0.62

0.69

0.63

-0.67

8. Head height

0.01

-0.01

-0.14

0.05

0.02

9. Tiller number ratlngtt

0.18

0.59

0.53

0.48

0.10

10. Summer canopy height

-0.17

0.17

-0.06

-0.15

0.36

11. Leaf length

-0.16

0.54

0.18

0.36

0.34

12. Leaf width

1
o

2. Fall vigor rating, 1982§

2

0.41

0.44

0.55

-0.61

7. Anthesls date In June

0.91** -0.67**
-0.74**

*,**Slgnlfleant at the 0.05 and 0.01 probability levels,
respectively.
tPhenotyplc correlations are above the diagonal and genotypic
below the diagonal.
+0=no rust, 5=hlgh Incidence of rust.
§l=best vigor, 9=dead.
11=no Injury, 5=dead.
#l=erect, 5=prostrate.
ttl=most tillers, 5=very few tillers.
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6

7

a

0.06

-0.14

0.02

9

0.12

10

-0.06

0.26

0.50**

-0.08

0.49**

0.08

0.63**

0.53**

-0.19

0.47**

0.64**

0.54**

-0.14

0.53**

-0.87**

-0.60**

0.23

-0.12

0.56**

-0.02

-0.02

0.06

-0.04

0.64

-0.14

12

-0.09

0.34*

0.31*

-0.08

0.17

0.34*

-0.19

0.10

0.40**

-0.05

-0.41**

-0.23

0.19

0.59**

-0.05

0.44**

0.38**

0.45**

0.42**

0.36*

0.07

0.18

-0.16

-0.13

0.18

-0.23

0.02

0.66

0.45

0.33

0.64

0.44

0.02

0.34

0.73

0.50

0.52

0.09

0.21

-0.08

11

0.37**
0.02

-0.11
0.29*

0.06
0.07
0.58**

0.62
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other trait.

Leaf length and width were positively correlated. Head

height and summer canopy height were positively correlated; however,
these traits were not significantly correlated with many other traits.
Tall head height was associated with long and wide leaves.

Summer canopy

height had low, positive correlations with spring canopy height and leaf
length.
date.

Long and wide leaves tended to be associated with late anthesls

Sato et al. (1980) found a similar relationship between maturity

and leaf width In orchardgrass.

Carlson and Moll (1962) reported that

late maturity In orchardgrass Is associated with less spring vigor and
fewer panicles.

The genotyplc and phenotyplc correlations Indicated

similar types of Intercharacter associations with the exception of the
association of tiller number rating and summer canopy height.

The

genotyplc correlation was 0.45, whereas the phenotyplc correlation was
low and not significant (r=0.02).

Falconer (1981) suggested that a large

difference between the genotyplc and phenotyplc correlations shows that
genetic and environmental sources of variation affect the characters
through different physiological mechanisms.
Predicted gains from selection and correlated responses were
calculated by using herltabillty estimates and genetic correlations for
the 51 polycross progenies (Table 8).

Indirect selection was less

efficient than direct selection for all traits (Table 9).

Indirect

selection efficiencies for traits associated with competitiveness were
highest when selecting directly for anthesls date with values greater
than 60% for fall and spring vigor, wlnterhardiness, spring canopy
height, growth habit, and leaf length.

Selecting for spring canopy

Table 8. Predicted direct and correlated responses expected from mass selection in 51 polycross
progenies
Trait under direct
selection
1. Rust rating
2. Fall vigor rating,
1982

Predicted direct and correlated responses
123456789
0.74 -0.02

0.02

0.01

0.28

0.02 -0.30

0.02

10

11

12

0.01 -0.02 -0.10 -0.04

-0.02

0.53

0.07

0.17 -0.71 0.06

0.75 -0.01 0.03

3. Winter injury rating

0.02

0.08

0.37

0.17 -1.14 0.12

0.76 -0.16 0.02 -0.01

4. Spring vigor rating.
1984

0.01

0.12

0.09

0.89 -1.59

0.91

0.07

0.03 -0.03

0.26

5. Spring canopy height

0.06 -0.10 -0.13 -0.33

8.13 -0.40 -1.86

0.06

0.01 0.14

0.47 -0.34

6. Growth habit rating

0.04

0.16

0.03

0.32

0.10

0.10 0.10
0.16

0.09

0.15

0.36 -4.21

0.81 1.89

0.21 -0.02 -0.10

0.48

0.43

7. Anthesis date in June -0.18 0.33

0.26

0.57 -5.52

0.54

6.63

1.06 -0.03

0.02

1.83

0.58

0.01

0.24

5.80 0.02

0.12

0.29

0.14
0.02

8. Head height

0.00

0.00 -0.01

0.01

0.04

9. Tiller number rating

0.02

0.05

0.03

0.07

0.14 -0.02 -0.13

0.18

0.24

0.06

0.01

10. Summer canopy height

-0.01

0.01

0.00 -0.01

0.30 -0.02

0.01

0.39

0.01

0.84

0.10 0.02

11. Leaf length

-0.04

0.09

0.02

0.87

0.09

1.15

0.81

0.00 0.09

2.81

0.22

12. Leaf width

-0.05

0.10 0.07

0.22 -2.21 0.27

1.27

1.35

0.01 0.08

0.78

1.16

0.10

Table 9. Efficiency of indirect selection (%) expected from mass selection in the 51 polycross
progenies
Trait under direct
selection
1. Rust rating
2. Fall vigor rating,
1982

1

2

100.0 -3.7

3

4

5

6

7

8

5.4

1.1

3.4

2.5

-4.5

0.3

19.1 -8.7

7.4

11.3

-2.7 100.0 36.7

9

10

4.2 -2.4

8.6

-2.8

8.3

-1.2

3.6

8.6

12.5

3.6

9.3

13.8

4. Spring vigor rating,
1984

1.4

22.6

24.3 100.0 19.6 19.8 13.7

1.2

5. Spring canopy height

8.1 -18.9 -35.1 -37.1 100.0 -49.4 -28.1

1.0

4.2 16.7

6. Growth habit rating

5.4 17.0 40.5

3.6

-8.3 -11.9

70.3

64.0 -67.9

66.7 100.0 18.3 -12.5

0.0 -2.7

1.1

0.5

1.2

9. Tiller number rating

2.7

9.4

8.1

7.9

1.7

-2.5

-2.0

-1.4

1.9

0.0 -1.1

3.7

-2.5

0.2

6.7

H

0.0

o

8. Head height

Summer canopy height

11. Leaf length

-5.4 17.0

12. Leaf width

—6.8

-3.5

11.4

15.1 100.0 19.1 14.0 14.8 11.5

62.3

-3.6

3.6

2.7

7. Anthesis date in June -24.3

12

-0.2 12.5

3. Winter injury rating

40.5 -51.8 100.0 28.5

11

3.6 100.0

2.4

16.7 -29.3
17.1

37.1

65.1

50.0

8.3

14.3

10.3 12.1

3.1 100.0

7.1

0.4

1.7

4.2 100.0

3.6

1.7

5.4

11.2 10.7

11.1 17.4

14.0

0.0 10.7 100.0 19.0

18.9 18.9

24.7 -27.2

33.3

23.3

4.2

19.2

9.5

27.8 100.0
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height and growth habit had similar, and relatively high, indirect
selection efficiencies for each other and for spring vigor,
winterhardiness, anthesis date, and leaf width.

