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EFFECT OF DENSITY, PROPORTION, AND SPATIAL

ARRANGEMENT ON THE COMPETITION OF WINTER WHEAT AND

ITALIAN RYEGRASS (LOLIUM MULTIFLORUM LAM)

CHAPTER 1

INTRODUCTION, GENERAL MATERIALS AND METHODS,

AND REVIEW OF LITERATURE

INTRODUCTION

Background

Winter wheat is the most important cereal crop in

Western Oregon. Italian ryegrass is also a major seed

crop in the Willamette Valley. However, Italian ryegrass

is a common and serious weed in grain fields west of the

Cascade Mountains in Oregon and Washington (Appleby et

al., 1976; Burrill et al., 1988).

Both wheat and ryegrass possess similar life forms,

life histories, physiological and phenotypical

characteristics (Concannon, 1987). Both species emerge at

nearly the same time under favorable conditions and exert

similar demands for light, water, and nutrients. Italian

ryegrass is usually more robust and taller than wheat.

Competition is aggravated when critical stages of growth

and development of species overlap. A taller species in

mixture is expected to compete better for light than a
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shade intolerant species with similar relative growth

rates. In fact, as a result of competition with Italian

ryegrass (henceforth called ryegrass), grain yield of

winter wheat (henceforth called wheat) is reduced by as

much as 600 (Appleby et al., 1976).

Objectives

The research described in this thesis pertains to

competition between winter wheat and Italian ryegrass.

The overall goals were to (a) examine the effects of

proximity factors on the yields and yield components of

wheat and ryegrass, and explore possible strategies of

competition. The specific objectives were to:

(1) quantify the influence of densities and

proportions on the intra- and interspecific interactions

of wheat and ryegrass;

(2) determine the effects of spatial arrangements of

wheat on the competitive abilities of both wheat and

ryegrass at variable densities and proportions;

(3) explore strategies of competition between wheat

and ryegrass;

(4) relate growth characteristics and nitrogen

uptake to the competitive abilities of both species; and

(5) examine germination of seeds obtained when both

species were grown at varying plant densities.
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GENERAL MATERIALS AND METHODS

The materials and methods that were common to both

growing seasons are described here. The specific methods

used for each experiments are described in later

chapters. All abbreviations used in this thesis are

defined on page 220 (Table A1.1).

Crop Cultivars Used in This Study

Winter wheat cv. Malcolm and Italian ryegrass cv.

Marshall were used in this study. Malcolm is a soft white

winter wheat released by Oregon State University in 1987.

In the Willamette Valley, its yields have surpassed most

other varieties. It grows about 114 cm tall in Corvallis

and is more resistant to lodging than other commonly

grown cultivars. Malcolm is more resistant to leaf rust

than other commonly grown varieties of soft winter wheat

(Karrow et al., 1987).

Marshall, an annual ryegrass introduced from Italy,

was released by Mississippi Agricultural and Forestry

Experiment Station in 1980. It is tall, erect growing,

and wide-leafed. It has better seedling vigor, higher

cold tolerance, and greener leaves even at lower

temperature (Arnold et al., 1981). It has 16 to 20

florets/spikelets, Seeds are awned and retain the awn

after the threshing. Tillers are large, auricles are
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large and well developed, long and clasping around the

sheath. It produces about 17,000 kg/ha biomass under good

conditions compared to 15,000 kg for perennial ryegrass.

It is closely related to the weedy Italian ryegrass in

Willamette Valley (Barker, Personal communication). Its

growth makes it a competitor for other grass crops (Gill

and Vear, 1980).

Experimental Design and Crop Production Procedures

The land was disked once and harrowed twice in both

growing seasons. It also was rotavated and harrowed to

prepare seedbed. The area was irrigated frequently during

the summer to stimulate germination of weed seeds. Weeds

such as lambsquarter, pigweeds, wild radish, crabgrass,

etc, emerged and were shallow-tilled.

At planting, the seedbed was fertilized with 80-100-

0-70NPKSKg/ha respectively each year. At double

ridge stage of wheat 100 Kg N/ha was uniformly top

dressed with urea.

Irrigation. The experiment was irrigated immediately

after planting to facilitate uniform emergence of both

species during both seasons. This minimized the effect of

emergence time on plant size and eventually on

competition. Since the rainfall in October, 1988 was only

3.55 mm while evaporation was 6.25 mm, the experiment was
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irrigated twice (12 mm each time) to prevent ryegrass

seedling mortality in 1988-89.

Thinning and gap filling. Wheat emerged five days after

planting and ryegrass after six days. Gap filling for

wheat was done at three DAE. Plants in plots with 100

plants m-2 or less were thinned to one plant per hole at

12 DAE.

Post-planting weed control. Bromoxynil @ 1.11 a.i. kg/ha

was sprayed at 60 DAE to selectively kill broadleaf

plants present in the experiment. Meadowfoam (Limnanthes

alba Benth) was the predominant species, and it emerged

in late October. The density of meadowfoam was about 35

to 40 plants m-2 regardless of treatments. Subsequently,

weeds were removed by hand. Annual bluegrass emerged in

almost all plots regardless of density or species.

However, winter annuals were very much suppressed in

treatments with total density of 200 plants m2 or more.

All other plots were weeded in November, 1988. A second

hand weeding was done in mid-April, 1989 to remove

meadowfoam, mouseear chickweed, and vetch (Vicia

angustifolia). During 1989-90, one hand-weeding

was required in rectangularity 1 (RE 1) and RE 4 with

total density of 200 plants m2 or more but two hand-

weeding were required in all RE 16 and in plots of less
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than 200 plants m-2 at RE 1 and 4.

Destructive Sampling. During 1988-89 season, destructive

sampling (one plant/plot) of each species in each

treatment was made at first tillering (15 DAE), maximum

tillering (90 DAE), spike primordia initiation (170 DAE),

heading (225 DAE), and maturity (275 DAE) of wheat in

each block. During 1989-90 destructive samplings were

made at 15, 35, 50, 65, 85, 100, 170, 210, 225, and 270

DAE. Plants to be harvested were carefully tagged early

at vegetative stage to avoid creating large empty spaces

from previous harvests. Leaf area, plant height, number

of green and dead leaves, number of green and dead

tiller, and dry biomass were recorded at each sample

time. Samples were dried for 24 hours at 70 °C for dry

weight. The leaf area was measured by LI-COR 3100 area

meter. During 1989-90, stem and leaves were recorded

separately at 100, 210, and 225 DAE.

Harvests and data collection. The central 1 m2 of each

plot was used for final harvests and sampling. Although

ryegrass reached double ridge stage (180 DAE) about three

weeks later than wheat (160 DAE), both species flowered

simultaneously. Ryegrass matured five days earlier than

wheat. To reduce shattering, the ryegrass spikes were

carefully picked and counted from central 1 m2. Plants of
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both wheat and ryegrass were cut at the ground level and

then separated carefully. Wheat spikes m-2 were counted

after harvesting each plot. The plants of both species

were tied into bundles and left in the field for 10 days

to allow for drying.

Ryegrass and wheat spikes were threshed, cleaned,

dried, and weighed. Wheat plants and ryegrass plants were

dried at 70 °C for 24 hours and biomass weights were then

recorded. Plants for final yield and yield components of

wheat and ryegrass were sampled at maturity. Wheat spikes

were threshed by head thresher and ryegrass spikes by

hand. The following data were recorded.

Wheat. Fertile (spike) and infertile tiller/plant, plant

weight, number of seeds/spike, seed weight/plant, total

biomass, and 500 seed weight (seed size).

Ryegrass. Fertile and infertile tiller/plant, number of

spike/plant, seed weight/plant, total biomass, and 500

seed weight (seed size).

Analytical Procedures

Data were analyzed using simple linear regression

for monocultures and multiple linear regression for

mixtures. Analysis of variance was also used for yields

and yield components. General linear models (GLM) was
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used for data with missing observations or unequal cell

size. Multiple linear regression was used to

quantitatively partition intra- and interspecific

competition between two species (Spitters, 1983;

Connolly, 1986; Radosevich, 1987; Roush, 1988;). SAS (SAS

Institute Inc., 1987) was used for statistical analyses

(regression and general linear model procedures).

Procedures for univariate and residual plot tests were

performed to determine whether data satisfied the

assumption of normality and constant variance. When

necessary, data were log-transformed to meet the

assumption of normality and constant variance and to

attain the best unbiased linear estimates of the

coefficients in simple or multiple linear regression

analysis. The stepwise regression procedure in SAS was

used with a significance level of entry value of 0.05.

For 1988-89, independent variables included in the

pool of potential model variables were initial wheat

density (IWD), initial ryegrass density (IRD), and the

interaction of species' densities (RW). For 1989-90,

independent variables included IWD, IRD, WR,

rectangularity (RE), and WR (interaction of RE and IWD).

The best linear models were chosen based on the random

residual plot distribution, normality tests of residues,

lowest Mallow's Cp value, and R2 (coefficient of

determination). For 1988-89, the regression lines on per-
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plant biomass in monoculture and mixtures of wheat and

ryegrass were compared using 'giant regression models'

(Cunia, 1973).

Daily degree-days Computation

The daily maximum and minimum temperature was

converted to daily growing DD and cumulative growing

degree-days (CDD) using the following formula (Cao and

Moss, 1991).

DD = [(T T.)/2] Tb [Eq. 1.1]

where T is maximum and Tmin is minimum air temperature,

and Tb is a base temperature. The Tb used in this study

was 0°C (Gallagher, 1979; Cao and Moss, 1989a). The DD was

computed using 'Pasheat'. When the mean daily temperature

was less than 0 °C, DD was set to 0 for that day.



10

REVIEW OF LITERATURE

Interference among neighboring plants, often due to

competition for limited resources, is a central process

in agronomy. Interference describes the interactions

regulating crop yield to density relationships, crop and

weed competition, intercropping, crop stand mortality,

and loss of marketable yield in crops. A wide range of

meanings have been ascribed to competition. It has been

defined from operational, philosophical,

phenomenological, and mechanistic points of view (Grace

and Tilman, 1990).

Nature of Plant Competition

Competition has been central to plant ecology, both

in wild and managed situation. Competition among plants

was likely discovered by the first farmers during

neolithic agriculture (Grace and Tilman, 1990). Following

Darwin (1859), competition has been considered to be one

of the major forces shaping the morphology and life

history of plants and the structure and dynamics of plant

communities. Darwin (1859) wrote extensively about

competition as a powerful selective force for all types

of organisms.

Two operational definitions of competition are most

useful: (1) total competitive effect and (2) intensity of
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competition. Total competitive effect is based on the

biomass that a target plant species attains in absence of

some or all neighbors compared to its biomass in the

presence of all neighbors. The additional biomass

obtained after the removal of the competing neighbors is

the competitive effect of those neighbors on the target

species. This operational definition does not adjust for

difference in biomass of competitors removed, and thus

does not measure intensity of competition per unit

neighbor biomass. According to the intensity of

competition per unit biomass, the total competitive

effect of all neighbors is divided by the amount of

biomass of neighbors removed to obtain a measure of the

intensity or strength of competition. That is, the

intensity or strength of competition is calculated as the

biomass produced in target species per unit of biomass of

neighbors removed.

Despite a huge volume of work on competition, the

nature and mechanisms of competition among plants are not

well understood. Some reasons for this lack of

understanding include: (a) inconsistent uses or meaning

for the term competition when it is used in relation to

plants; (b) inconsistent and conflicting parameters

measured in competition experiments (e.g., biomass vs.

marketable yield in agricultur)e; (c) differences in

experimental design and methods of data analyses that



12

lead to inconsistent result or interpretation ; (d)

confusion between amensalism (one kind of plant

interaction in which growth of one species is inhibited

but the other is not affected, e.g., allelopathy) and

competition and methods to experimentally separate

allelopathy from competition; and (e) the complexity of

interrelationships caused by environmental, biological

and proximity factors among plants.

Agricultural scientists tend to view a narrow

spectrum of competition because of reliance on reasonably

definitive results from the studies conducted on

routinely disturbed and relatively homogeneous soils, by

manipulating the environmental and biotic factors to

improve crop productivity (Radosevich and Roush, 1990).

Grime (1979) emphasized the importance of

environmental resources in plant interactions by defining

competition as the tendency of neighboring plants to

utilize the same quantum of light, ion of mineral

nutrients, molecule of water or volume of space.

Bleasdale (1960) indicated that competition between

plants occurs when the growth of either or both plants is

reduced or modified as compared with their growth or form

in isolation. Due to difficulties in providing an

acceptable definition for competition some, workers

(Harper, 1961; Trenbath, 1974) prefer to use interference

to describe interactions among plant species. Harper



13

(19G1) defined interference as all responses of an

individual plant or plant species to its total

environment as it is modified by the presence and/or

growth of other individuals.

Goldberg (1990) provided two important insights

about competition that arise from distinguishing between

the effect and response of species on each other. Her

framework of competition is that most interactions

between individual plants occur through an intermediary

such as resources, pollinators, dispersers, herbivores,

or microbial symbionts. One or both plants has an effect

on the abundance of the intermediary and a response to

changes in abundance of the intermediary. This concept is

much broader than the competition alone and is useful in

analyzing other types of indirect interactions (Table 1)

and in distinguishing interactions involving resources

from other types of interactions (Goldberg, 1990).

In agricultural fields, competition may be the most

important reason for loss in marketable yield of crops,

although allelopathy also cannot be excluded easily.

Effective control of weeds, increase in fertility level,

and application of supplemental water have each been

demonstrated singly to increase marketable yields in

agriculture. However, in absence of proper weed control,

mere increase in fertility or moisture will not solve the
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Table 1.1. Types of indirect interactions among plants
(Goldberg, 1990).

Types of
interaction

Intermediary Effect Response Net

Exploitation
competition

Resources + -

Apparent
competition

Natural
enemies

+

Allelopathy Toxins +

Positive
facilitation

Resources + + +

Negative
facilitation

Resources +

Apparent
facilitation

Natural
enemies

- +

problem of competition because of the dynamic nature of

adaptive strategies of weed species to succeed in

competitive situation.

Mechanism of Competition

When one or more resources are in short supply

plants compete for them in various ways. Harper (1977)

stated that plants may compete with each other by (a)

reducing light intensity, (b) changing light quality, (c)

transpiring limited water, (d) changing the humidity, (e)

absorbing limited nutrients, and (f) changing soil

reaction. Each of these factors are discussed below in

greater depth. A partial review of the mechanism of

competition is provided here, focusing largely on wheat
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and ryegrass.