Selecting for spring

vigor and leaf width also has potential as a method of achieving
correlated responses in traits that may be associated with legume
compatibility.

Potential and Strategies for Changing Compatibility Traits of
Orchardgrass in Mixtures with a Legume
Variability, relatively high heritability estimates, and significant
correlations for traits that may influence legume compatibility indicate
that the 51 polycross progenies are an excellent source population for
divergent selection for compatibility traits.
The greatest population differences for several traits that may
influence compatibility would likely be realized by selecting indirectly
and divergently for the highly heritable anthesis date.

A population

resulting from intercrossing early-maturing selections from the 51
polycross progenies would be expected to have greater spring and fall
vigor, better winterhardiness, taller spring canopy height, more erect
growth habit, and shorter and narrower leaves than a comparable
population derived from late-maturing selections.

Carlson and Moll

(1962) similarly reported that late maturing strains of orchardgrass were
less productive in the spring.

An early-maturing derived population

would be more aggressive and less compatible with a legume than a
comparable late-maturing population.

This is supported by the work of
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Parsons and Davis (1961), who found that delayed maturity of orchardgrass
was associated with increased birdsfoot trefoil yields in mixtures.
Direct selection for either spring canopy height, growth habit,
spring vigor, or leaf width should also be effective for changing
compatibility traits of the source population.

Previous work by Zarrough

et al. (1983) Indicated that low tiller number is an important
compatibility trait in tall fescue when increased yields of birdsfoot
trefoil are desired from the mixture.

The results presented herein

indicate that low tiller number is associated with less vigor and
decreased winterhardiness.

Perhaps the most effective method of changing

compatibility parameters would be to simultaneously select for multiple
traits by using a selection index.

A multiple-trait selection index, if

properly developed, would effectively utilize the positive associations
between important compatibility traits and thus give more precision in
individual plant phenotypic selection.
This study indicates that the traits that may be associated with
legume compatibility for the 51 polycross progenies do have relatively
high heritabilities, show considerable variability, have favorable
correlations with each other, and can be easily determined in large
populations of spaced plants.

Thus, the development of orchardgrass

populations having either increased or decreased compatibility with a
legume is probably an achievable goal.
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PART II. RESPONSE TO DIVERGENT SELECTION FOR LEGUME-COMPATIBILITY
TRAITS IN ORCHARDGRASS
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Response to divergent selection for legume-compatiblllty
traits In orchardgrass

Kent E. Short

Department of Agronomy, Iowa State University, Ames, Iowa 50011
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ABSTRACT

Little research has been done on breeding orchardgrass for
compatibility with legumes; yet, this is an area that needs more
attention because of the advantages of using legumes in pasture
improvement.

Birdsfoot trefoil (Lotus corniculatus L.) is a very

desirable pasture legume; however, it is very sensitive to competition
from grasses grown with it.

The objective of this research was to study

response to selection for legume-compatibility traits in orchardgrass
(Dactylls glomerata L.).

Six cycle-1 populations were developed by

divergent selection in Iowa 79-OGP-DT for maturity, spring canopy height,
and a compatibility index incorporating spring vigor, spring canopy
height, growth habit and tiller number.

Significant direct and

correlated responses were obtained from divergent selection for each
trait or combination of traits.

Selection for early maturity, tall

spring canopy height, and a high compatibility index value always
decreased days to anthesis and increased spring canopy height, erectness
of growth, tiller number, and dry matter yield in a space-planted test
with the converse occurring from selection in the opposite direction.
The frequency of significant responses in a space-planted test, when
compared with the base population, was higher from selection for a high
compatibility index value (CH), tall canopy height (HT), and early
maturity (ME) than from selection in the opposite direction for each
trait (CL, HS and ML, respectively). The three populations derived from
selection for a high compatibility index value, tall canopy height, and
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early maturity consistently yielded more forage than their respective
divergent populations in a space-planted test, in dense monoculture
stands, and in mixtures with blrdsfoot trefoil.

The less-aggressive

populations (CL, HS, and ML) permitted significantly more blrdsfoot
trefoil production than the aggressive populations (CH, HT, and ME) in
mixtures.

This research Indicates that it Is possible to increase the

compatibility of orchardgrass with blrdsfoot trefoil by selecting among
spaced plants for decreased spring canopy height, decreased tiller
number, and delayed maturity.

Additional index words:

Dactylis glomerata L., Grass breeding,

Competitive ability, Lotus corniculatus L., Competition, Grasslegume mixtures.

65

INTRODUCTION

Orchardgrass (Dactylls glomerata L.) is a cool-season, perennial,
bunch-type grass that has been successfully used in many temperate
regions of the world.

It is used for both pasture and hay, either in

mixtures with legumes or in pure stands.

Orchardgrass breeding programs

usually emphasize improvement in forage yield, winterhardiness, forage
quality, and disease resistance.

Little research has been done on

breeding for compatibility with legumes; yet, this is an area that needs
more attention because of the advantages of using legumes in pasture
improvement.

Legumes are seeded with grasses to improve yield, quality,

and seasonal distribution of the forage (Rohweder and Van Keuren, 1985).
Birdsfoot trefoil (Lotus corniculatus L.) is a very desirable pasture
legume; however, it is very sensitive to competition from grasses grown
with it.

Maintenance of a desirable orchardgrass-birdsfoot trefoil

mixture is conditioned by many factors, including;

fertilization,

defoliation scheme, irradiance, water availability, and cultivar type of
each component species.
Donald (1963) drew attention to the confusion about the relationship
between competitive ability and yielding ability, which could lead to the
implementation of inappropriate selection criteria in breeding programs.
Parents selected on the basis of their performance as spaced plants may
produce a highly competitive cultivar because of a similarity between
characters expected to maximize production under space-planted and
competitive conditions (Eagles, 1983).

Eagles indicated that it may be
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more appropriate to select among spaced plants for those morphological
traits associated with maximum sward yield.

Rhodes and Mee (1980)

utilized this approach by selecting for characteristics that influence
canopy structure of ryegrass (Lolium perenne L.).

Selection for maximum

leaf length alone in a space-planted nursery of five different base
populations resulted in a 19% yield increase in dense-swards of the
first-generation derived populations.
Numerous studies of grass-legume associations have indicated that
morphological differences do influence the competitive nature of the
components.

Trenbath (1974) and Donald (1963) concluded that canopy

height is the most important morphological feature determining
competitive ability.

Eagles and Williams (1971) suggested that an erect

growth habit may confer competitive advantage over prostrate plants in
competition between two populations of orchardgrass.

The amount of

foliage present influences canopy structure, irradiance penetration and
usage, and competitive relationships in pasture species.

Kays and Harper

(1974) suggested that tiller production is an important attribute
determining the amount of foliage present and is affected by
interspecific and intercultivar competitive stress.

Zarrough et al.

(1983) studied the production and compatibility with birdsfoot trefoil of
three genotypes of tall fescue (Festuca arundinacea Schreb.) differing in
tillering capacity.

The highest yielding genotype of tall fescue in

monoculture had low tiller density and high yield per tiller.

Birdsfoot

trefoil was 26% more productive when grown in a mixture with the high
yield per tiller genotype than with the low yield per tiller genotype in
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glasshouse studies.

They concluded that tall fescue genotypes can be

selected for morphological characters that allow improved compatibility
with a legume such as birdsfoot trefoil.
The objective of this research was to study response to divergent
selection in 51 half-sib orchardgrass families for several traits
considered to be most closely associated with compatibility with
birdsfoot trefoil.
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MATERIALS AND METHODS

Ninety-seven different orchardgrass germplasm sources were
established in a space-planted experiment with birdsfoot trefoil in the
spring of 1981.

Each individual plant was evaluated for a number of

traits thought to be associated with compatibility with birdsfoot trefoil
from September 1981 to August 1984.

Polycross progenies of 51 of the 52

parents of Iowa 79-OGP-DT were the most suitable sources for selecting
plants divergent in morphological traits that may influence compatibility
with birdsfoot trefoil (Part I).
Spring vigor (SV), spring canopy height (HC), growth habit (GH), and
tiller number (TN) were the traits selected for emphasis in developing
divergent populations for compatibility traits.

Six groups of 50 parents

each were selected on the basis of individual plant phenotypic
performance (Table 1).

Three basic selection strategies were utilized to

form the six populations.
The first strategy was to select only for canopy height in the
spring.

One group of 50 plants was selected for tall canopy height (HT)

and another group of 50 plants was selected for short canopy height (HS).
The second strategy was to use divergent selection for the highly
heritable anthesls date as a method of obtaining correlated changes in
spring vigor, spring canopy height, growth habit, and tiller number.

Two

groups of 50 plants each were selected for early maturity (ME) and late
maturity (ML).

The third strategy utilized a selection index, which

simultaneously selected plants for the traits spring vigor, spring canopy
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Table 1.

Parental means for compatibility traits of the six orchardgrass
populations selected for differential compatibility with
birdsfoot trefoil

Rating!

Popula
tion

CH
CL
HT
HS
ME
ML

Spring
vigor
May 1984

Growth
habit
May 1984

2.0
6.2
2.4
5.5
2.9
5.3.

Tiller
number
August 1984

1.6
3.3
1.6
3.2
1.8
2.8

Canopy
height
May 1984
cm

1.9
3.8
2.5
3.3
2.6
3.2

tSpring vigor and tiller number:
habit: l=erect; 5=prostrate.

43.1
18.9
44.0
18.4
36.9
21.8

Anthesis
date in
June 1984

8.6
12.1
8.1
11.8
6.0
15.5

l=best or most, 9=dead; growth

height, growth habit, and tiller number.

The selection index was based

on utilizing directly the observed value for spring canopy height, plus
deviations of observed ratings from maximum ratings for spring vigor,
growth habit, and tiller number.

Each deviation was multiplied by a

constant to equalize the weight of the three ratings.

The compatibility

index was written as follows:

Compatibility index = HC + 4.58(9 - SV) + 8.49(5 - GH) + 10.42(5 - TN)

Thus, a plant having values equal to the population mean for spring
canopy height (30.84), spring vigor (3.97), growth habit (2.23), and
tiller number (2.79) has a compatibility index of 100.

A compatibility
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Index value greater than ICQ indicates that a particular plant had a
tendency towards one or all of the following in relation to the
population mean:

increased spring canopy height, increased spring vigor,

more erect growth habit, and increased tiller number.

Therefore, plants

selected for a high compatibility index would be more aggressive and
likely poor in compatibility with birdsfoot trefoil.

A low compatibility

index value indicates that a plant may be improved in compatibility with
birdsfoot trefoil.

Utilizing this selection index, two groups of 50

plants each were selected for a high compatibility index (CH) and a low
compatibility index (CL).
The selected parents for each population were transplanted in late
October 1984 from the field to pots in the glasshouse.

Flowering was

induced by maintaining temperatures at 10°C with a 10-hour photoperiod
for 60 days. Day-night temperatures of 25°/20°C with a 16-hour
photoperiod were imposed to promote flowering and seed production after
the inductive treatment.

The design of the individually isolated

polycross crossing blocks was a randomized complete block with two
replicates.

The number of parents contributing to the cycle-1

populations was less than 50 for CL (46), HS (47), ME (48) and ML (41)
due to lack of flowering.

Syn-1 seed of each cycle-1 population was

formed by compositing as far as possible an equal quantity of seed,
bulked over the two replicates, from each parent clone.

This Syn-1 seed

was used to evaluate response to selection.
The six cycle-1 populations selected divergently for compatibility
traits, the reference population (79-OGP-DT), and three commercial
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cultlvars (Orion, Napier and DS7P) were evaluated in a space-planted
test, a monoculture yield test, and a birdsfoot trefoil compatibility
test.

Entries were either transplanted or direct seeded in May to early

June of 1985, in a Webster silty clay loam (Typic Haplaquolls) soil at
the Agronomy Research Center, 13 km west of Ames, Iowa.

A randomized

complete block design was used for each of the three tests.

The space-

planted test had 15 replicates with each plot consisting of a single row
of 10 orchardgrass transplants spaced 46 cm apart within and between
plots.

The monoculture yield test had 3 replicates with each direct-

seeded plot having five rows 15-cm apart and 1.83-m long.

Each plot in

the compatibility test consisted of alternate rows of orchardgrass and
birdsfoot trefoil, three of orchardgrass and two of birdsfoot trefoil.
Rows were 10-cm apart and 1.52-m long.

Fifteen transplants of

orchardgrass and 14 of birdsfoot trefoil were planted 10-cm apart in each
of their respective rows.
The space-planted test was clipped to a height of 10-cm on 15 August
1984.

Harvest dates were 13 June and 15 July 1986.

Harvest dates for

the monoculture yield test were 15 August and 19 September 1985; and 9
June, 14 July, and 25 August 1986.

All harvests were made with a flail-

type harvester at an 80-mm cutting height.

A sample of approximately 750

g of fresh forage was taken from each plot at each harvest and dried at
60°C for determination of dry weights.

Harvest dates for the birdsfoot

trefoil compatibility test were 9 July and 15 August 1985; and 3 June, 11
July, and 25 August, 1986. The middle row of orchardgrass and both
birdsfoot trefoil rows in each plot were hand-harvested at an 80-mm
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cutting height.