Competition for light. Neighboring plants may shade one

another and either a mutual or one-sided depression of

growth may result. This is , in fact, a well established

phenomenon. White and Harper (1970) reanalyzed some data

on self-thinning originally recorded by Hiroi and Monsi

(1966). Sunflower (Helianthus annuus L.) plants were

grown at 160 and 400 plants m2 and were shaded to 100,

60, and 30% of the full daylight. White and Harper (1970)

found that the lower the light intensity, the more rapid

was the thinning. However, at any given density of

survivors the plants were heavier at higher light

intensity, and at any given weight of plants the number

of survivors was greater at high than at low light

intensity. These results indicate that shading by taller

neighbors would suppress shorter neighbors.

Planting Lolium perenne L. at 330 to 10,000 seeds 110

under 100, 60, and 30% of full light intensity, Kays and

Harper (1974) found no significant difference in tiller

density per plot after 130 days. The population adjusted

the effective density of tillers per plant throughout the

experiment and the number present at any given time was

the consequence of (a) differential mortality of genets,

(a) differential birth rates of tillers per genet (a

plant grown from seed), and (c) differential death rates
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of tillers. However, the population at three light

intensities behaved differently. The final mean weight

per tiller was the highest at full light and lowest at

the lowest light intensity. Harper (1977) speculated that

plants that die in dense population are those with very

low or negative net assimilation rates. It would be of

great interest to determine the frequency distribution of

net assimilation rates among the individuals of a self-

thinning population.

Quality of light also affects plant growth. Ballare

et al. (1990) found that rate of stem elongation

increased in seedlings of Datura ferox and Sinapis alba

within three days after transplanting into a population

of similar stature. The stem elongation occurred well

before shading among neighbors became important. The

reason for an increase in the rate of stem elongation was

attributed to far-red radiation reflected from adjacent

leaves. Wheat plants treated with red light produced more

tillers than those treated with far-red mainly due to

high reduction in secondary and tertiary tillers (Casal,

1988). These results imply that wheat may produce fewer

tillers and be fewer productive when shaded by

neighboring species. Similar effects of red and far-red

light treatments were observed in Lolium spp (Deregibus,

1983; Casal, 1985).
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Competition for nutrients. Fertilization experiments in

the natural ecosystems often show dramatic shifts in

dominance after application of nutrients such as N or P

(Tilman, 1984). Supply of nutrients has tremendous

effects on the relative competition coefficient of

species. In a study with Erica and Molinia, Brendese and

Aerts (1984) determined the relative competition

coefficients of species with respect to the uptake of

different levels of N and P. The relative competitive

coefficient of Molinia with respect to Erica was close to

unity under unfertilized conditions but increased with

increasing N or P supply. It appears that under nutrient-

poor conditions, the relative competition coefficient was

still below the critical ratio of relative nutrient

requirements for the two species, so that Erica was able

to remain the dominant species. As nutrients increase the

relative competition coefficient exceeded the critical

limit and Molinia replaced Erica as the dominant.

Generally, most plant species show strong phenotypic

response to increased N or water supply, by increased

allocation to above ground plant parts (Chapin, 1980). A

plant species allocating less assimilate to shoots under

nutrient-poor condition may allocate more to shoot under

nutrient-rich conditions (Chapin, 1980).

The importance of competition for nutrients has been

demonstrated in several experiments. Appleby et al.
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(1976) clearly demonstrated that Wheat grain yield

declined when N levels and ryegrass density were

increased. Similar effects were reported for wild oat in

wheat and flax by Bowden and Friesen (1967) and for

Lolium rigidum in wheat by Smith and Levick (1974). Leibl

and Worsham (1987) found that the growth response of

ryegrass to NO3 was greater than that of wheat. Net

uptake of NO3 by both species growing in nutrient

solution was 1.5 times greater than net uptake rates for

K. At high nutrient levels, ryegrass shoot production

was double that of wheat while root production remained

almost the same for both species. Thus, ryegrass is more

efficient in producing biomass per unit of N than is

wheat when N is abundant in the system.

Competition for water. In wheat and ryegrass competition,

water may be very important in rainfed wheat, especially

at the end of the growing season. There are three

mechanisms that govern water availability for plant

growth: (a) the seasonal supply, (b) the root development

and structure of plants involved, and (c) the water use

efficiency of species (Radosevich and Holt, 1984). In

rainfed areas, water is rarely under the control of

humans. Uptake of water under such condition is largely a

function of roots and the rate of transpiration by

species. Certain plant species use less water per unit of
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biomass produced than others (Black et al., 1969). Those

plants with low demand for water or high water use

efficiency are expected to be more productive and

competitive when water is in ample supply than those with

high demand of water. Unfortunately, to date this

expectation has not been substantiated by experimental

evidence (Radosevich and Holt, 1984).

Uptake of N may depend on water flow through the

soil to the roots. A shortage of water may then manifest

in a reduced N supply. Shading from neighbors may result

in a feeble or shallow root system and a lower soil

volume that can be tapped in periods of shortage (Harper,

1977). When two or more species are growing together,

there may be sharper distinction between types of root

systems and canopies. The water sources may be used at

different times or drawn from different zones in the

soils. A precociously developing species may exhaust

water resources and deprive a slow growing species

leading to an asymmetrical competitive outcome (winner

and loser). Alternatively, species may exploit different

zones of soil profile and so avoid a direct zone of

conflict for water (Harper, 1977). Milthorpe (1961)

observed that apples grew more slowly when orchards were

planted with Lolium perenne than with Poa. He attributed

this difference in growth of apples to more water

extraction by Lolium perenne from deeper soil layer than
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poa.

Role of Proximity Factors

Two or more species grown in mixture demand similar

environmental resources. Over a growing season, the

species with the greatest ability to usurp resource and

to develop leaf area and root volume usually suppresses

the other species in mixture. The strategy and intensity

of competition are affected by different environmental

factors, and by biological factors such as emergence

characteristics, growth rates, and other components of

plant size and function (Harper, 1977; Radosevich, 1987).

Plant density, species proportion, and spatial

arrangements also are important considerations that

mediate the influences of the environmental and

biological factors (Radosevich, 1987).

Density. Density is the number of plants on a unit area.

It is important in competition experiments because of the

relationship among plant yield, number of individuals,

and resources available in an area. Plant density plays

an important role in the dominance and suppression during

the process of competition of two or more species having

similar life forms and life histories. In some cases, an

increase in the density of crop species beyond the normal

planting density may reduce the competitive effect of
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weeds on the crop. An increase in the initial density of

crop is expected to suppress weed growth. Martin et al.

(1987) found that an increase in wheat density from 100

to 150 plants re in presence of 50 wild oat plants m2

gave an increase in grain yield of 11 g m2 of wheat.

Correspondingly, an increase in weed density in

relation to a constant operational crop density may

result in proportionately greater losses in crop yield.

Appleby et al. (1976) observed that as the density of

ryegrass increased from 10 to 55 plants m2, wheat grain

yield loss increased from 34 to 609s. An increase in

ryegrass density with a constant density of wheat

apparently utilizes more environmental resources, causing

an overall decrease in wheat grain yield. On the other

hand, if both wheat and ryegrass density increase, the

overall effect may be to reduce the proportional

influence of ryegrass. Total plant yield per unit area is

generally independent of density at a constant level of

soil resources, except when plants are very small or

widely spaced (Figure 1.1). This relationship is known as

the law of constant final yield (Harper, 1977). When

yield of individual plants is considered in relation to

density, the relationship can be depicted as in Figure

1.2. The law of constant final yield remains valid

regardless of the kind or number of species in mixture

although the yield plateau may change with change in
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Figure 1.1. Relationship between density and
yield per unit area of plant species.
Final yield levels off at certain
densities and stays there as long as
environmental resources are at the same
level (Radosevich, 1987).

Density(N)

22

Figure 1.2. Relationship between density and
individual plant yield (plant size). Plant
size decreases as density increases
asymptotically (Radosevich, 1987).
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Figure 1.3. Relationship between density and
reciprocal weight of individual plant.
The advantage of this approach is that
reciprocal transformation linearizes the
relation between plant weight and density
(Radosevich, 1987).

resource levels (Radosevich, 1988).

The relationship between individual plant size and

density can be expressed as

WI' = A + B (Eq. 1.1]

where W is weight of an individual plant, N is density,

p represents the hyperbolic relationship between W and N,

and A and B are constant. When p is very close to 1, the

Eq. 1.1 becomes Eq. 1.2 and can be depicted as shown in

Figure 1.3.



24

1/W = A + B [Eq. 1.3]

where 1/w is the reciprocal of individual plant weight, A

is a constant equal to the reciprocal of the theoretical

maximum size on plant grown alone, and B is the slope of

the regression line reflecting the relationship between W

and N. The relationship in Figure 1.3 and Eq. 1.3 is

known as the reciprocal yield law (Shinozaki and Kira,

1956) .

Proportion. In interspecific competition, proportion (the

relative density of each species in mixture) becomes

another factor for consideration (Radosevich, 1987). Both

the number of plants of a certain species present and

proportion of a species in relation to the total density

determine the biomass production of each species in a

competing mixture. The concept of species proportion can

be described within the framework of the reciprocal yield

law (Spitters, 1983; Radosevich, 1988). However, Cornell

(1981) and Roush et al. (1989) predicted competitive

outcome by using proportion and densities in mixed

species models.

Spatial arrangements. Spatial arrangement is the

horizontal aggregation and dispersal of plants. Ross

(1968) demonstrated the importance of seedling emergence

time and its physical location on the outcome of
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competition. By developing several theoretical stochastic

models for interference between crop plants, arranged at

points on a rectangular lattice, and randomly located

weeds, Fischer and Miles (1973) determined that

arrangement of the plants is an important factor of

interference. Weeds were predicted to have least

advantage if the crop was planted in square patterns

rather than rectangular (Fischer and Miles, 1973). Most

interference studies assume that spatial arrangement

among individual plants is constant and that weeds are

nonrandomly distributed when, in fact, they are not.

Dealing with spatial arrangement in a quantitative manner

may represent the most significant challenge to

researchers as they attempt to construct models of weed-

crop interference (Radosevich, 1987).

When a crop is planted in rows the plants of two

adjacent rows form rectangles which vary in dimension

depending on the row width as in Figure 1.4. Weeds grow

randomly within the rectangles made by crop plants. The

spatial arrangements of crop plants and the random

location of weed emergence create a situation where the

competitive abilities of the species could depend on the

rectangularities (ratio of length and width of

rectangle) of the crop planting arrangement. In case I

(Figure 1.4) if a ryegrass happens to be in the center

of the rectangle, it will have more space available
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around it than case II. The wheat plants are very close

to each other within rows and experience high

intraspecific competition. In other words, In case I,

intraspecific competition among wheat plants is high and

interspecific competition between wheat and ryegrass

would be low. In case II, since wheat plants are spaced

equally, they compete less intraspecifically. Ryegrass

plants at the center of the rectangle in case II have now

2 cm
18 cm

RE = 9

Case

6 cm

E

CD

RE = 1

Case II

Figure 1.4. Changes in rectangularity due to
change in row space of winter wheat.
Case I has higher rectangularity than case
II which has narrower row space although
both have same total area for all the four
plants forming the rectangles.
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a smaller sphere of domain and will experience higher

interspecific competition from wheat plant. Therefore, by

reducing the rectangularity from 9 to 1 (e.g., case I and

Case II in Figure 1.4), the environment may be more

favorable for wheat because intraspecific competition is

reduced, by spacing them apart from each other and less

favorable for ryegrass because interspecific competition

is the greatest.

The manipulation of rectangularity, where this can

easily be managed through row-spacing, can be a powerful

tool to obtain maximum competitive ability of crop

species. Highest yields should be obtained when a

sufficient number of plants occupy an area so as to

utilize the environmental resources (light, water, and

nutrients) maximally, but without plant stature, the

distribution of dry matter or the flowering or fruiting

process being adversely affected, or to a point where

pest organisms are encouraged (Huxley, 1983).

Methods to Study Competition

Traditionally, experiments on competition in

agriculture have been carried out in additive or

replacement experiments. In additive experiments, levels

of density of crop is maintained constant and

intraspecific competition is assumed constant.

Interspecific competition can not be quantified through
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these experiments because intra- and interspecific

effects are confounded. Weed location is often unreported

or unknown in additive experiment (Radosevich, 1987).

Replacement series (de Wit, 1960; Harper, 1977)

could overcome many of the limitation of the additive

experiments. The replacement series is most valuable for

assessing competitive effects of species proportion at a

single total density. It is also possible to determine

the relative effects of intra- and interspecific

interference using this design. However, partitioning the

absolute competitive effects cannot be readily

accomplished. Since the total density does not vary and

monoculture density is not varied, relative contribution

of intra- and interspecific competition to the species

interaction cannot be determined (Jolliff, 1984).

Both additive and substitutive (replacement)

approaches place different emphasis on the proximity

factors, which influence how such studies are

interpreted. Zimdahl (1980) and Cousens (1985) have

summarized additive and substitutive experiments

conducted in an array of cropping systems. Although

results of such experiments are predictive in a general

sense, they vary markedly among cropping systems,

location, and season of the experimentation. Since the

intensity of competition can only be interpreted

qualitatively, prediction of competition in any
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agricultural system, and assessment of its importance on

long term crop-weed dynamics, is difficult using

empirical additive and substitutive approaches

(Radosevich and Roush, 1990).

Systematic addition series experiments overcome many

of the limitations of additive and substitutive

experiments. An addition series (Watkinson, 1981;

Spitters, 1983; and Radosevich, 1987, 1988) is generated

by systematically changing both the total and relative

densities of the species in a competition experiment. In

this manner addition series encompasses both additive

experiments and replacement series experiment in the same

design. The design generates several monocultures of each

species and array of mixtures by changing densities and

proportions. Analysis of competition using this approach

is based on yield-density relationships (see Eq. 1.2 and

Fig. 1.1) (Shinazaki and Kira, 1956; Bleasdale and

Nelder, 1960; and Watkinson, 1980). The exponent -p in

Eq. 1.2 often approaches the value of -1.0 (Watkinson,

1980; Firbank and Watkinson, 1985). As such reciprocal

yield law has become the common basis for this design

(Spitters, 1983).