All the forage of each component was dried at 60°C to

obtain dry matter (DM) yields.
Nitrogen was applied to the orchardgrass space-planted test on 28
-1

March 1986 at the rate of 56 kg ha
-1

the rate of 90 kg ha .

and on 13 June and 15 July 1986 at

Nitrogen was applied to the monoculture yield
-1

test at the rate of 56 kg ha

on 26 August 1985 with 90 kg ha

applied on 31 March, 9 June and 16 July 1986.
ha

-1

-1

being

On 28 March 1986, 96 kg

of both PgO^ and K^O were applied to the monoculture yield test and

the birdsfoot trefoil compatibility test.

Winter injury reduced the

-1
vigor of orchardgrass in the compatibility test; therefore, 56 kg ha
N
was applied on 28 April 1986 to rejuvenate the orchardgrass.
Several traits, which may influence compatibility, were determined
in addition to yield in each of the three tests.
the space-planted test were:

Traits determined in

rust resistance, spring vigor, spring

canopy height, growth habit, anthesis date, tiller number, and leaf
length and width (Table 2).

In the monoculture yield test, spring canopy

height, anthesis date, and spring vigor were determined while rust
rating, spring canopy height, spring vigor, and leaf length and width
were determined in the birdsfoot trefoil compatibility test (Table 2).
For each trait, plot means were subjected to analysis of variance to
determine statistical significance of differences among populations.
Realized heritability values were calculated by using the following
formula:
- Spi/Sp
(Pi - Po)/Po
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Table 2.

Date of evaluation and units of determination of traits other
than yield that may Influence compatibility with blrdsfoot
trefoil

Trait

Testt

Date of
evaluation

Rust rating

ST,CT

8 Oct. 1985

Spring vigor
Spring canopy
height
Growth habit
Anthesis date
Tiller number
Leaf length

ST

18 April 1986

ST,YT,CT
ST
ST,YT
ST
ST,CT

6 May 1986
8 May 1986
May-June 1986
22 July 1986
30 May 1986

Leaf width

ST,CT

30 May 1986

Spring vigor

YT,CT

25 April 1986

Rating scale description or
method of determination

0-5; 0=>no rust, 5=hlgh inci
dence of rust
1-9; l=best, 9=dead
cm to top of canopy
1-5; l=erect, 5=prostrate
Days after April 30
1-9; Inmost, 9=dead
Measured 1st leaf below
flag leaf
Same as length; 2 cm from
ligule
1-5; l=best, 5=many dead
plants and stunting

tST=space-planted test, YT=monoculture yield test, and CT=birdsfoot
trefoil compatibility test.

where

= mean of the derived populations grown In 1986; Sq = mean of

79-OGP-DT grown In 1986;
1984; and

= mean of selections for each population In

= mean of 79-OGP-DT grown in 1984.
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RESULTS AND DISCUSSION

Variation Among Populations in Space-Planted Test
Performance of the 10 entries In the space-planted test Is
summarized In Table 3. Differences among entries were highly significant
for each trait.

The population derived by selection for a high

compatibility index value (CH) was the best entry in vigor traits; i.e.,
spring vigor rating, spring canopy height, tiller number and dry matter
yield.

The poor performance of Napier for most of those traits can be

attributed partially to its susceptibility to rust and subsequent winter
Injury.

The populations derived by selection for early maturity (ME),

tall canopy height (HT) and a high compatibility index value (CH) were
each superior in vigor traits to their respective divergent populations;
I.e., late maturity (ML), short canopy height (HS) and low compatibility
index value (CL).
Selection for a high compatibility index value, tall spring canopy
height, and early maturity gave more significant changes, when compared
with the base population 79-OGP-DT, than selection in the opposite
direction for each strategy.

Selection for a high compatibility Index

value gave significant responses in each of the traits Included in the
Index (spring vigor, spring canopy height, growth habit, and tiller
number).

These direct responses were accompanied by significantly

earlier maturity and higher dry matter yield when compared with the base
population 79-OGP-DT.

Selection for a low compatibility index value gave

a significant direct response in only tiller number.

However,

Table 3. Performance in a space-planted test of orchardgrass populations selected divergently
for maturity, spring canopy height, and a compatibility index compared with the base
population (79-OGP-DT) and three commercial cultivars

Identity

Spring Spring
vigor canopy
rat- height
*
cm
ing'

Growth

An—

ïâ?" daïrîn number length width
Ingt
June
"»
""

Rust
rat
^
ing

Dry matter
-1
yield in Mg ha
Cut 1

Cut 2

Total

CH

4.5

30.0

2.5

2.9

4.7

33.9

10.2

2.1

8.62

2.64

11.26

CL

5.4

23.7

3.1

6.0

5.7

34.8

11.0

2.2

5.94

1.92

7.87

HT

4.8

28.9

2.5

2.3

5.0

33.0

10.2

2.3

7.64

2.64

10.28

HS

5.1

23.5

3.2

5..2

5,5

34.0

10.6

1.,9

6.,75

1.,95

8.,69

ME

5.1

26.8

2.3

1.3

5.,0

31.,9

9.9

2.,1

7.,50

2.,74

10.,24

ML

5.,1

23.,8

3.2

7.,5

5.,7

34.,2

10.,1

2..1

6.,62

1..99

8.,61

79-OGP-DT

5.,2

25..1

3.0

3..7

5.,2

33..9

10..4

2..3

6..90

2.,45

9.,35

DS7P

4..6

24..5

3.,2

4..0

4..7

33..2

9..7

2..1

8..42

2,.39

10.,81

Napier

.0
6,

21..9

3.,0

1,
.7

4,.7

29..4

9..2

3,.3

3,
.61

2,.27

5,.88

Orion

5,.0

21.3

3..4

9,.6

5,
.0

.6
40,

11,
.3

2,.9

7,.87

2.80

10.67

CV (%)
LSD (0.05)

8.9
0.3

.2
12,
2.2

9..5
0..2

3.1
0.8

7.8
0.3

6,
.2
1.5

6.8
0.5

16.0
0.3

14.91
0.75

14.23
0.24

12.86
0.86

l=best spring vigor; 9=dead.
l=erect; 5=prostrate.
^l=most tillers; 9=dead.
0=no rust; 5=high incidence of rust.
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significant correlated responses toward later maturity, wider leaves and
lower dry-matter yield were obtained.
A significant direct response to selection for tall spring canopy
height was accompanied by significant correlated responses toward greater
spring vigor, more erect growth, earlier maturity, and higher dry-matter
yield.

Although the direct response to selection for short spring canopy

height was not significant, the correlated changes toward more prostrate
growth, later maturity, fewer tillers and greater rust resistance were
significant.
Significant direct responses to selection for maturity were obtained
in both directions.

Significant correlated responses toward more upright

growth, shorter and narrower leaves, and higher dry-matter yield were
obtained from selection for early maturity.

Significant correlated

changes toward more prostrate growth and fewer tillers were obtained from
selection for late maturity.

Carlson and Moll (1962) found a similar

association of late maturity with reduced spring vigor and fewer panicles
in orchardgrass.
The direction of responses to the three selection strategies was
usually the same.

Thus, selection for early maturity, tall spring canopy

height and a high compatibility Index value always decreased days to
anthesls and increased canopy height, erectness of growth, tiller number
and dry-matter yield.

Conversely, selection in the opposite direction

for the three strategies always increased days to anthesls and decreased
spring canopy height, erectness of growth, tiller number, and dry-matter
yield.

Likewise, direction of response in leaf length and width usually
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was the same from divergent selection for the three strategies.

The

three populations derived by selection for a low compatibility index
value, short canopy height, and late maturity were similar for canopy
height, growth habit, tiller number, leaf length, and dry-matter yield.
Selection for high and low compatibility index values gave greater
divergence in derived populations for spring vigor, canopy height, tiller
number, and dry-matter yield than divergent selection for maturity and
spring canopy height.
Similar trends In population divergence for the three selection
strategies permitted the grouping of three populations (CH, HT, and ME)
with more aggressive growth traits and three populations (CL, HS, and ML)
with less-aggressive growth traits (Table 4).

The aggressive populations

as a group usually showed a greater divergence from the base population
than the less-aggressive group.

The aggressive populations had

significantly greater spring vigor, taller spring canopy height, more
erect growth, earlier maturity, reduced leaf length and width, more
tillers, and higher dry-matter yield than the less-aggressive
populations.
Phenotypic correlations were calculated on entry means for all
possible pairs of traits to identify intercharacter associations (Table
5).

Sixteen of the 55 correlations were significant. Intercharacter

correlations among the five traits emphasized in the three selection
strategies (spring vigor, spring canopy height, growth habit, tiller
number and anthesis date) indicated that increased spring canopy height
is associated with greater spring vigor, more erect growth habit and
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Table 4. Means of aggressive (CH, HT, and ME) and less-aggressive (CL,
HS, and ML) orchardgrass populations compared with the base
population (79-OGP-DT) for compatibility traits in a spaceplanted test

Aggressive
populations
CH, HT, and ME

Trait

Spring vigor ratingt
Canopy height (cm)
Growth habit rating*
Anthesis date in June
Tiller number rating§
Leaf length (cm)
Leaf width (mm)
Rust ratingt
,
Total yield (Mg ha. )

4.8**
28.6**
2.4**
2.2**
4.9*
32.9
10.1
2.2
10.59**

Less aggressive
populations
CL, HS, and ML

Base
population
79-OGP-DT

5.2
23.7
3.2*
6.2**
5.6**
34.3
10.6
2.1
8.39**

5.2
25.1
3.0
3.7
5.2
33.9
10.4
2.3
9.35

*,**Significantly different from the base population
and 0.01 probability levels, respectively.
tl=best spring vigor, 9=dead.
+l=erect, 5=prostrate.
§l=mo8t tillers, 9=dead.
10=no rust, 5=high incidence of rust.

earlier anthesis date.

at the 0.05

Early anthesis date was also associated with a

more erect growth habit.

Increased spring vigor and spring canopy height

were predictive of increased yields of the populations and cultivars in
the space-planted test.

Early anthesis date was associated with short

and narrow leaves.
Phenotypic correlations among the five traits emphasized in the
three selection strategies for the evaluation nursery (Part I) were very
similar to the phenotypic correlations observed in the space-planted test
for the derived populations and cultivars (Table 5).

Tall spring canopy

Table 5. Phenotyplc correlations on an entry mean basis among traits studied in the space-planted
test of 10 orchardgrass populations and cultivars
Trait

1

1. Rust rating^
2. Spring vigor rating

3. Spring canopy height
4. Growth habit rating^
5. Anthesis date in June
6. Tiller number rating^

8. Leaf width

3

0.61^ -0.49
§

7. Leaf length

2

-0.60^

4

5

0..24

0.04

0.29

-0.11

-0.93** -0.58?
0.75**

6
-0.44

7

8

9

11

0.28

-0.42

0.01

-0.14

-0.54

0.14 -0.39

-0.24

-0.97** -0.40

-0.25 -0.26

-0.18

0.41

—0.94**
0.56?

0.33

0.45

-0.26

-0.44

-0.32

0.54

0.85** 0.74** 0.14

-0.24

0.07

0.29

0.32

0.55?

0.55?

-0.17

—0.68* -0.29

0.88** 0.48

0.21

0.46

0.32

-0.02

0.28

9. Cut 1 yield, 1986
h
o

10

Cut 2 yield, 1986

11. Total yield, 1986
t,*,**Significant at the 0.10, 0.05 and 0.01 probability levels, respectively.
^0=no rust; 5=high incidence of rust.
^l=best spring vigor; 9=dead.
'l=erect; 5=prostrate.
#l=most tillers; 9=dead.

0.52

0.98**
0.66*
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height was associated with increased spring vigor, more erect growth
habit, and earlier maturity in both tests.

Likewise, effects of direct

selection for earlier anthesis date was in agreement with expectations in
that derived populations had increased spring canopy height, more erect
growth habit, and shorter and narrower leaves.
Higher estimates of realized heritability for the aggressive
populations indicate that precision of selection is less influenced by
environment when emphasis is placed on increasing spring vigor, spring
canopy height, erectness of growth, and tiller number (Table 6).

The

highly aggressive CH population had the highest estimates of realized
heritability for three of the four traits used in the compatibility
index (spring vigor, spring canopy height and growth habit).

Divergent

selection for anthesis date gave the highest estimates of realized
heritability for tiller number.

Selection for a high compatibility

index gave a higher realized heritability for spring canopy height than
selection only for tall spring canopy height.

The positive associations

of greater spring vigor, more erect growth habit, and earlier maturity
with increased spring canopy height (Part I) possibly increased the
precision of selection for canopy height when selection was for high
compatibility index values as compared with selection for only canopy
height.

Variation Among Populations in Monoculture Yield Test
The high variability for spring vigor, spring canopy height,
anthesis date, and yield observed in the space-planted test among the 10
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Table 6. Estimates of realized herltablllty for orchardgrass
compatibility traits

Popula
tion

CH
CL
HT
HS
ME
ML

Spring
vigor
ratlngt

Spring
canopy
height

0.31
0.05
0.23
-0.05
0.19
-0.06

0.64
0.13
0.46
0.14
0.59
0.16

Growth
habit
ratlngt

Anthesis
date In
June

Tiller
number
rating#

0.33
0.22
0.32
0.16
0.20
0.16

0.29
0.24
0.39
0.26
1.15
0.50

0.65
0.05
0.61
0.17
0.64
0.22

tl=best spring vigor, 9=dead.
tl=erect, 5=prostrate.
§ Inmost tillers, 9=dead.

orchardgrass populations and cultlvars was also evident In the
monoculture yield test (Table 7).