Spitters (1983) expanded the reciprocal yield model

to include the influence of densities of more than one

species assuming that influences of densities of species

are additive as follows:
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1/W = bio + b11N1 + b12N2 + + b,N, [Eq.1.4]

where b10 is the maximum plant size, b11 is intraspecific

competition coefficient of density of species 1 (N1), b12

is the interspecific competition coefficient of density

of species 2 (N2), etc. Multiple linear regression can be

used to partition intra- and interspecific competition

between two species, and species niche differentiation

(Spitters, 1983; Connolly, 1986; Roush and Radosevich,

1985). Concannon (1987) used this approach to model

competition between spring wheat and Italian ryegrass.

In some cases, inclusion of other terms (e.g.,

species proportion or interaction) or other

transformation in the model improves the predictability

of crop loss over densities alone (Roush et al., 1989).

Roush (1988) found that a log transformed model, in some

cases, fit the data better than a reciprocal model for

examining competition among four summer annual weed

species. Shainsky (1988) used such log models but found a

significant species' interaction term to predict

competition among seedling trees of douglas-fir

(Pseudotsuga menzeisi) and red alder (Alnus rubra).

However, the interaction term in the study of Shainsky

(1988) did not substantially improve predictive power of

the model over the simple linear model of Spitters

(1983) .

Some information is available on the competition of
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wheat and ryegrass. Appleby et al. (1976) conducted

additive experiments on winter wheat and ryegrass and

Concannon (1987) conducted addition series experiments on

spring wheat and Italian ryegrass.

Nevertheless, little information is available about

the effect of spatial arrangements on the competitive

interaction of these two species. The model of Fischer

and Miles (1973) theoretically indicated that spatial

arrangement of crop plants is important in crop-weed com-

petition. Auld et al. (1983) and Medd et al. (1985)

investigated the effect of spatial arrangements of wheat

on a related annual ryegrass (Lolium rigidum Gaudin) in

Australia although neither of the studies used an addi-

tion series design. Therefore, no study on competition

between wheat and ryegrass assessed the joint influences

of density, proportion, and spatial arrangement.

Plant Growth and Competition

Numerous efforts have been devoted to understand the

growth behavior of plant species under different

environmental and biological conditions (Grime and Hunt,

1975; Patterson, 1984; Roush and Radosevich, 1985; Hunt,

1988; Poorter, 1989; Poorter and Remkes, 1990). These

studies, using growth analysis techniques (Hunt, 1988)

have significantly contributed to the understanding of

production, allocation, translocation, and remobilization
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of assimilates of plant species Although considerable

research has been conducted to measure the influence of

weed competition on crop yield, few experiments have

directly used plant growth analysis to elucidate

mechanism of competition in weed population or community

dynamics (Roush, 1988).

Key growth parameters that are ecologically

important to plants may include plant size viz., biomass,

leaf area, and height; growth rates [absolute growth

rates (AGR), relative growth rate (RGR)]; morphological

factors [leaf area ratio (LAR), root to shoot ratio,

plant architecture indices, leaf morphology, and leaf

area duration (LAD)]; and physiological factors [net

assimilation rate (NAR)].

Patterson et al. (1984), Roush (1988), Shainsky

(1988), and Concannon (1987) incorporated growth analysis

into plant competition experiments. Concannon (1987)

found that spring wheat plants were larger than ryegrass

but final grain yield of spring wheat decreased because

ryegrass acquired a larger leaf area and a higher plant

height by the end of the season. Roush (1988) observed

that two broadleaf summer annual weeds were more

competitive than annual grass competitors even though the

grasses had higher NAR. She indicated that the grass

species were less competitive because they had lower LAR

values which indicates that they allocated less biomass
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to leaf area. Poorter (1989) found negative correlation

between NAR and RGR, but strong correlation between LAR

and RGR. He concluded that LAR and specific leaf weight

(SLW) are of paramount importance in potential RGR and,

thus, in competitiveness of herbaceous species. However,

such relationships between components of RGR and species

competitiveness may change with change in plant growth

factors and environment. Roush (1988) observed that for

the most physiologically efficient plants (C4) NAR was

positively correlated with RGR and LAR negatively in

California where C4 species were superior competitor to

C3. But, these relationships reversed in Oregon due to a

reduction in average light intensity and temperature. It

is, therefore, important to know which parameters should

be considered to explain the dynamics of competitiveness

of species in monoculture and mixture.

Poorter (1989) further examined RGR

economy of fast growing species vs. slow

He found reduced N concentration in fast

in relation to N

growing species.

growers compared

to slow growers. Consequently, the photosynthetic N use

efficiency (the rate of photosynthesis per unit reduced

N), was greater for fast growers than for slow growers.

The reason for more efficient N use by fast growing

species was attributed to less N allocation to compounds

involved in photosynthesis by slow growers due to shading

(Evans, 1989), or higher allocation of N to leaves by
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fast growers and hence higher N productivity.
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CHAPTER 2

EFFECT OF DENSITY AND PROPORTION ON THE INTERACTION

OF WINTER WHEAT AND ITALIAN RYEGRASS

(LOLIUM MULTIFLORUM LAM)

INTRODUCTION

Italian ryegrass is an important seed crop in the

Willamette Valley. It is also a serious weed in the

region. As much as 60% loss in winter wheat grain may

occur from competition with ryegrass (Appleby et al.,

1976). Several previous studies assessed the loss of

wheat grain yield from ryegrass competition. Most of

these studies were conducted as additive experiments that

determined the levels of crop yield loss rather than the

factors causing loss in yield of winter wheat. Appleby et

al. (1976) conducted an additive experiment on the

interference of winter wheat and Italian ryegrass.

Concannon (1987) conducted one of the first addition

series to study competition between spring wheat and

Italian ryegrass.

In additive experiments a single density of wheat is

subjected to several densities of ryegrass and compared

to the yield of wheat in monoculture. As such, intra- and

interspecific competition cannot be quantified
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(Radosevich, 1987; Roush et al. (1989). The effect of

spatial arrangement also is ignored and confounded with

that of density because spatial arrangements are assumed

constant. Replacement series experiments can be used to

assess competitive effects of species proportions but are

constrained to single total density. To know the intra-

and interspecific competitive effects over a wide range

of densities for each species, several separate

replacement series experiments would need to be

conducted. Unless multiple total densities are used,

relative contributions of intra- and interspecific

competition to the species interaction can not be

determined readily by replacements series (Jolliff,

1984) .

Addition series (Watkinson, 1981; Spitters, 1983;

and Radosevich, 1987, 1988) are used to generate a wide

array of total and relative plant densities to quantify

the competitive outcome of species in the most efficient

ways. Addition series experiments incorporate both

additive and replacement series experiments in a single

experiment. Addition series generate several monocultures

of each species and an array of mixtures by

systematically changing species densities and

proportions. Expanded reciprocal yield models (Spitters,

1983) have become the basis for analyzing the results of

addition series. In some cases, other models have been
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found to provide a better fit to competition data from

addition series. Roush (1988) used a log model to

describe some of the competitive interactions among four

annual weed species, and Shainsky (1988) used a log-log

model to predict competitive interactions of douglas fir

and red alder. Model predictability sometimes increases

if species proportions is incorporated into the model

(Roush et al., 1989). Terms describing the interaction of

species densities may sometimes be a significant

predictor but yet improves the model only slightly

(Spitters, 1983).

Although competition between ryegrass and spring

wheat has been evaluated by addition series (Concannon,

1987), no study has systematically controlled density and

species proportion to study competition between winter

wheat and Italian ryegrass at constant planting system.

This experiment was conducted with the specific

objectives to

(a) quantitatively describe the intensity of intra-

and interspecific competition on the basis of per-plant

and final yields of wheat and ryegrass;

(b) elucidate the dynamics in the competitive

abilities of the species; and

(c) examine the response of some yield and yield

components to densities of the species.
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MATERIALS AND METHODS

Site Characteristics

The study was conducted at the Oregon State

University Hyslop Field Laboratory (Schmidt Farm) (44°

37'N, 123° 13'W) near Corvallis, Oregon on an Amity silt

loam (fine-silty, mixed, mesic Agriaquic Xeric

Agialboll). Soil samples collected before fertilizer

application revealed that the soil had a pH of 5.2,

organic matter 2.65-9s, and 64, 244, 7.2, and 1.30 mg of P,

K, Ca, and Mg kg' of soil, respectively. The total

precipitation from September, 1988, to June, 1989, was

1113 mm including 267 mm as snow in February, 1989

(Figure 2.1). Precipitation in November, 1988, and

February and March, 1989 were greater than the normal

(average of 1951 to 1983). Precipitation in the other

months of the season was less than normal.

Snow fall caused leaf senescence in both species.

The intensity of leaf senescence was greater in wheat

than ryegrass (Figure A2.1). The average monthly degree-

days (DD), computed by equation 1.1 during the same

period was 281.12 (Figure 2.2). The site received more DD

than normal in all months except February, 1989.

Treatments

Six densities each for wheat and ryegrass were

chosen to make a factorial array of density levels. The
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densities of each species varied from 0 to 800 plants m2.

The densities of wheat and ryegrass were combined

pairwise to obtain the addition series (Table 2.1). The

addition series included five monocultures for each

species, 25 mixtures, and one plot without plants. The

planting arrangement for this experiment was a constant

square system. The unit plot size was 4 m-2.

Table 2.1. Addition series design experiment: a two
species density gradient for 1988-891.

W/R W/R W/R W/R W/R W/R
0/0 9/0 25/0 100/0 400/0 800/0

0/9 9/9 25/9 100/9 400/9 800/9

0/25 9/25 25/25 100/25 400/25 800/25
0/100 9/100 25/100 100/100 400/100 800/100

0/400 9/400 25/400 100/400 400/400 800/400

0/800 9/800 25/800 100/800 400/800 800/800

1 W = Wheat density m-2, R = Ryegrass density

The design was, thus, a factorial randomized

complete block design with four replications. Eleven

additional plots per block were established for the

lowest density of 9 plants m2 to provide adequate number

of plants for destructive sampling. The total number of

plots in this study was 188. Crop production procedures

and methods data collection are described at pages 4 to 7.
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Planting methods

Wheat seeds were hand planted in a square pattern

using perforated templates (1 m X 1 m) for each density

level of wheat (Figure 2.3). Holes in the templates

indicated the location of each of wheat plant in the

plot. Four such templates were required for each plot.

Wheat planting involved fitting the appropriate

templates over the plot, making a hole in the soil,

planting seeds (2 seeds per hole for plots with 9, 25,

and 100 plants m2 while 1 seed per hole for plots with

400 and 800 plants mi2), and then burying seeds to a depth

of 2.5 cm. Any exposed seeds in high density treatments

were covered with a thin layer of soil. Ryegrass was

broadcast uniformly over the plot. Planting began on

September 21, 1988 and ended September 25, 1988.

Intra- and Interspecific Models

The following intraspecific models were adapted for

monocultures.

LnW = bo + bli Ni [2.1]

where LnW = Log-transformed per-plant biomass of either

species in monocultures;

bo = Intercept of regression equation quantifying

coefficient for maximum possible plant size in

absence of competition;

bli = Slope of regression equation quantifying the
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coefficient for intraspecific competitive

ability of wheat or ryegrass; and

Ni = Density of either species.

The model forms adopted for interspecific

competition effects of two species were as follows.

LnW = bo + bliN, + b2iN2 + b3, N [2.2]

where LnW = Log-transformed per-plant biomass of species

1 in mixtures;

bo = Coefficient quantifying maximum possible plant

size in absence of competition;

= Coefficient quantifying the effect of species 1

on 1 (intraspecific competition) and i =

wheat (w) or ryegrass (r);

bm = Coefficient quantifying the effect of species 2

on 1 (interspecific competition) and i =

wheat (w) or ryegrass (r);

biz = Coefficient quantifying the effect of the

interaction of two species' densities on per-

plant biomass of species 1;

N1 = Density of species 1;

N2 = Density of species 2; and

N, = Interaction term of N1 and N2.

The intraspecific competitive ability in

monocultures (ICAm), relative competitive ability in

monocultures (RCAm), relative competitive ability in

mixtures (RCAmi), and niche differentiation (ND) were
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computed as follows (Spitters, 1983).

ICAm (wheat or ryegrass) = bo/bli;

RCAmi (wheat) = bidba;

RCAmi (ryegrass) = bir/b2w;

RCAm (monocultures) = (ICAm wheat)/(ICAm ryegrass);

and ND (mixtures) = (RCAmi wheat)*(RCAmi ryegrass);

The ratio of the coefficients for a given species'

density calculated from the comparison made between the

equations of wheat and ryegrass in mixtures, reflect the

relative effects of a given species on the per-plant

yield of each species. Similarly, the ratio of the

coefficients within the equation is an estimate of the

relative response of a given species to the densities of

each species. The relative competitive effect of wheat

(RCEW), relative competitive effect of ryegrass (RCER),

relative competitive response of wheat (RCRW), and

relative competitive response of ryegrass (RCRR) were

calculated as follows (Shainsky, 1988).

RCEW = b2,/b1, (i.e. Interspecific coefficient of

wheat for ryegrass/intraspecific coefficient

of wheat for wheat at a given time);

RCER = baba (i.e. Intraspecific coefficient of

ryegrass for ryegrass/interspecific

coefficient of ryegrass for wheat at a given

time);

RCRW = biw /b2r in wheat mixtures; and
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RCRR = b2w /bir in ryegrass mixtures.

Data were analyzed as a factorial randomized

complete block design where the factors were densities of

each species. The plot biomass yield, grain yields, and

yield components were analyzed using ANOVA. Graphs and

plots were developed by using Quattro Pro (Borland

International, Inc., 1991) and Harvard Graphics (Software

Publishing Corporation, 1990).

The model forms adapted for interspecific

competition effects involving proportion of species were

as follows (Cornell, 1981).

LnW = bo + blDi + b2P1 + b3D,P1 [Eq. 2.3]

where LnW = log-transformed final biomass yield

of wheat (the analogous abbreviation for

ryegrass biomass is LnR);

bo = intercept, a product of interaction of

proportion and intercept of linear

relationships of ryegrass final total yields

and its density in monocultures;

bl = coefficient quantifying effect of proportion of

species own density on its final yields;

b2 = coefficient quantifying effect of proportion of

wheat on species yield in mixtures;

b3 = coefficient quantifying the effect of

interaction of either species and proportion of

wheat on final yields in mixtures;
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PI = proportion of wheat in total density in

mixtures; and

DiPI interaction of density of either species (Dd

and wheat proportion;
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RESULTS AND DISCUSSION

Models of Per-plant Biomass in Monocultures

At 15 DAE, no model gave significant fit to the data

indicating that plant competition did not begin at the

first tillering stage of wheat. In log-transformed yield

model for the monocultures at 90 DAE and thereafter wheat

density (IWD) explained 82 to 85% of the total variation

in wheat per-plant biomass (LnW) (Table 2.2). Similarly

wheat, ryegrass density (IRD) had no significant impact

on per-plant biomass of ryegrass (LnR) at 15 DAE. At 90

DAE (maximum tillering stage of wheat), the R2 for LnR

model was only 0.35 indicating that intraspecific

competition among the ryegrass plants was still not

intense. IRD explained 78 to 81% of the total variation

in the LnR from 170 DAE till maturity (Table 2.3).

Comparison of regression lines by the "giant size

regression" model method (Cunia, 1973) indicated that

intraspecific competition in wheat began between 15 and

90 DAE among wheat plants (Table 2.2) and between 90 and

170 DAE among ryegrass plants (Table 2.3). The intercept

in both the species progressively increased, suggesting

that the plants, in absence of competition, increased

unrestrictedly to the maximum size. The slopes resulting

from the analysis of each species remained the same after

the initiation of competition, suggesting that once
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Table

DAE

2.2. Log models explaining per-plant biomass
(g) of winter wheat in monoculture.1

bo b lw R2 n

15 LnW = -2.667a - 0.00012a IWD -0.04 20
(0.63)

90 LnW = 1.523b - 0.00234b IWD 0.85 20

170 LnW = 2.769c - 0.0038c IWD 0.84 20

225 LnW = 3.866d - 0.00367c IWD 0.85 20

275 LnW = 4.147e - 0.00355c IWD 0.82 20

1/ p-values for parameters are <0.01, except where
mentioned in parenthesis.

b
0 Intercept quantifying maximum possible plant size.

blw Slope quantifying intraspecific competition.

R2
Adjusted coefficient of determination.

Intercepts or slopes with same letter are similar.
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Table 2.3. Log models explaining per-plant bi.omass(g) of Italian ryegrass in monoculture.'

DAE bo bir R2

15 LnR = -5.075a + 0.00019a IRD -0.03 20
0.53

90 LnR = 0.160a - 0.00097a IRD 0.35 20
170 LnR = 2.313b - 0.00272b IRD 0.78 20
225 LnR = 4.189c - 0.0038b IRD 0.81 20
275 LnR = 4.705d - 0.00367 b IRD 0.81 20

1/ p-values for parameters are <0.01, except where
mentioned in parenthesis.b

0 Intercept quantifyiny maximum possible plant size.b, Slope quantifying intraspecific competition.RZ Adjusted coefficient of determination.
Intercepts or slopes with same letter are similar.

Table 2.4. Intraspecific and relative intraspecific
competitive ability of wheat and ryegrassin monoculture.

DAE Intraspecific competitive ability RCAm
(ICAm)

Wheat Ryegrass

90 650 165 3.93170 728 850 0.86225 1053 1102 0.96275 1166 1282 0.91
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intraspecific competition began, its intensity was

constant over the remainder of the growing season.

Intraspecific Competitive Ability

The ICAm of each species indicated that wheat had

four times as much intraspecific competitive ability than

ryegrass at 90 DAE (Table 2.4) which was consistent with

the observation that intraspecific competition had not

initiated at 90 DAE in ryegrass. From 170 DAE onward,

ryegrass exhibited slightly more intraspecific

competition than did wheat (Table 2.4). The competition

is obvious from the RCAm values that are <1 in Table 2.4.

Wheat grows faster than ryegrass at the early vegetative

stages (Chap. 4). At 90 DAE, wheat reached the maximum

tillering stage, but ryegrass did not (Chap. 4), which

may explain why intraspecific competition in wheat at 90

DAE was more intense than in ryegrass. But at later

stages, ryegrass competed more strongly with itself.

Per-plant Biomass of Wheat and Ryegrass in mixtures

IWD and IRD, and their interactions (RW), explained

74 to 80% of the total variation in LnW at each day of

sampling except 15 DAE (Table 2.5). IWD, IRD, and RW,

explained 67 to 79% of the total variation in LnR after

15 DAE (Table 2.6).

IWD alone accounted for 60 to 70% of the total



Table 2.5. Log models explaining per-plant biomass (g) of
winter wheat in mixture.'

DAE
0 blw b2r b3x

15 LnW = -2.492 - 0.00025 IWD - 0.00015 IRD
(0.10) (0.11)

pR2 0.02 0.02

R2

0.04

90 LnW = 1.526 0.0026 IWD - 0.00092 IRD + 0.000001 RW 0.76pR2 0.70 0.05 0.01

170 LnW = 2.729 0.0043 IWD - 0.00098 IRD 0.80pR2 0.68 0.12

225 LnW = 3.434 - 0.0031 IWD 0.001 IRD + 0.000001 RW 0.77pR2 0.68 0.08 0.01

275 LnW = 3.756 - 0.0029 IWD - 0.0016 IRD + 0.0000015 RW 0.74pR2 0.60 0.12 0.02

1/ P-values for parameters are <0.01, except where it is
mentioned in parenthesis.

pR2 Partial R2.
b
0 Intercept quantifying maximum possible plant size.

b1w Coefficient quantifying intraspecific competition.
b2r Coefficient quantifying interspecific competition.
b3x Coefficient quantifying interaction effect of species.
Sample number were 120 for each DAE.
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variation in LnW in mixtures throughout the growing

season. Additional 5 to 12% of the total variation in LnW

was explained by density of ryegrass. Interaction terms

explained only 1 to 2% of the total variation in LnW

(Table 2.5).

In no case did the RW appreciably improve the model

R2; rather it complicated interpretation deviating from

the assumption of additivity in the models (Spitters,

1983). Significant interaction term indicate complicated

relationships between the species. One explanation for

such interrelationships may be that lodging-susceptible

ryegrass utilized the lodging-resistant wheat to remain

erect, which exposed ryegrass to better light

environments and growth. IWD explained 31 to 74% of the

total variation in LnR while IRD explained 5 to 27% of

the total variation in LnR (Table 2.6). The RW explained

an additional 2 to 10% of the total variation in LnR,

compared to 1 to 2% for LnW. For ryegrass, RW increased

in importance towards maturity of species.

No significant slopes could be detected for the

influence of both species on LnR at 15 DAE, suggesting

that either interspecific competition had not yet begun

at first tillering stage of wheat or the power of the

model failed to detect it. The partial R2 values in

subsequent models for both species suggest that the

influence of IWD on the LnW and LnR was more important



Table 2.6. Log models explaining per-plant biomass (g) ofItalian ryegrass in mixture.i

DAE b0 b2w bir b3x R2

90 LnR = 0.0477 - 0.004 IWD - 0.001 IRD
(0.59)

pR2 0.74 0.05 0.00
170 LnR = 1.585 - 0.0057 IWD - 0.0018 IRD + 0.0000027 RWpR2 0.70 0.05 0.02
225 LnR = 3.523 - 0.0033 IWD 0.0026 IRD + 0.000004 RWpR2 0.38 0.23 0.08
275 LnR = 4.029 - 0.0027 IWD - 0.0024 IRD + 0.0000033 RWpR2 0.31 0.27 0.10

0.79

0.77

0.69

0.68

1/ P-value for parameters are <0.01, except where it ismentioned in parenthesis.
pR2 Partial R2.
b0 Intercept quantifying maximum possible plant size.b2w Coefficient quantifying interspecific competition.b1r Coefficient quantifying intraspecific competition.b3x Coefficient quantifying interaction effect of species.Sample number were 120 for each DAE.
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Table 2.7. Relative competitive ability and ND ofwheat and ryegrass in mixture.

DAE RCAmi ND

Wheat
(biw/b2r)

Ryegrass

(b1r/b2w)

90 2.83 0.25 0.70170 4.30 0.33 1.41225 3.10 0.79 2.45275 1.81 0.89 1.61
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Figure 2.4. Predicted biomass (g re) of wheat as affectedby its density at different growth stages inmonocultures.
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than was the influence of IRD (Table 2.5 & 2.6). Partial

R2 for influence of ryegrass on itself (Table 2.6)

increased at 225 and 275 DAE; and partial R2 for influence

of wheat on ryegrass decreased, suggesting that ryegrass

became more important to influence wheat in mixtures as

they aged (Table 2.6).

The predicted regression lines for each growth stage

of wheat in monocultures (Figure 2.4) and ryegrass

(Figure 2.5) clearly describe the joint influence of time

(age of plants) and density. The regression lines for 15

DAE for wheat, and for 15 and 90 DAE for ryegrass, are

horizontal, indicating no direct quantifiable influence

of density on per-plant biomass. Later, the influence of

IWD (Figure 2.4) and IRD (Figure 2.5) on biomass became

more pronounced.

Relative Competitive Ability and Niche Differentiation

An RCami of 2.83 for wheat at 90 DAE means that one

wheat plant was as competitive as 2.83 ryegrass plants in

influencing wheat per-plant biomass or wheat was a 2.83

times stronger competitor than ryegrass for the biomass

of wheat at that stage of growth. An RCAmi of 0.25 for

ryegrass at 90 DAE, from the perspective of a ryegrass

plant, means that one ryegrass plant was as competitive

as 0.25 wheat plants in influencing per-plant biomass of

ryegrass in mixtures or one wheat plant in mixtures was



59

similar to the presence of four ryegrass plants at 90

DAE. The ND was >1 from flower primordia initiation

(double ridge stage) to maturity, indicating that these

species partly avoided each other in competing for

limited resources during the late phenological stages.

The RCAmi of wheat was the highest at 170 DAE

(double ridge stage of wheat) and declined progressively

towards maturity (Table 2.7). The RCAmi of ryegrass

progressively increased. Although RCAmi of ryegrass was

always less than wheat, ryegrass expanded its zone of

exploitation during the reproductive stages and usurped

more resources such that at 275 DAE it was nearly an

equal competitor.

Relative Competitive Effect and Response

The relative competitive effect and response

relationships of the species at various growth stages

were examined to further understand relative competitive

abilities and intensity of competition (Shainsky, 1988).

The relative competitive effect compares between the

equations of wheat and ryegrass to assess intra- vs.

interspecific effects for any particular growth stage.

The relative competitive response is a within equation

comparison for specific species for a specific growth

stage.

For example, these are illustrated using the
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equations for 170 DAE for both species. The coefficient

for influence of wheat on ryegrass at 170 DAE explaining

per-plant biomass of ryegrass (Table 2.6) is -0.0057; the

intraspecific competition coefficient for wheat is

0.0043 (Table 2.5); the RCEW 1.32 =(-0.0057/-0.0043) at

170 DAE. Therefore, this RCEW compares the effect of

wheat on ryegrass biomass relative to its effect on other

wheat plants. The RCER 1.29 = (-0.0018/-0.0014) at 170

DAE and compares effect of ryegrass on wheat with its

effect on itself.

RCRW is the response of wheat to ryegrass density,

relative to its response to its own density and ryegrass.

AT 170 DAE, the RCRW (Figure 2.7) was 3.07 = (- 0.0043/-

0.0014). The relative response of ryegrass to ryegrass

and wheat densities, the RCRR, was 3.17 = (- 0.0057/-

0.0018).

At 90 DAE, wheat had a greater impact on itself than

on ryegrass (Figure 2.6). This asymmetry decreased with

age of plants, such that at the end of the season (270

DAE) wheat had similar effects on itself and on ryegrass.

At 90 DAE, ryegrass had similar effect on wheat and on

itself. Over time, ryegrass had increasingly more

asymmetric effect, with larger effect on wheat than on

itself, which reached a maximum at 225 DAE.

The relative competitive response suggests how

sensitive one species was relative to the effect of the
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Figure 2.6. Relative competitive effect of wheat (RCEW)
and ryegrass (RCER) in mixtures.
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other. Both species were more sensitive to wheat than to

ryegrass (RCR>1) (Figure 2.7). Ryegrass was initially

more sensitive to wheat than was wheat and eventually

became less sensitive to wheat than was wheat. Wheat was

always more sensitive to intraspecific competition than

to competition from ryegrass. Through most of the season,

wheat was about three times more sensitive to itself than

to ryegrass; however, dropped to 2 times more to itself

at maturity. Ryegrass was initially four times more

sensitive to wheat than to itself. This sensitivity

declined dramatically over time and at 225 DAE ryegrass

was equally sensitive to wheat and ryegrass competitors.

Although winter wheat and Italian ryegrass have

similar life histories, their strategies for capturing

resources appear to be temporally and vertically

separated. Wheat grows faster than ryegrass at the early

stages (Chap. 4) and competes intraspecifically. This

intraspecific competition becomes more intensive with

increase in density and age of plants in monocultures.

Ryegrass grew more slowly at the early stages, such that

the onset of competition was delayed. After 15 DAE when

RCAm was 4, the RCAm approached about 1 at 90 DAE. An

RCAm of 1 indicates that both wheat and ryegrass are

equally competitive in monocultures.

The dynamics in RCAmi indicate that the resource

capturing ability of wheat was reduced while ability of
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ryegrass increased with time. Final wheat plant size was

smaller than ryegrass in mixtures. Small increase in

ryegrass RCAmi at late growth stages may be highly

detrimental to wheat plants. A variety of strategies

could cause such shifts in RCAmi. Rapid stem elongation

and leaf area expansion by ryegrass, at the reproductive

stage when it overtops wheat, could be the most important

trait of ryegrass contributing to its increasing RCAmi.

Because when ryegrass overtopped wheat, it reduced solar

radiation and thus dry matter assimilation in wheat

plants, while absorbing adequate solar radiation to

assimilate dry matter itself. Thus, ryegrass plant

modified the light environment, which reduced wheat

biomass.

Selecting a wheat variety that is taller than

ryegrass but still lodging resistant could be important.

Otherwise, tall ryegrass needs to be controlled. A growth

analysis of both species is necessary to examine the

changes in plant height, leaf area expansion and

duration, and relative growth rate. Effect of spring

nitrogen application should also be investigated. Grain

yield studies would be useful in understanding the

strategy and extent of competition between the species.

Final Total Yields (g m-2)

Separate regression models were generated for final
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total biomass and grain yields of wheat and ryegrass. The

first set of regression models (Table 2.8) used species

density and interaction of species densities as predictor

variables. In the second set of regression models,

species density, species proportion, and interaction of

species densities and proportion were used as predictor

variables.