The three selection strategies were

all effective in producing significant differences between divergent
populations for canopy height.

Selection for spring canopy height

produced the greatest divergence between populations for total
orchardgrass yield, with the tall canopy height population always
yielding more than the short canopy height population.

Selection for

maturity resulted in the greatest divergence for spring vigor and
anthesis date.

The populations developed using the compatibility index

had the greatest divergence for spring canopy height.
Phenotyplc correlations among yield, spring vigor, canopy height,
and anthesis date were significant in 20 of 45 Instances (Table 8).
Increased yield was associated with greater spring vigor and taller
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Table 7.

Entry means for yield, spring vigor, canopy height, and
anthesis date in monoculture yield test

Yield
Identity

CH
CL
HT
HS
ME
ML
79-OGP-DT
DS7P
Napier
Orion

1985
Cut
Cut
2
1

1.42 4.79
1.42 4.84
1.56 5.03
1.17 4.27
1.26 4.46
1.26 4.98
1.41 4.87
1.43 4.22
1.71 4:29
1.37 3.76

CV (%)
9.60
LSD (.05) 0.23

9.46
0.74

Total
for 2
years

Cut
1

1986
Cut
2

Cut
3

Mg
8.34
7.33
7.83
7.39
7.88
7.50
8.19
8.50
6.69
8.32

-1
ha —
4.00
3.58
3.90
3.43
3.92
3.40
3.82
3.72
4.06
3.80

4.16
3.84
4.46
3.54
4.36
3.56
4.04
4.18
4.93
3.40

22.72
21.00
22.79
19.81
21.89
20.70
22.33
22.06
21.69
20.66

5.60
0.75

5.15
0.33

8.20
0.57

3.29
1.22

Spring Canopy
height
vigor
ratingt
cm

Anthesis
datet

1.00
3.00
2.00
3.00
1.33
4.33
1.67
2.33
3.33
2.00

16.33
13.33
15.33
12.67
15.33
i2.67
15.00
14.00
12.33
13.67

31.67
33.00
32.00
32.33
31.00
35.33
32.33
32.67
31.00
39.33

26.23
1.08

5.82
1.40

3.55
2.01

tl=best spring vigor, 5=many dead plants.
tDays after April 30.

spring canopy height.
positively associated.

Spring vigor and spring canopy height were
Similar associations were found in the space-

planted test (Table 5) and space-planted selection nursery (Part I),
indicating that aggressive and competitive behavior Is transferred to
progenies and expressed in space-planted and dense monoculture
situations.

The results are in agreement with conclusions by Eagles

(1983) and Donald (1963) that a marked similarity exists between those
characteristics expected to maximize production under space-planted and

Table 8. Phenotypic correlations on an entry mean basis for dry-matter yield, spring vigor,
spring canopy height and anthesis date in a monoculture yield test
Trait

1

1. Cut 1 yield 1985

2

3

4

5

0.08 -0.25 0.69* 0.76**

2. Cut 2 yield 1985

-0.12 -0.09

0.17

3. Cut 1 yield 1986

0.14

-0.28

4. Cut 2 yield 1986
5. Cut 3 yield 1986
6. Total 1986 yield
7. Yield for 1985 and 1986
8. Spring vigor rating*

0.76**

6

7

0.47

0.57?

-0.01

8

9

10

-0.04

0.04

-0.27

0.43

0.07

0.33

-0.43

0.58?

0.39

-0.68*

0.67*

0.29

0.83**

0.75** —0.64*

0.55?

-0.34

0.61?

0.69*

0.25

-0.73*

-0.22

0.89** -0.79**
-0.62*

0.77** -0.33
0.78** -0.49
-0.89**

9. Canopy height
&

10. Anthesis date

t,*,**Significant at the 0.10, 0.05 and 0.01 probability levels, respectively.
^l=best spring vigor; 5=many dead plants and stunting.
§Days after April 30.

0.20
-0.28
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competitive conditions.
Populations selected for more aggressive plant characteristics (CH,
HT, and ME) yielded significantly more in the first harvest of 1985, and
all harvests in 1986 than the populations (CL, HS, and ML) selected for
less-aggressive plant characteristics (Figure 1).

The more aggressive

populations had greater spring vigor, greater spring canopy height and
earlier anthesis than the less-aggressive populations.

Selection in

favor of more aggressive plant characteristics was not effective in
changing population means for compatibility traits relative to the base
population.

However, selection for less-aggressive plant characteristics

did produce significant changes from the base population for spring
vigor, canopy height, and total yield.
These results are in contrast to the space-planted test where the
greatest divergence for yield and other compatibility traits occurred
between the aggressive populations and the base population (Table 3).
Evidently the intraspecific competition in the aggressive populations in
the monoculture yield test inhibited significant divergence from the base
population for compatibility traits and yield.

Variation Among Populations for Compatibility
with Birdsfoot Trefoil
The mixtures of the 10 orchardgrass populations and cultivars with
birdsfoot trefoil had significant differences among entries for yield of
birdsfoot trefoil and orchardgrass, spring vigor, spring canopy height,
leaf length and width, and incidence of rust (Table 9).

The highest

85

E3 Aggressive orchardgrass populations
(CH, HT and ME)

E9

Less aggressive orcliardgrass populations
(CL. HS and ML)

• 79-OGP-DT
8.0

• Commercial varieties
S LSD at p=0.05 for comparisons among
groups with three populations

7.0

Oil
6.0

LSD at p=0.05 for comparisons of base
population to the other groups

5.0
I
ta
.c
O)
s 4.0

•a
03

^

3.0

2.0

1.0

1

•1985

Harvest number and year
Figure 1.

Mean dry matter yields of aggressive (CH, HT, and ME) and
less—aggressive (CL, HS, and ML) populations, the base
populations for selection (79-OGP-DT), and three commercial
cuitlvars of orchardgrass at five harvests of dense mono
culture stands

Table 9.

Population

Dry-matter yields, incidence of rust, spring vigor, spring canopy height, leaf length,
and leaf width of the six orchardgrass populations derived for differential compati
bility, the base population (79-OGP-DT), and three commercial orchardgrass cultivars
and the associated dry matter yield of birdsfoot trefoil
Rust Spring Spring
Orchardgrass
Leaf
Leaf
rating vigor canopy
yield
length width
rat- height
fall
cm
mm
1985+ ingf
cm
1986
1985
Total