The first set of regression models indicated that

wheat final biomass (LnWBM) increased linearly with

increase in IWD and RW (Table 2.8). LnWBM decreased with

increase in IRD. The IRD accounted for 34% of the total

variation in LnWBM, IWD 27%, and RW 5%. Ryegrass final

biomass (LnRBM) decreased with increase in IWD and

increased due to RW. LnRBM was not affected by IRD.

In wheat final grain yield (LnWGY), only 2% of the

total variation in LnWGY was explained by IWD and 52% was

explained by negative influence of IRD indicating that

ryegrass had a stronger negative influence on LnWGY than

it did on LnWBM. Ryegrass total final grain yield (LnRGY)

decreased with increase of both IWD and IRD but increased

due to RW.

The second set of regression models (Table 2.9) on

LnWBM and LnWGY indicated that wheat biomass increased

with increases in IWD and proportion of IWD (P1), but

decreased due to interaction of IWD (D1) and P1. In

contrast, LnRBM decreased with increase in IRD



Table 2.8. Models on final yields (g m-2) using qpecies densitiesand interaction of species densities.'

b0 bw br bx R2 Cp
LnW414 = 6.547 + 0.0009 IWD - 0.00213 IRD + 0.0000021 RW 0.66 4.0pR4 0.27 0.34 0.05
LnRVI = 6.812 - 0.0038 IWD + 0.0000043 RW 0.73 2.0pre 0.53 0.20
LnWqY = 5.191 + 0.0006 IWD - 0.00310 IRD + 0.0000026 RW 0.72 4.0pit 0.02 0.52 0.17
LnRQY = 4.731 - 0.0029 IWD - 0.00027 IRD + 0.0000024 RW 0.75 4.0pR4 0.67 0.01 0.07
1/ b0 Coefficient qunatifying maximum yield in absence ofcompetition.

bw Coefficient quantifying effect of wheat densityon (IWD) species final yields in mixture.br Coefficient quantifying effect of ryegrass densityon (IRD) species final yields in mixture.bx Coefficient quantifying effect of species' densitiesinteraction (RW) on species final yields.p-values for parameters were <0.03.Number of observations for each equation was 120.
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(pR2 = 0.02) and P1 (pR2 = 0.76) but increased slightly

with interaction of IRD and P1 i.e. D2P1 (pR2 = 0.03) .

LnWGY increased with increase in P1 (pR2 = 0.86) but

decreased with increase in IWD and due to D1P1. LnRGY

decreased with increase in IRD or P1 and was not affected

by D2P1.

The predicted values from regression models in Table

2.8 and Table 2.9 were compared with the observed values

for final yields of each species for a set of densities

and proportions. The regression proportion models using

species densities in Table 2.8 over-predicted 10% for

LnWBM, 5% for LnRbm, and 7% each for LnWGY and LnRGY for

mixture treatment of 100 IWD and 100 IRD (Table 2.10). In

contrast, regression models in Table 2.9 under-predicted

5% for LnWBM, 1% for LnRBM and 2% for LnWGY, and over-

predicted 0.1% for LnRGY (Table 2.11) for the same

mixture treatment. The model with proportions predicted

slightly more accurately than those with densities. This

could be attributed to the greater correlation of final

yields to proportions than densities of the species

(Figure A2.2).

Plant Population Dynamics (self-thinning)

The number of plants of each species in monocultures

and mixture were counted at first tillering (Day 15) and



Table 2.9. Models on final yield (g m-2) using species densities,
proportion, and interaction of densities and
proportions. 1

b0 b
1 b

2 b
3 R2 Cp

LnWBM = 5.100 + 0.0017 IWD + 2.199 P1 - 0.0019 D1P1 0.92 4.0pR2 0.01 0.88 0.03

LnRBM = 7.672 - 0.0011 IRD 3.121 P
1 + 0.0026 D

2P1 0.81 4.0pR2 0.02 0.76 0.03

LnWGY = 3.283 - 0.0008 IWD + 2.800 P1 - 0.0014 DiPi 0.89 4.0pR 2
0.01 0.86 0.02

LnRGY = 5.360 - 0.0010 IRD - 2.253 P
1pR2 0.11 0.64

0.75 2.6

1/ b0 Intercept, a product of interaction of Proportion and
intercept for linear relationships of ryegrass
biomass and its density in monoculture.

b
1 Coefficient quantifying effect of species density on its

final yields.
b
2 Coefficient quantifying effect of proportion of wheat

on species yields in mixture.
b
3 Coefficient quantifying the effect of interaction of

density of either species and proportion of wheat
on species final yields in mixture.

P-values for parameters were <0.03.
Number of observations for each equation was 120.
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Table 2.10. Comparison of predicted and observed valueson final total yields of wheat and ryegrass asobtained by regression models using densitiesand interaction of densities.)

Variables Log yields (Lng m-2)

Predicted Observed t Difference

LnWBM 7.255 6.580

LnRBM 6.475 6.189

LnWGY 4.960 4.629

LnRGY 4.438 4.129

10

5

7

7

1/ Independent variable used for calculating
predicted values wee:
IWD = 100 plants m-",;
IRD = 100 plants m-4; 4nd
RW = 100*100 plants m4.
Lng = Natural log of g.
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Table 2.11. Comparison of predicted and observed values
on final total yields of wheat and ryegrass as
obtained by regression models using density,
proportion, and interaction of density and
proportion.1

Variables Log yields (Lng m-2)

Predicted Observed Difference

LnWBM 6.274 6.580 -5

LnRBM 6.131 6.189 -1

LnWGY 4.533 4.629 -2

LRGY 4.133 4.129 0.1

1/ Independent variables used for competing predicted
values were:
IWD = 100 plants m-,2);
IRD = 100 plants m-`;
P
1 0.5;

D1P1 0.5*100 plants m-?,; and
D2 P1 = 0.5*100 plants re'.
Lng = Natural log of g.
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maturity (Day 275). These densities then were compared

with the initial planted densities (Day 0). At tillering

stages (day 15), plant population densities of wheat

(Figure 2.8) and ryegrass (Figure 2.9) were similar to

the planted densities in monocultures and mixtures. At

maturity (day 275), population at higher total initial

densities had undergone substantial self-thinning. In all

populations that were initially planted at or over 200 m
2, final densities self-thinned to about 200 plants m-2.

These results on plant population dynamics do not reveal

when and how seedling mortality occurred. Perhaps severe

mortality occurred in the spring when leaf area of

species, especially of ryegrass, increased rapidly,

creating mutual shades. However, it would be interesting

to study the time course of mortality under competitive

situations.

Operationally, wheat is planted by farmers at about

200 plants m-2 and ryegrass is planted at about 500 plants

m2 (10 kg ha-1). Ryegrass decreased to 100 plants m2 by

maturity. Besides relatively inexpensive seed cost, it

may be useful to know why farmers use such a high density

of ryegrass. One advantage of planting ryegrass at high

density could be reduced cost for weed control. In this

study, only one weeding was required for plots with a

total density of 200 plants m2 or more. Two additional

weeding were required for all plots with total density of
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74

less than 200 plants m2.

Yield and Yield Components

Main effects of densities in mixtures. An increase in

ryegrass density in mixtures decreased biomass yield

(Figure 2.10), grain yield (Figure 2.12), and harvest

index (Figure 2.12) of wheat. The rate of decrease was

greater at lower densities of ryegrass. The biomass yield

(Figure 2.12) and grain yield (Figure 2.13) of ryegrass

decreased as wheat density increased in mixtures. A

comparison between Figure 2.10 and 2.11 reveals that the

decrease in wheat biomass yield in presence of 9 plants m
2 of ryegrass (IRD) was greater than the rate of decrease

in ryegrass biomass yield in presence of 9 plants m2 of

wheat (IWD). A similar trend was also found in grain

yield. These results suggest that wheat was more affected

by the presence of ryegrass in mixtures than ryegrass was

by wheat in mixtures. Contrary to the wheat harvest index

(WHI) (Figure 2.14), ryegrass harvest index (RHI)

increased at high densities of wheat in mixtures (Figure

2.15). Wheat at high density was a better support for

ryegrass which is susceptible to lodging. Wheat

prevented lodging and, perhaps, assisted in better grain

filling of ryegrass and greater RHI than monoculture

ryegrass.
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Figure 2.15. Main effect of wheat density on the harvestindex of ryegrass in mixture.
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Interaction effect on wheat biomass. In monocultures,

highest wheat biomass was observed at 100 IWD (initial

wheat plants m-2) and the lowest at 9 IWD (Figure 2.16).

In monocultures, wheat biomass decreased with increase in

wheat density up to 400 IWD or more. Because biomass was

not maintained at the highest level ( i.e. constant final

yield), the site was probably limited by resources. As

ryegrass density was increased in mixtures, wheat biomass

decreased. Further, the rate of decrease was greater when

wheat density was less than 100 IWD. An increase in wheat

density up to 100 IWD or more increased its biomass,

regardless of the density of ryegrass in mixtures. This

means that increased wheat density could produce greater

wheat biomass yield by suppressing ryegrass biomass. The

biomass of wheat in 400 IWD + 25 IRD mixture was similar

to that of wheat in monocultures with 400 IWD. This

suggests that while 25 IRD significantly reduced wheat

biomass at 100 IWD, biomass at the same number of

ryegrass was significantly suppressed by increasing wheat

density to 400 IWD.

Interaction effect on ryegrass biomass. Maximum ryegrass

biomass was obtained in 100 IRD monoculture (Figure 2.17)

and decreased at all other densities. The decrease in

ryegrass biomass was more pronounced at higher density

than at lower density. The experimental site appears to
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Figure 2.16.' Interaction effect of species densities onthe biomass yield of wheat.
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be limited in resources to support high plant density of

ryegrass. This was not, however, violation to the law of

constant final yield. When wheat was added to ryegrass,

ryegrass biomass was significantly decreased. Including

100 IWD or more to 100 IRD or less in mixtures, ryegrass

biomass was be reduced by 69 to 96% (Figure 2.17). Unlike

wheat biomass, ryegrass did not show a tendency to

increase in biomass with increase in its own density,

regardless of the density of wheat.

Interaction effect on wheat grain yield. The maximum

grain yield of wheat was obtained from monocultures at

densities of 100 IWD followed by 25 and 9 IWD (Figure

2.18). Grain yield of wheat decreased with increase in

wheat density beyond 100 IWD in monoculture. Inclusion of

ryegrass to wheat density reduced the grain yield of

wheat. Even 9 IRD to 100 IWD reduced wheat grain yield by

33%. Appleby and Brewster (unpublished data) found an

average of 38% loss in wheat grain yield in mixture with

20 IRD. A decrease in wheat grain yield appears to be

disproportionate to a decrease in biomass yield and the

RCAmi of wheat. The RCAmi which is based on the total

biomass may be a good index for biomass but not for grain

yield. Wheat grain formation and development might have

been limited in some way that the RCAmi does not explain

at all. The decrease in wheat grain yield in mixtures
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Figure 2.17. Interaction effect of species densities onbiomass yield of ryegrass.
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Figure 2.18. Interaction effect of species densities ongrain yield of wheat.
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could be caused by several factors including: decreased

fertilization, lower photosynthesis after anthesis, lower

translocation or restricted partitioning of carbohydrate

during grain filling. A growth analysis might partly

explain the causes of lower grain yield in wheat (Chap.

4) .

Interaction effect on ryegrass grain yield. Maximum

ryegrass grain yield was obtained at 25 IRD monoculture

(Figure 2.19). The maximum biomass of ryegrass was,

however, obtained in 100 IRD monoculture of ryegrass.

Ryegrass grain yield decreased as its density increased

over 100 IRD or decreased below 25 IRD. Adding wheat up

to 100 IWD to 25 IRD increased ryegrass grain yield. This

increase in ryegrass grain yield may have been due to the

prevention of lodging of ryegrass by wheat. Increase in

wheat density over 100 plants re progressively decreased

ryegrass grain yield regardless of the density of

ryegrass itself. With 400 IWD in 25 IRD, ryegrass grain

yield was reduced by more than 88% (Figure 2.19). Even

after such a severe suppression of ryegrass grain

production by wheat, ryegrass produced about 30 kg ha4

seed which is twice as much as the farmers' seed rate.

Assuming no herbivory and 95% germination of seeds, this

amount is enough to produce a ryegrass stand with 660

plant m2. Results from this study indicated that even 9
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Figure 2.19. Interaction effect of species' densities on
the grain yield of ryegrass.
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IRD of ryegrass could cause 33% reduction in wheat grain

yield in 100 IWD and 30% in 400 IWD of wheat (Figure

2.18).

Although wheat and ryegrass exhibited similar

competitiveness in monocultures (equal RCAm), their

competitive abilities differed in mixtures. In mixtures,

ryegrass had lower RCAmi based on per-plant biomass.

Grain yield of ryegrass decreased at a lower rate than

the decrease in wheat grain yield in some density

combinations. For example, wheat grain loss at 100 plants

IWD due to 25 IRD was 56%. An analogous mixtures of

ryegrass would result in 36% loss in ryegrass grain

yield. Wheat had strong effect on ryegrass during the

vegetative stages substantially reducing ryegrass plant

size in mixtures (Figure 2.6 and 2.7). Ryegrass, on the

other hand, had a strong effect on wheat during the

reproductive stages.

Interaction effect on number of spike of wheat . The

highest number of wheat spikes m2 was recorded at 100 IWD

monoculture and 100 IWD + 9 IRD mixtures (Figure 2.20).

In monocultures, the spikes decreased at both lower or

higher IWD, although there was no difference in number of

wheat spike between 400 and 800 IWD. Inclusion of any

number of ryegrass to wheat (except 100 IWD + 9 IRD

mixtures) decreased wheat spike number, the rate of
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decrease being greater when wheat density was the lowest.

With the increase in the IWD of wheat, the suppressing

effect of ryegrass on wheat spike number was diminished.

However, the presence of 100 IRD or more did

significantly reduce wheat spike number even at the

highest level wheat density.

Interaction effect on number of ryegrass spike. The

highest number of ryegrass spike m-2 was recorded at 9,

and at 25 IRD and 9 IWD + 9 IRD mixture (Figure 2.21).

The number of ryegrass spikes decreased with increase in

density of ryegrass over 25 IRD or wheat over 9 IWD due

to a decrease in the number of fertile tiller. The rate

of decrease in ryegrass spike number was lower in the

presence of 25 IWD or less. At 400 IWD or more, the

number of ryegrass spikes m2 was reduced by more than 84%

(Figure 2.21).

Interaction effect on harvest index. Highest WHI (grain

yield/biomass yield) was observed in 9 IWD monoculture

(Figure 2.22). The WHI decreased with increase in

monoculture wheat density or increase in ryegrass density

in mixtures.

Maximum RHI was recorded when 9 IWD were growing in

presence of 800 IWD (Figure 2.23). The RHI was always

0.20 or more in 9 and 25 IRD in presence of 400 or 800
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Figure 2.20. Interaction effect of species' densities onwheat spike number.
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Figure 2.21. Interaction effect of species' densities onryegrass spike number.
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IWD. The greater RHI in these mixtures could be

attributed to better grain filling as the ryegrass heads

stayed over wheat and wheat prevented ryegrass from

lodging. Also the ryegrass plants were etiolated such

that their biomass was low. This indicates that lodging

is an important factor to lower grain yield in ryegrass.

The RHI was 0.15 in monoculture ryegrass and in mixtures

with lower wheat density at all level of ryegrass

densities.
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Figure 2.23. Interaction effect of species' densities on
ryegrass harvest index.
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SUMMARY

An addition series experiment was conducted at

Oregon State University Schmidt Farm (44° 37'N, 123° 13'W)

near Corvallis to examine the competitive interaction

between winter wheat and Italian ryegrass. Six densities

of each species ranging from 0 to 800 plants re of each

species and all possible mixture combinations, were used.

An expanded log model was adapted from Spitters (1983) to

quantify intra- and interspecific competition. Species

densities predicted >81% of the total variation in

monocultures. Intraspecific competition began between 15

and between 90 days after emergence (DAE) in wheat

monoculture, and 90 and 170 DAE in ryegrass monoculture.

In mixtures, wheat density was a better predictor of

biomass than ryegrass density for both the species. The

interaction term contributed little to models in

mixtures. The relative competitive ability in

monocultures was close to unity. In mixtures, the

relative competitive effect of wheat decreased after its

double ridge stage (160 DAE) while that of ryegrass

increased towards maturity.

Species densities and interaction of species'

densities predicted 66 to 72% of the variance in yields

of both the species. However, ryegrass density was not a

significant predictor for its biomass when in mixtures
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with wheat. Prediction was slightly improved when species

proportions were incorporated into the models. There was

a significant interaction between densities of species in

models describing biomass yield, grain yield and spike

number of both the species. Biomass and grain yield of

each species decreased most rapidly at the lowest

density. Wheat exhibited a strong tendency to increase

its biomass with an increase in its own density by

diminishing the effect of increasing density of ryegrass.

Neither wheat grain yield, wheat biomass nor grain yield

of ryegrass exhibited such a prominent tendencies. For

both species, final densities self-thinned to about 200

plants m2 even up to initial densities of 800 plants 111.
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CHAPTER 3

EFFECT OF SPATIAL ARRANGEMENT OF WINTER WHEAT ON THE

INTERACTION OF WINTER WHEAT AND ITALIAN RYEGRASS

GROWN AT VARIABLE DENSITIES AND PROPORTIONS

INTRODUCTION

Spatial arrangement is the horizontal aggregation

and dispersal of plants on the ground (Radosevich, 1987).

It is one of the most important components of the

proximity factors that influence resource capture and

competitive ability of plant species. By developing

several stochastic models for interference, Fischer and

Miles (1973) theoretically predicted that both early

emergence and high rectangularity (e.g., wide row

spacing) enhance competitive ability of weeds while

reduction in rectangularity (e.g., square or equilateral

triangle) should reduce the influence of weeds on crop.

Their predictions were based on two assumptions: (1)

after emergence, crop or weed seedling domains expand as

a circle until each meets the circle of another plant,

ultimately plant establishes a zone of exploitation

(domain); (ii) the final dry matter yield of each plant

is directly proportional to the area of exploitation.

The manipulation of rectangularity through row

spacing, can be a powerful tool to obtain effective
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species combinations (Huxely, 1983). In wide row spacing

of crop plants, weed plants present between rows have

more space from which to usurp resource and establish

domains. If crop rows are spaced closely, the conditions

become more favorable for crop plants and less favorable

for weeds.

Crop production follows the principles of

facilitation and suppression. All production practices

are directed toward making the growing conditions more

favorable for crop and less favorable for weeds. Spatial

arrangement may be yet another factor that could

facilitate crop growth and suppress weed growth.

Italian ryegrass is a serious weed in wheat field of

west of Cascade Mountains, Oregon (Appleby, 1976; Burril

et al., 1988). Close row spacing of wheat may increase

its competitive ability over wide row spacing at the same

density (Fischer and Miles, 1973). This may result in

enhanced wheat grain yield by suppressing ryegrass

growth. Some studies have addressed the effect of spacing

on the performance of wheat. For example, Auld et al.

(1983) and Medd et al. (1985) investigated effect of

planting arrangements and densities of wheat on the

competition of wheat and ryegrass. None of these authors

used an addition series design. Little information is

available on the effect of spatial arrangement of winter

wheat on ryegrass grown at variable densities and
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proportions arranged in an addition series.

This experiment was conducted to:

(1) quantify the response of per-plant biomass of

wheat and ryegrass to changes in spatial arrangements of

wheat at variable densities and proportions using

regression analyses;

(2) examine the response of final biomass yield,

grain yields and yield components of both species to

spatial arrangements of wheat;

(3) relate the total N uptake by wheat and ryegrass

to the competitive abilities of both the species;

(4) examine shift in canopy dominance of both

species during the growing season; and

(5) examine germination of progeny seeds of both

species grown at variable densities.
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MATERIALS AND METHODS

Site Characteristics

The experiment was conducted at the Oregon State

University Hyslop Crop Science Field Laboratory (Schmidt

Farm) (44° 37'N, 123° 13'W) near Corvallis, Oregon. The

soil type and soil characteristics were described on page

38 (Chap. 2). Crops received more than normal DD and PAR

although they received less precipitation. The mean

monthly precipitation from September, 1989 to June, 1990

was 83.9 mm which was 22 mm less than the normal (average

over 30 years). Precipitation in November and December,

1989, and March of 1990 were much less than normal

(Figure 3.1). The site was warmer than normal during the

growing season (Figure 3.2). Crops received more than

normal DD in tillering, double ridge, and booting stages

of wheat. The site also received slightly greater

Photosynthetically active radiation (PAR) than normal

(Figure 3.3).

Treatments

Four densities ( 0, 25, 100, and 400 plants m2) each

for wheat and ryegrass formed an array of densities. Two

spatial arrangements were incorporated into the 25 and

400 plants m2 densities of wheat to achieve

rectangularities of 1 and 4. And three spatial
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arrangements were incorporated into the 100 plants m2

density of wheat to achieve rectangularities of 1, 4, and

16 (Table 3.1). The first and second columns in Table 3.1

were then combined both vertically and horizontally to

form a matrix (addition series) of densities and

proportions of both species, and spatial arrangements of

wheat only (Table 3.2). Ryegrass locations were random in

all treatments.

Table 3.1. Densities of Italian ryegrass, and densities
and spatial arrangements of winter wheat with
corresponding rectangularity.)

Ryegrass Wheat Wheat Rectan-

(No. m-2) (No. m-2) Space
(cm)

gularity

R1 0 Wi 0 -

R2 25 W2 25 20 X 20 1

R3 100 W3 25 40 X 10 4

R4 400 W4 100 10 X 10 1

W5 100 20 X 05 4

W6 100 40 X 2.5 16

14.7 400 05 X 05 1

W8 400 10 X 2.5 4
if R1, R2, R3, and R4 stand for ryegrass density

levels and W1 to W8 for wheat.
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Table 3.2. Addition series encompassing density,
proportions, and spatial arrangements for 1989-90
competition experiment.

Wheat R1 R2 R3 R4 Wheat
Space
(cm)

WI 0/0 0/25 0/100 0/400

W2 25/0 25/25 25/100 25/400 20 X 20

W3 25/0 25/25 25/100 25/400 40 X 10

R4 100/0 100/25 100/100 100/400 10 X 10

R6 100/0 100/25 100/100 100/400 20 X 05

R6 100/0 100/25 100/100 100/400 40 X 2.5

R7 400/0 400/25 400/100 400/400 05 X 05

R8 400/0 400/25 400/100 400/400 10 X 2.5

Measurement of Leaf Area Index.

The percent sward was measured at three canopy

heights at 90 (maximum tillering) and 200 (booting) DAE

by the nondestructive point interception method (Barbour

et al., 1987). In this method several metal pins are

arranged on frames that rigidly limit the pins to a

vertical path perpendicular to the ground. Five pins were

set at 6.5 cm. The whole frame was placed on the plot and

each pin penetrated the canopy while counting number of

contact on leaves or stems of each species. The percent

sward was calculated as follows (Barbour et al., 1987):

No. of contacts with species A
sward = X 100 [Eq. 3.1]

total no. of contacts



The percent sward weights each species by its canopy

thickness or cover repetition. It is an index of the

relative cover frequency of species in sward. For

measuring the cover of low vegetation, the point

interception method may be the most trustworthy and

objective method available (Goodall, 1957). LAI was

estimated as follows:

total no. of contacts with Species A
LAI =

total number of pins used
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[Eq.3.2]

Concannon (1987) used this equation to nondestructively

determine the LAI over the growing season of wheat and

ryegrass.

LAI was estimated at three canopy layers (depths) in

selected monocultures and mixtures at 90 DAE (maximum

tillering stage of wheat) and 200 DAE (booting stage of

wheat). The canopy layers (depths), starting from the top

of the canopy in monocultures and mixtures at each

sampling day were as shown in Table 3.3. The treatments

on which LAI were estimated include: 100 IWD, 400 IWD, 25

IRD, 100 IRD, 400 IRD, 100 IWD + 100 IRD, and 400 IWD +

25 IRD. Light attenuation within a canopy may be computed

using Eq. 3.3 (Monsi and Saeki, 1953).

= Ioe-x:, [Eq. 3.3]
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Table 3.3. Height of canopy covered at each day of sample
at three canopy depths (layers).

Canopy depth 90 DAE 100 DAE

1 0-5 cm 0-15 cm

2 5-10 cm 15-30 cm

3 10-25 cm 30-72 cm

where is the light intensity below a given LAI (L), 10

is the light intensity above the canopy, L is LAI

(cumulative from the top of the canopy) and k is the

light extinction coefficient.

Nitrogen Analysis

Total nitrogen concentration for grain and straw of

each species were analyzed by Kjeldahl (Bremner and

Mulvaney, 1982) method. Four samples each for straw and

grain were selected from some treatments at RE 4 (Table

3.22). Total N uptake of each species was determined by

multiflying biomass (Kg/ha) of respective species using

its total N concentration in grain or straw.

Seed Germination Test

The germination of progeny seed for the

rectangularity of 1 of both species was tested. One

hundred seeds were placed in the petridishes for each

treatment and species from block 1, 2, and 3. Wheat seeds
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were germinated in a growth chamber 25°/15° C day/night

temperature in 12-hours photoperiod for seven days.

Ryegrass seeds were germinated 300/20° C day/night

temperature in a 9-hours photoperiod for 30 days.

Germination for wheat was recorded every day until all

seeds germinated. Ryegrass seed germination was recorded

every day for 15 days and once at 15 days later.

Intra- and Interspecific Models for Per-Plant Biomass

The intraspecific model forms adopted for wheat and

ryegrass monocultures were same as in Eq. 2.1. The

intraspecific model forms adopted for wheat monocultures

were as follows:

LnW = b0 + biwNI + b2RE + b3WR [Eq. 3.4]

where LnW is log-transformed biomass of wheat; b0 maximum

plant size in absence of competition; b1, intraspecific

coefficient of wheat; and N1 is density of wheat. RE

represents rectangularity of wheat. b2 is the

intraspecific competition coefficient for RE of wheat. b3

is the coefficient quantifying the effect of WR,

interaction of IWD and RE in wheat monocultures.

The model forms adopted for interspecific

competition effects in mixtures were as follows:
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LnW = b0 + 1;N1 + b2iN2 + b3RE [Eq. 3.5]

where Lnw, b0, bli, bz, N1, and N2 are as defined in Eq. 2.2

and b3 is the interspecific competition coefficient due to

variation in RE of wheat. Proportions were not included

in the models. Although proportion was a more influential

variable of biomass than densities, its inclusion with RE

would not only increase the complexity of the model but

also make the interpretation of the coefficient

difficult. The species interaction which explained only

little of the variation in per-plant biomass (Chap.2),

was also dropped from the model to simplify and better

understand the effect of RE as a predictor of per-plant

biomass of wheat and ryegrass in mixtures when densities

are varied. ICAm, RCAm, and RCAmi were calculated as

given on page 45. Coefficients of RE were ignored in

these calculations.
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RESULTS AND DISCUSSION

Models of Per-plant Biomass in Monocultures

Wheat. Multiple linear regression models indicated that

IWD and RE explained 59% of the total variation in LnW at

50 DAE in wheat monocultures (Table 3.4). Wheat biomass

decreased with increases in IWD and RE at 50 DAE. At 85

and 170 DAE, IWD and RE interacted to reduce LnW; but the

main effect of RE as a predictor variable disappeared;

while IWD was still the most influential predictor

variable. The model for 85 DAE explained 86% and models

at 170 DAE explained 96% of the total variation in LnW.

From 210 DAE to maturity, neither RE nor the interaction

of IWD and RE influenced LnW in monocultures. The pR2 for

IWD, the only predictor variable from 210 DAE until

maturity, declined gradually as maturity progressed

indicating that something other than density and RE were

becoming important. The slope for IWD reached a maximum

at 170 DAE, and then declined gradually, indicating that

maximum intraspecific competition occurred at 170 DAE.