Birdsfoot trefoil
yield
1985
Mg ha

1986

Forage
yield
for 2
Total years

-1

CH

1.9

2.8

11.3

26.1

8.5

2.08

6.68

8.78

1.99

3.74

5.73

14.49

CL

1.4

4.3

9.8

29.7

9.9

1.59

5.82

7.41

2.15

4.96

7.11

14.52

HT

1.5

2.8

12.5

29.0

9.0

1.78

8.20

9.98

1.81

3.28

5.09

15.07

HS

1.4

4.0

9.5

29.3

9.6

1.95

6.39

8.34

2.26

4.50

6.76

15.11

ME

1.6

4.0

10.5

25.7

8.3

1.93

6.31

8.24

1.90

3.73

5.63

13.87

ML

1.3

4.3

9.0

30.5

9.3

1.74

5.79

7.53

2.36

5.08

7.44

14.96

79-OGP-DT

1.9

3.0

11.3

27.8

9.3

2.29

8.03

10.32

2.04

3.48

5.53

15.85

DS7P

1.9

3.0

10.8

31.5

9.3

2.42

7.53

9.95

1.76

3.05

4.81

14.76

Napier

3.8

4.0

10.0

24.3

7.8

2.26

5.72

7.98

1.74

4.12

5.86

13.83

Orion

3.4

3.5

9.3

36.7

10.3

2.33

6.57

8.80

1.81

4.49

6.30

15.10

CV (%)
19.9 19.6
1.0
LSD (0.05) 0.6

11.4
1.7

8.3
3.5

15.80 12.39
0.36
2.00

23.07
1.35

16.34
1.43

7.82
NS

6.9 16.60 19.20
0.9
0.49
NS

^0=no rust; 5=high incidence of rust.
^l=best spring vigor; 5=many dead plants.
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blrdsfoot trefoil yields were always obtained when It was grown with the
less-aggressive orchardgrass populations CL, HS, and ML (Figure 2).
Total forage yields of orchardgrass and blrdsfoot trefoil did not vary
significantly among the 10 orchardgrass populations, indicating an
inverse relationship between orchardgrass and blrdsfoot trefoil yields.
Divergent selection for anthesis date in orchardgrass produced the
greatest divergence in associated blrdsfoot trefoil yield (Table 9).

At

each harvest, the yield of blrdsfoot trefoil was greater when grown in
association with the less-aggressive ML population than when grown in
association with the aggressive ME population (Figure 3). Parsons and
Davis (1961) also found that blrdsfoot trefoil production was
proportionately higher when a later-maturing, less-vigorous orchardgrass
cultivar was used in the mixture.

It is Interesting to note that for the

orchardgrass compatibility traits determined in mixtures, ME and ML
differed significantly only for leaf length and width.

Rhodes and Mee

(1980) found that selection for maximum leaf length alone in a spaceplanted nursery of five different ryegrass base populations resulted in a
19% yield increase in dense swards.

Therefore, it appears that leaf

length Is an important component of yield and also of compatibility with
legumes.

Also, it is Important to recognize that even though tiller

number was not evaluated in the mixtures, it may have been a factor
Influencing blrdsfoot trefoil yield, assuming the diversity for tiller
number in the space-planted test (Table 3) was expressed in mixtures.
Selection for tall and short spring canopy height was the only
selection strategy which resulted in significant divergence for spring
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Birdsfoot"trefoil yield
QQ Less aggressive orchardgrass populations
(CL, HS and ML)
E3 Aggressive orchardgrass populations
(CH. HT and IVIE)
Orchardgrass yield
• Less aggressive orchardgrass populations
(CL. HS and ML)

6.0

/

5.0

• Aggressive orchardgrass populations
(CH, HT and ME)
S LSD at p=0.05 for birdsfoot trefoil

[[ID
i

LSD at p=0.05 for orchardgrass
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^ 2.0

0
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1
2
3
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5

Harvest number and year
Figure 2.

Component and total dry-matter yields of mixtures of
aggressive (CH, HT, and ME) and less-aggressive (CL, HS,
and ML) orchardgrass populations with birdsfoot trefoil
at five harvests

Orchardgrass population
• CH
• CL
I

ro

SB

HT

o>

QD

HS

O ME

H ML

•g

S LSD at p=0.05

o
•a
'S

o
•a
o

Harvest number and year
Figure 3.

Dry matter yields of birdsfoot trefoil in mixtures with
orchardgrass populations selected divergently for maturity,
spring canopy height, and a compatibility index at five harvests
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canopy height of orchardgrass in mixtures.

It also was effective in

changing compatibility relationships of orchardgrass and birdsfoot
trefoil.

Greater birdsfoot trefoil yields were always obtained from

mixtures with the short canopy height population than with the more
aggressive tall canopy height population (Figure 3).
The selection for high and low compatibility index resulted in the
greatest divergences for spring vigor and leaf width (Table 9). The
aggressive CH population had greater yield and spring vigor, taller
spring canopy height, and shorter and narrower leaves compared with the
less aggressive CL population.

The compatibility index was surprisingly

the least effective method of the selection strategies for producing
divergence for total birdsfoot trefoil yield.

Performance differences in

the space-planted test (Table 3) between the CH and CL populations for
traits influencing compatibility were of greater magnitude than for the
other selection strategies.

Thus, one would predict that these

significant differences for morphological traits would have the greatest
influence on productivity of associated birdsfoot trefoil in mixtures.
Differential compatibility was observed, however, with the lessaggressive CL population having a greater birdsfoot trefoil yield at four
of the five harvests (Figure 3). Also, effects on birdsfoot trefoil
yield of divergent selection for each of the three selection strategies
were similar.

There were significant differences in orchardgrass stand

for HT vs. HS and ME vs. ML, but not for CH vs. CL (Figure 4).
Orchardgrass yields were not adjusted for stand because of the
significant differences among entries in plant survival.

Birdsfoot
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Figure 4.

Number of live orchardgrass plants in mixtures with
birdsfoot trefoil at four dates in 1986 for aggressive
(CH, HT, and ME) and less-aggressive (CL, HS, and ML)
populations
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trefoil stands were not significantly different among orchardgrass
entries.

Therefore, It seems that even though the selection strategy

using the compatibility Index produced the least divergence for
associated blrdsfoot trefoil yields. It may have been the most effective
In changing actual morphological and physiological components of
compatibility.
Selection for a low compatibility Index value, short spring canopy
height, and late maturity gave more significant changes in associated
blrdsfoot trefoil yield and spring canopy height, when compared with the
base population 79-OGP-DT, than selection in the opposite direction for
each strategy.

These results are similar to those from the monoculture

yield test where selection for less-aggressive plant characteristics also
produced significant changes from the base population in spring canopy
height and total yield (Table 7).

The results are, however, in contrast

to the space-planted test where the greatest divergence for yield and
other compatibility traits occurred between the aggressive populations
and the base population (Table 3).

It seems that the aggressive behavior

expressed in space-planted situations by the populations selected for a
high compatibility index value, tall spring canopy height, and early
maturity was partially suppressed in intra- and interspecific competitive
situations relative to the base population, whereas the less-aggressive
populations (CL, HS, and ML) effectively maintained their decreased plant
vigor characteristics, relative to the base population, in monocultures
and mixtures.
Correlation coefficients were calculated for compatibility traits
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evaluated In the space-planted test with yield of orchardgrass In dense
monoculture stands and with yield of orchardgrass and blrdsfoot trefoil
In mixtures (Table 10).