Ryegrass. Simple linear log models generated on per-plant

biomass (g) of ryegrass (LnR) in monocultures indicated

that increases in IRD decreased LnR from 50 DAE until

maturity (Table 3.5). The rate of decrease in LnR



Table 3.4. Log models predicting per-plant biomass (g) of winter
wheat by its rectangularity, density, and interaction ofdensity and rectangularityin monoculture over the growing
season.1

DAE bo lw b2r b
3 R2 Cp

50 LnW = 0.047 - 0.0019 IWD - 0.0228 RE 0.59 2.0
(0.60) (0.03)

pR2 0.50 0.09

85 LnW = 0.741 - 0.0030 IWD 0.0002 WR 0.86 3.6
(0.02)

pR2 0.83 0.03

170 LnW = 2.604 - 0.0055 IWD - 0.0004 WR
pR2 0.91 0.05

0.96 2.6

210 LnW = 3.497 - 0.0054 IWD
pR2 0.83

0.83 1.5

225 LnW = 3.745 - 0.0050 IWD
pR2 0.80

0.80 1.7

270 LnW = 3.746 - 0.0043 IWD
pR2 0.63

0.63 2.0

1/ p-values for parameters are <0.01, except when it is mentioned
in parenthesis.

b 0 Intercept quantifying maximum possible plant size.
b 1w Coefficient quantifying intraspecific competition.
b2r Coefficient quantifying effect of RE. P0b
3 Coefficient quantifying effect of IWD*RE.

-- 3Number of observations are 28 at each DAE.
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Table 3.5. Log models predicting per-plant biomass(g) of Italian ryegrass by its density in
monoculture.1

DAE bo blr R2

15 LnR = -4.107 + 0.0017 IRD 0.25
(0.06)

50 LnR = -1.649 - 0.0018 IRD 0.41

85 LnR = -0.366 - 0.0020 IRD 0.69

170 LnR = 2.089 - 0.0052 IRD 0.72

210 LnR = 3.601 - 0.0058 IRD 0.71

225 LnR = 4.162 - 0.0059 IRD 0.79

270 LnR = 4.431 - 0.0061 IRD 0.87

1/ p-values for parameters are <0.01, except when
mentioned in parenthesis.b0 Intercept quantifying maximum possible plantsize.

blr Slope quantifying intraspecific competition.Number of observations are 12 for each DAE.
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increased with age, indicating that intraspecific

competition increased as LnR increased with age. Ryegrass

exhibited the most intraspecific competition at maturity.

The fact that wheat reached the most intraspecific

competitive stage at 170 DAE and ryegrass at maturity,

suggests a possible temporal separation of strategies of

the species to capture resources. This separation of

strategies may result in niche differentiation of the two

species. The IRD alone explained about 41 to 87% of the

total variation in LnR.

Intraspecific Competitive Ability of Species

The ICAm of each species demonstrated that wheat was

as competitive intraspecifically as ryegrass in

monocultures 85 to 270 DAE (Table 3.6). The ICAm of -1.00

indicates equal competitiveness in monocultures. The RCAm

was 0.23 at 50 DAE, indicating that wheat was more

competitive intraspecifically than ryegrass until 50 DAE.

The RCAm at 85 DAE in this experiment was 1.13 as

compared to 3.93 in the previous experiments (Table 2.5).

The reason for a lower RCAm values in 1989-90 may have

been due to slower growth of wheat in 1989 caused by

differences in environmental factors between two seasons.

Models of Per-Plant Biomass in Mixtures.

The expanded log models on per-plant biomass (g) in
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Table 3.6. Intraspecific and relative intraspecific
competitive ability of winter wheat and Italian
ryegrass in monoculture.

DAE

wheat
b0/b 1w

ICAm

ryegrass
b0 /b1r

RCAm

(b0 /biw)/(b0/bir)

50 43 203 0.23

85 207 183 1.13

170 401 402 1.00

210 640 612 1.05

225 749 707 1.06

270 950 726 1.31
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mixtures at each sampling day showed that IWD, IRD, and

RE explained 68 to 85% of the total variation in log

biomass of wheat (LnW) (Table 3.7). The pR2 values for

each of driving variables indicated that IWD was the most

influential factor in reducing LnW in mixtures, followed

by IRD and RE. The RE influenced LnW only up to 170 DAE

in mixtures. The RE influenced LnW up to 50 DAE in

monocultures. Increased RE decreased LnW up to 170 DAE in

mixtures. In mixtures, the interspecific competitive

effect from ryegrass on wheat might have accentuated the

effect of RE compared to monocultures. In RE 16, ryegrass

present between wheat rows were exposed to better

resources than RE 1. The influence of RE disappeared

after 170 DAE probably because of faster growth and

lodging of ryegrass.

The slope of IWD reached the maximum at double ridge

stage (170 DAE) and then decreased while the slopes of

IRD increased gradually with age. Perhaps, each species

in mixtures must be of equal height in order to clearly

observe an effect of rectangularity.

The IWD, IRD, and RE explained 52 to 76% of the

total variation in LnR in mixtures (Table 3.8). As

indicated by the pR2, IWD was the most influential

variable in reducing LnR, followed by IRD, and RE. The

patterns of the rate of change of biomass by IWD or IRD

(i.e., the slopes) in LnR were similar to those in LnW,



Table 3.7. Log models predicting per-plant biomass (g) of winter
wheat by rectangularity, its density, and density of Italian
ryegrass in mixture.

DAE bo blw b2r b
3 R

2 Cp

50 LnW = 0.048 0.0018 IWD 0.0004 IRD - 0.009 RE 0.68 4.0
(0.20) (0.02)

pR2 0.62 0.04 0.02

85 LnW = 0.700 - 0.0034 IWD 0.0003 IRD - 0.012 RE 0.85 4.0
pR2 0.83 0.01 0.01

170 LnW = 2.324 - 0.0050 IWD - 0.0007 IRD - 0.025 RE 0.82 4.0
pR2 0.78 0.02 0.02

210 LnW = 3.179 - 0.0044 IWD 0.0018 IRD
pR2 0.68 0.13

225 LnW = 3.432 - 0.0044 IWD - 0.0020 IRD
pR2 0.64 0.14

270 LnW = 3.432 - 0.0039 IWD - 0.0039 IRD
pR2 0.59 0.11

0.81 2.2

0.78 2.2

0.71 2.3

1/ p-values for parameters are <0.01, except when it is mentioned
in parenthesis.

b0 Intercept indicating maximum plant size.
b. Coefficient for wheat intraspecific competition.
b2r Coefficient for interspecific competition of ryegrass.
b
3 Coefficient explaining effect of RE.
Number of observations are 112 at each DAE.



Table 3.8. Log models predicting per-plant biomass (g) of Italianryegrass by rectangularity, its density, and density of winterwheat in mixture.'

DAE b0 b2w blr b3 R2 Cp

50 LnR = -1.811 0.0015 IWD 0.0012 IRD + 0.015 RE 0.52 4.0
(0.02)

pR2 0.62 0.04 0.02

85 LnR = -0.707 - 0.0038 IWD - 0.0012 IRD
pR2 0.62 0.07

170 LnR = 1.253 0.0056 IWD - 0.0026 IRD
pR2 0.59 0.14

210 LnR = 2.749 - 0.0039 IWD - 0.0028 IRD
pR2 0.41 0.25

225 Lng = 3.453 - 0.0040 IWD - 0.0034 IRD
pit` 0.40 0.34

270 LnR = 3.840 - 0.0036 IWD - 0.0039 IRD
PR2 0.43 0.33

0.69 3.6

0.73 2.0

0.66 2.0

0.74 2.0

0.76 2.3

1/ p-values for parameters are <0.01, except when it is mentionedin parenthesis.
b 0 Intercept indicating maximum plant size.
b2w Interspecific competition coefficient of wheat.
blr Intraspecific competition coefficient of ryegrass.b
3 Coefficient explaining effect of RE.

Number of observations are 96 at each DAE.
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except that slopes for IRD at maturity exceeded that of

IWD, indicating that ryegrass experienced more

intraspecific competition at maturity than interspecific

competition.

The increasing in RE increased LnR until 50 DAE

after which RE did not influence LnR in mixtures. An

increase in LnR at greater RE of wheat could be

attributed to less interspecific competition between

wheat and ryegrass because of their spatial separation.

Relative Competitive Ability and Niche Differentiation

Wheat exhibited maximum RCAmi at 85 DAE, the maximum

tillering stage of wheat (Table 3.9). The RCAmi of wheat

decreased progressively to 1.00 at maturity, while that

of ryegrass increased progressively to 1.08 at maturity.

Since RE significantly influenced LnW in mixtures until

170 DAE (Table 3.7), it confounded the RCAmi and ND

values up to 170 DAE. The ND value for 210 DAE suggests

that there was some niche differentiation between wheat

and ryegrass (i.e., these two species partly avoided

simultaneous resource use regardless of RE). An ND value

of >1.00 means that the two species could be more

productive when grown in mixture. Niche differentiation

disappeared after flowering and species were equally

competitive towards maturity. During the reproductive

periods, competition from ryegrass reduced grain yield.
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Table 3.9. Relative competitive ability and niche
differentiation of winter wheat and Italian
ryegrass in mixture.

DAE RCAmi

Wheat
biw/b2r

Ryegrass
bir/b2w

ND

(biw/b2r)/(bir/b2w)

50 4.45 0.80 5.56

85 12.14 0.32 37.93

170 7.14 0.46 15.52

210 2.42 0.71 3.40

225 2.20 0.85 2.59

270 1.00 1.08 0.92
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The ND values also suggest reasons why ryegrass was

suppressed by wheat at the early growth stages and why

wheat is suppressed at latter growth stages.

Models of Final Yields and Yield Components

Linear regression models were developed to predict

yields and yield components of wheat by IWD, RE and WR

(interaction of IWD and RE), and ryegrass by IRD in

monocultures. Multiple linear regression models were

developed to predict log yields and yield components of

wheat and ryegrass each by IWD, IRD, and RE.

Wheat. Multiple linear regression models of final per-

plot yield and yield components for monoculture wheat

indicated that increase in IWD significantly increased

biomass (g le) of wheat (LnWBM) and spike number of wheat

m2 (LnWSN) but decreased harvest index of wheat (LnWHI)

and grain size (g/500 grain) of wheat (LnWSS) (Table

3.10). Of the total variation IWD explained 30% for

LnWBM, 37% for LnWHI, 47% for LnWSN, and 18% for LnWSS.

The IWD did not have any linear effect on LnWGY in

monocultures.

The RE did not influence LnWBM, LnWHI, and LnWSS but

increase in RE increased LnWGY mainly through increasing

number of wheat spike m2 (LnWSN). The overall effect of

RE is interesting because the concept of spatial



Table 3.10. Log models predicting per-plot yield and yield componentsof wheat by its rectangularity, density, and interaction of densityand rectangularity in monoculture.)

bo
blr b

2 b
3 R

2 Cp

LnWBM = 7.41 + 0.0004 IWD 0.30 1.5][1:1'2) pRz
0.30

LnWGY = 6.03 + 0.0130 RE(g rd.".2) pR2
0.18

0.18 1.5

LnWHI = -1i327 - 0.0009 IWD
pRZ 0.37 0.37 1.5

LnWSN = 5.938 - 0.0011 IWD + 0.0104 RE(m-2) pR4 0.49 0.05
0.54 2.0

LnWSS = 3.Q64 - 0.0002 IWD
(g) pRz 0.18 0.18 0.9

1/ p-values for parameters are <0.01.
b
0 Intercept indicating minimum-yield or components

in presence of 1 plant m at RE 1.
in

bir Intraspecific competition coefficient of wheat.b
2 Influence of RE.

b
3 Influence of RW.

Figures below the parameters are pR 2 .

Number of observations are 28 at each DAE.
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arrangements should suggest that wheat plants grown in a

square should produce yield more than the ones grown in

a rectangle at the same density level. In this experiment

RE did not influence LnWBM but increased grain yield at

high RE. The greater yield in greater RE could be due to

more favorable environmental conditions. Although more

weeding were required at RE 16, the correlation (r2 =

0.98) between RE and the number of weedings was

insignificant (p = 0.12).

An increase in IWD depressed spike number of wheat

plant -' (LnWSNP), grain weight (g plant -') of wheat plant

(LnWGWP), and grain number plant-' (LnWGNP) (Table 3.11).

The IWD explained 78, 50, and 62% of the total variation

in LnWSNP, LnWGWP and LnWGNP respectively. The LnWSNP and

LnWGWP were not related to RE but as RE increased, LnWGWP

decreased. These differed from results reported by Auld

et al. (1983). They found greater yield in square

planting due to increase in spike number over that found

in rectangular arrangements in one experiment. However,

they found no significant difference due to RE in two

other experiments in drier areas of Australia.

In multiple linear regression models for mixtures,

IWD, IRD, and RE significantly influenced plot yields and

yield components viz., LnWBM, LnWGY, LnWSN, LnWSS, and

LnWHI (Table 3.12). The IRD was the most influential

predictor for wheat final yields and yield components,



Table 3.11. Log models predicting per-plant yield and yield components
of wheat by its rectangularity, density, interaction of density
and rectangularity in monoculture. 1

0 bir b2 b3 R 2 Cp

LnWSNP = 2.28 - 0.0045 IWD
pR 0.78

LnWGWP = 2.417 - 0.0042 IWD - 0.0410 RE
(g) pR 0.50 0.05

LnWGNP = 5.§07 - 0.0051 IWD
(No.) pR4 0.62

0.78 1.4

0.55 2.6

0.62 1.1

1/ p-values for parameters are <0.01.
Figures below the parameters are pie.
Number of observations are 28 at each DAE.



Table 3.12. Multiple linear regression models predicting final
per-plot yields and yield components of winter wheat by
its rectangularity and, densities
ryegrass in mixture.1

b0 b1 blw

of itself

b2r

and Italian

R2 CP

LnWBM = 6.892 + 0.0215 RE + 0.0021 IWD - 0.0031 IRD 0.70 4.0pR2 0.02 0.18 0.50

LnWGX = 5.296 + 0.0409 RE + 0.0018 IWD - 0.0050 IRD 0.68 4.0pR 0.04 0.04 0.60

LnWSN = 5.361 + 0.0297 RE + 0.0027 IWD - 0.0033 IRD 0.72 4.0pR2 0.03 0.25 0.44

LnWSS = 2.978 + 0.0059 RE - 0.0002 IWD - 0.0003 IRD 0.23 4.0pR2 0.07 0.05 0.11

LnWHI = -1.597 + 0.0198 RE - 0.0003 IWD - 0.0019 IRD 0.50 4.0pR2 0.05 0.01 0.44

1/ p-values for parameters are <0.01.
b0 Optimum yields or yield components produced in absence

of the influence of proximity factors.
b
1 Coefficient quantifying effect of RE.

biw Coefficient quantifying effect of IWD.
b2r Coefficient quantifying effect of IRD.