Increased yield of orchardgrass In dense

monoculture stands was significantly correlated with taller spring canopy
height, more erect growth habit, earlier maturity and increased tiller
number.

Rhodes (1971) also found that Increased tiller number in space-

planted ryegrass was associated with Increased monoculture sward yields.
Rhodes and Mee (1980) found that Increased leaf lengths in ryegrass were
associated with Increased monoculture sward yields.

This study indicates

the opposite, with decreased leaf lengths in orchardgrass being
associated with higher monoculture sward yields.

Tiller number of space-

planted orchardgrass seems to be the single most Important compatibility
trait influencing yield of orchardgrass in both dense monoculture stands
and yield of blrdsfoot trefoil in mixtures with orchardgrass.

A

decreased tiller number of orchardgrass genotypes in the space-planted
test was closely associated with Increased yields of blrdsfoot trefoil in
mixtures in both 1985 and 1986.

These results are in agreement with

those of Zarrough et al. (1983), who found that Increased blrdsfoot
trefoil production was associated with low tiller density in tall fescue.
Jones (1986) also found that tiller density was an Important reed canary
grass (Phalaris arundlnacea L.) yield component that had a significant
competitive effect against legumes.

Decreased spring canopy height and

later maturity of orchardgrass were also associated with increased
blrdsfoot trefoil yield in mixtures.

Parsons and Davis (1961) found a

similar relationship between maturity of orchardgrass and yield of
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blrdsfoot trefoil.

Table 10.

Correlation coefficients on an entry mean basis for
compatibility traits determined in a space-planted test with
performance in dense monoculture stands and in mixtures with
birdsfoot trefoil

Mixtures of orchardgrass and birdsfoot trefoil
Trait evaluated
in spaceplanted test

1. Spring vigor
rating*
2. Spring Canopy
height
3. Growth habit
rating#
4. Anthesis date
in June
5. Tiller number
rating?
6. Leaf length
7. Leaf width
8. Total yield
for 1986

Yield of
mono
culture
stands

Total
orchardgrass
yield

Trefoil
yield
in 1985

Trefoil
yield
in 1986

-0.48

0.02

0.43

0.73*

0.36

-0.07

-0.69*

-0.14

0.24

0.48

0.45

-0.68*

-0.26

0.40

0.65*

0.63*

-0.65*
-0.39
-0.44

-0.49
0.05
-0.07

0.87**
0.13
0.34

0.75**
0.33
0.44

0.83**
0.30
0.45

-0.32

0.37

0.54t

-0.20

Total
trefoil
yield

-0.54t

-0.49

0.36
-0.46

-0.45

t,*,**Significant at the 0.10, 0.05 and 0.01 probability levels,
respectively.
*l=best spring vigor; 9=dead.
§l=erect; 5=prostrate.
11=most tillers; 9=dead.

This research indicated that orchardgrass populations can be
selected for differential compatibility with birdsfoot trefoil.
Increased compatibility can be achieved by selecting among spaced plants
for decreased spring canopy height, decreased tiller number, and later
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maturity.

Further evaluation of these divergent populations in advanced

generations is needed to determine whether differential compatibility can
be maintained under varying management strategies.
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GENERAL SUMMARY

This research Indicates that there is considerable variability
between and within orchardgrass germplasm sources for traits that may be
associated with legume compatibility (Part I). Polycross progenies of
the parents of Iowa 79-OGP-DT were chosen as the germplasm source for
further study because of their general superiority in rust resistance,
vigor, and winterhardiness and their variability for traits that may
affect compatibility with a legume.

Individual plant heritabilities were

greater than 0.40 for spring canopy height, growth habit rating, anthesis
date, and leaf width.

Those for winterhardiness and tiller number

ratings, and summer canopy height were less than 0.20 (Part I).
Significant phenotypic correlations among traits of the polycross
progenies in Part I indicate that winterhardiness, vigorous growth, tall
spring canopy height, erect growth habit, early anthesis, and narrow
leaves tend to be associated with each other.

High tiller number was

associated with superior spring and fall vigor, relatively high
winterhardiness, and genotypically with tall summer canopy height.
Indirect selection was less efficient than direct selection for all
traits (Part I). Indirect selection efficiencies for traits associated
with competitiveness were highest when selecting directly for anthesis
date with values greater than 60% for fall and spring vigor,
winterhardiness, spring canopy height, growth habit, and leaf length.
Results from Part I indicate that the traits of the polycross progenies,
which may be associated with legume compatibility, have relatively high
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herltabllitles, show considerable variability and are favorably
correlated with each other.

Thus, development of orchardgrass

populations having either Increased or decreased compatibility with a
legume Is probably an achievable goal.
In Part II, divergent selection In the polycross progenies for
maturity, spring canopy height, and a compatibility Index incorporating
spring vigor, spring canopy height, growth habit, and tiller number
resulted In significant direct and correlated responses.

Selection for

early maturity, tall spring canopy height, and a high compatibility Index
value always decreased days to anthesls and Increased spring canopy
height, erectness of growth, tiller number, and dry matter yield In a
space-planted test with the converse occurring from selection In the
opposite direction.

Selection for early maturity, tall spring canopy

height, and a high compatibility Index value gave more significant
changes, when compared with the base population 79-OGP-DT, than selection
In the opposite direction for each selection strategy.

Similarity In

direction of response and values for the various traits Indicated that
divergent selection resulted in three populations (CH, HT, and ME) having
more aggressive growth traits and three populations (CL, HS, and ML)
having less-aggressive growth traits.
The three aggressive populations derived by selection for a high
compatibility index value, tall spring canopy height, and early maturity
consistently yielded more forage than their respective divergent
populations in a space-planted test, in dense monoculture stands, and in
mixtures with blrdsfoot trefoil (Part II).

The aggressive populations
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also had significantly greater spring vigor and spring canopy height than
the less-aggressive populations in dense monoculture stands and in
mixtures with birdsfoot trefoil.

These results indicate that divergent

selection in a space-planted test did effectively change morphological
and physiological traits of derived orchardgrass populations in a spaceplanted test, in dense monoculture stands, and in mixtures with birdsfoot
trefoil.
The less-aggressive populations (CL, HS, and ML) permitted
significantly more birdsfoot trefoil production than the aggressive
populations (CH, HT, and ME) in mixtures.

Total forage yield of the

mixtures did not vary significantly.
Correlations between orchardgrass traits determined in the spaceplanted test and yield of birdsfoot trefoil in mixtures indicate that
tiller number is the most important factor influencing compatibility
(Part II).

A decrease in tiller number of derived populations in a

space-planted test was associated with increased birdsfoot trefoil yield
in mixtures.

Later maturity and reduced spring canopy height were also

associated with increased birdsfoot trefoil yields.
This research indicates that it is possible to increase the
compatibility of orchardgrass with birdsfoot trefoil by selecting among
spaced plants for decreased tiller number, decreased spring canopy
height, and delayed maturity.
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