Number of observations for all dependent varaibles are 112.Units of dependent varaiables are as in Table 3.9.
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followed by IRD and RE. The IWD increased LnWBM, LnWGY,

and LnWSN but decreased LnWSS and LnWHI. All the plot

yields and yield components of wheat were depressed by

increased IRD in mixtures. The LnWSS decreased with an

increase in IWD or IRD and increased with increase in RE.

Proximity factors explained 23%, of the total variation in

LnWSS.

The per-plant yield components were influenced by

IWD and IRD, but not by RE (Table 3.13). An increase in

IWD or IRD decreased LnWSNP, LnWGWP, and LnWGNP. The IWD

decreased per-plant yield components more strongly.

Ryegrass. Simple linear regression models on per-plot

yields and yield components of ryegrass indicated that

LnRBM, LnRGY, harvest index of ryegrass (LnRHI), grain

size of ryegrass (LnRSS), and spike number of ryegrass

(LnRSN) were independent of IRD in monocultures (see p-

value of >0.10 for IRD in Table 3.14). These results are

confusing. Either the models are incapable of detecting

the influence of IRD or these variables of are really not

dependent on IRD i.e. yields in the lowest density (25

IRD) reached the 'constant final yield'. The effect of

IRD on plot yields and yield components may be tested by

ANOVA or GLM procedure to detect treatment difference.

The per-plant yield components of ryegrass, viz.,

grain number (LnRSNP), grain weight (LnRGWP), and grain



Table 3.13. Multiple linear regression models predicting final
per-plant yields and yield components of winter wheat
by its rectangularity and, 4nsities of itself and
Italian ryegrass

0 b1

in mixture.'

blw b2r R2

LnWSNP = 1.976 0.0034 IWD - 0.0027 IRD 0.58
pR2 0.27 0.19

LnWGWP = 1.866 - 0.0032 IWD - 0.0032 IRD 0.44
pR2 0.26 0.18

LnWGNP = 5.149 - 0.0026 IWD - 0.0030 IRD 0.38
pR2 0.23 0.15

1/ p-values for parameters are <0.01.
b0 Optimum yields or yield components produced in absence

of the influence of proximity factors.
b
1 Coefficient quantifying effect of RE.

biw Coefficient quantifying effect of IWD.
b2r Coefficient quantifying effect of IRD.

Number of observations for all dependent varaibles are 112.
Units of dependent varaiables are as in Table 3.11.
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Table 3.14. Log models predicting final per-plot
yields and yield components of Italian
ryegrass by its density in monoculture.1

LnRBM =
(g m-2)

LnRGY =
(g m-2)

b
0

7.372
<0.01

5.452
<0.01

blr

- 0.00 IRD
0.96

0.0053 IRD
0.29

R2

0.00

0.02

12

12

LnRHI = -1.753 - 0.0006 IRD 0.05 12
<0.01 0.22

LnRSS = 0.456 - 0.0001 IRD -0.04 12
(g) 0.48

LnRN = 6.171 - 0.0013 IRD 0.01 12(m-4) <0.01 0.34

1/ Figures below the parameters are P-values.

Table 3.15. Log models predicting final per-plantyields and yield components or Italian ryegrassby its density in monculture.-4

b0 blr R2 n

LnRSNP = 3.868 - 0.0066 IRD 0.98 12<0.01 <0.01

LnRGWP = 2.258 - 0.0048 IRD 0.51 12
(g) <0.01 <0.01

LnRGNP = 8.036 - 0.0051 IRD 0.53 12(No.) <0.01 <0.01

1/ Figures below the parameters are P-values.b0 Maximum possible value for the
dependent variable in absence of competition.blr Rate of decrease in the dependent
variable as IRD increases.
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number (LnRGNP) decreased as IRD increased (Table 3.15).

The rates of decrease in LnRSNP and LnRGWP are greater

than those in LnWSNP and LnWGWP in Table 3.10 as

indicated by coefficient of the slopes. The steeper

slopes for ryegrass indicated greater intraspecific

competition in ryegrass than wheat.

In multiple linear models for mixtures, none of the

yields and yield components of ryegrass were influenced

by RE (Table 3.16). However, the GLM procedure revealed

that RE significantly affected RBM and RSN. The effect of

RE on RBM and RSN may be nonlinear. If so, LSD may be

more useful test for this effect. Both IWD and IRD

significantly influenced yield and yield components of

ryegrass in mixtures. The LnRBM, LnRGY, and LnRSN

decreased as IWD increased but increased as IRD

increased. The LnRHI increased with increasing IWD and

decreased with increasing IRD. Growth of ryegrass in

mixtures with high density of wheat at low RE was

suppressed by wheat at vegetative stages. At reproductive

stages, ryegrass utilized wheat as support to remain

above wheat. This exposed ryegrass to better light

environments that helped in better grain formation and

filling of ryegrass. This resulted in greater ratio of

grain to biomass in ryegrass. These trends conformed to

those already described in Chap. 2. The LnRSS tended to

decrease as IRD increased (Table 3.16). The LnRSNP,



Table 3.16. Multiple linear regression models predicting finalper-plot yields and yield components of ryegrass by
rectangularjty and, densities of itself and winter wheatin mixture.'

b0 b2w blr R2 C0
P

LnRBM = 6.820 - 0.0029 IWD + 0.0016 IRD 0.68pR2 0.51 0.17

LnRGX = 4.936 - 0.0023 IWD + 0.0050 IRD 0.38pR 0.34 0.04

LnRSN = 6.122 - 0.0019 IWD + 0.0013 IRD 0.44pR2 0.29 0.15

LnRSS = 0.439 - 0.0001 IRD 0.06pR2 0.06

LnRH = -1.713 + 0.0008 IWD - 0.0010 IRD 0.21pR 0.07 0.14

2.07

2.31

3.07

1.75

2.26

1/ p-values for parameters are <0.01.
b
0 Optimum yields or yield components produced in absence

of the influence of proximity factors.
b
1 Coefficient quantifying effect of RE.

b2w Coefficient quantifying effect of IWD.
bir Coefficient quantifying effect of IRD.

Number of observations for all dependent varaibles are 128.Units of dependent varaibles are as in Table 3.14.



Table 3.17. Multiple linear regression models predicting final
per-plant yields and yield components of ryegrass by
rectangularity and, densities of itself and winter wheat
in mixture.i

b0
1 b

2 b
3 R2

LnRSNP = 2.901 - 0.0029 IWD - 0.0036 IRD 0.66
pR2 0.24 0.42

LnRGWP = 1.425 - 0.0031 IWD 0.0018 IRD 0.44
pR2 0.11 0.33

LnRGNP = 7.869 - 0.0016 IWD - 0.0034 IRD 0.43
pR2 0.07 0.36

1/ p-values for parameters are <0.01.
b0 Optimum yields or yield components produced in absence

of the influence of proximity factors.
b
1 Coefficient quantifying effect of RE.

b
2 Coefficient quantifying effect of IWD.

b
3 Coefficient quantifying effect of IRD.

Number of observations for all dependent varaibles are 112.
Units of dependent varaiables are as in Table 3.17.



127

LnRGWP, and LnRGNP were strongly depressed by both IWD

and IRD (3.17). IRD was more important than IWD.

GLM of Yield and Yield Components

Some of the preceding results indicated little or no

linear relation between yield and yield components of the

species and their densities and RE. GLM (general linear

models) analyses were performed to examine the effects of

IWD, IRD, RE and their interaction (RW or WR). GLM is

more efficient in handling the observations of unequal

cell size. Among the per-plot yields, WBM, WGY, and RBM

were significantly affected by RE (Table A3.1). The RE

did not interact with IWD or IRD to affect the per-plot

biomass or grain yield of wheat or ryegrass. Of the per-

plot yield components, WSN, WHI, RSN, and RHI were

significantly affected by RE (Table A3.2). Of the per-

plant yield components, WSSP and WSNP were significantly

affected by RE. The RE did not interact with IWD or IRD

to affect any of the per-plot and per-plant yield

components, except per-plant WSN (Table A3.2). The RE and

IWD interacted to affect per-plant WSN.

Extent of loss in wheat grain yield. The percentage of

loss in wheat grain yield by IWD, IRD, and RE were

computed for each treatment combination based on the

maximum yield of 581.33 g m2 obtained from wheat
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monocultures 100 plants m2 at RE 16 (Table 3.18). For

example, decreasing the wheat density to 25 plant m2 from

100 plants m2 in monocultures caused 13% grain yield loss

at RE 1 and 19% at RE 4. Increasing the density to 400

plants m2 in monocultures caused 19% grain yield loss at

RE 4 and 23% at RE 1. Wheat grain yield reduction due to

the presence of 25 plants m2 of ryegrass was 72% for 25

IWD, 42% for 100 IWD, and 38 to 40% for 400 IWD. The

presence of 100 plants m2 or more ryegrass in the

mixtures, reduced wheat grain yield by 65 to 95%

depending on IWD and RE employed. The extent of loss in

grain yield of wheat was, in general, lower at greater RE

in presence of higher IWD.

Main effect of RE. The RE 16 produced significantly

greater WGY (Figure 3.4), WSS (Figure 3.5), and WHI

(Figure 3.6) than RE 1 and 4. The RE 1 and 4 did not

differ in respect of these response variables. Appleby

and Brewster (unpublished data) found no difference in

wheat grain yield between single seeding and cross

seeding which varied RE from 1 to 6 during 1989-90 and

1990-91. The RBM was depressed by RE 16 compared to

either RE 1 or 4 (Figure 3.7). The per-plot RSN at RE 1

and 4 were similar but RSN at RE 16 was greater than that

at RE 4. The increased yields and yield components of

wheat at the greatest RE contradicted the expected



Table 3. 18. Percent loss in grain yield of
winter wheat by its density and
rectangu4rity, and density of Italian
ryegrass.'

IWD IRD RE WGY % Loss

25 0 1 508.20 12.5798
25 0 4 469.87 19.1733
25 25 1 160.81 72.3376
25 25 4 159.98 72.4803
25 100 1 44.99 92.2609
25 100 4 68.59 88.2012
25 400 1 27.86 95.2075
25 400 4 39.20 93.2568

100 0 1 495.30 14.7988
100 0 4 483.31 16.8613
100 0 16 581.33 0.0000
100 25 1 339.30 41.6338
100 25 4 338.85 41.7112
100 25 16 353.56 39.1808
100 100 1 152.88 73.7017
100 100 4 123.39 78.7745
100 100 16 203.04 65.0732
100 400 1 46.90 91.9323
100 400 4 51.37 91.1634
100 400 16 84.55 85.4558
400 0 1 445.75 23.3224
400 0 4 469.35 19.2627
400 25 1 360.05 38.0644
400 25 4 351.64 39.5111
400 100 1 161.95 72.1415
400 100 4 205.23 64.6965
400 400 1 94.55 83.7356
400 400 4 87.51 84.9466
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LSD0.05 = 25.583

1/ WGY is g m-2. % loss is computed based on
the_4aximum monoculture yield of 581.33
g m .
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advantage of RE. A square planting system was assumed to

facilitate each crop plant in capturing more space and

consequently to increase interspecific competitive

ability of crop plants while decreasing the intraspecific

competition. This principle has been successfully applied

in horticultural crops and forest plantation (Huxely,

1983) .

In case of wheat and ryegrass mixtures, the

situation differed as the species developed because

ryegrass is highly capable of stem elongation and it is

highly susceptible to lodging. Ryegrass grew slowly until

March (Chap. 4). As temperature and solar radiation

increased, ryegrass grew faster expanding its leaf area

and elongating its stem until it overtopped wheat in

mixtures by late April. The process of overtopping wheat

by ryegrass was enhanced by the presence of higher wheat

densities in mixtures. Square planting facilitated

overtopping more than rectangular planting. Both high

density and the square planting system provided better

support to protect ryegrass from lodging. In high RE, the

ryegrass in between wheat rows lodged at booting stage.

The ryegrass plants at low RE values shaded wheat plants.

However, ryegrass plants in high RE were shaded by wheat

plants. The lodging of ryegrass at high RE at 100 IWD,

exposed wheat to better solar radiation than RE 1 or 4.

This resulted in increased wheat grain yield mainly



133

through larger grain size and greater harvest index, and

decreases ryegrass biomass. The ryegrass grain yield was

not affected by RE because high RE produced high RSN

(Figure 3.8), perhaps, due to better resource

availability during the early growing stages. Spike

number per plant is determined by the number of fertile

tillers which are produced before lodging. Reduced solar

radiation could still reduce ryegrass grain yield in

lodged plants. It may be possible that remobilization of

assimilate is more important in ryegrass grain filling

than in wheat.

Interaction of IWD and RE on wheat spike number. The WSN

(No. m2) decreased with increasing IWD (Figure 3.9). The

WSN increased with decreasing RE at 25 IWD, but decreased

with decrease in RE at 100 IWD. No difference in WSN

between RE was detectable at 400 IWD. The WSN at 100 IWD

was significantly greater at RE 16 than at RE 1 or 4. The

RE of 1 and 4 did not differ in this respect.

Nitrogen (N) Uptake by Wheat and Ryegrass.

Plant and grain samples of wheat and ryegrass at

maturity were analyzed for total N uptake of species at

selected densities of monocultures and mixtures at RE 4

(Table 3.23). The results on N uptake and N-use

efficiency will help in understanding mechanism of
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competition between wheat and ryegrass.

Nitrogen concentration in wheat. Grain and straw had

greater N concentration at greater IWD in monocultures

(Table 3.19). The N concentration in grain was about 2 to

3 times greater than in straw. In mixtures of 25 IWD and

400 IRD, N concentration in grain was almost five times

greater in grain than straw. This observation suggests

that N was probably remobilized under stress to grain

from leaves and straw at a greater rate than at stress

from lower densities of ryegrass. In high IWD, the

concentration of N in grain was greater than at lower

densities. It may be that at low density where, the seed

size of wheat is bigger, the concentration of

carbohydrate is high. High carbohydrate reduced the N

concentration because of N dilution in grain.

Nitrogen concentration in ryegrass. Concentration of N

was similar in low and high densities of ryegrass in

monocultures (Table 3.20). Concentration of N of

ryegrass in mixtures of 400 IWD + 25 IRD was lower than

in mixtures of 25 IWD + 400 IRD. This was attributed to

greater carbohydrate concentration in ryegrass grain in

400 IWD and 25 IRD where RHI values were greater than

monoculture ryegrass (Chap. 2). The concentration of N in

ryegrass was 3 to 4 times greater in grain than straw.
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Table 3.19. Nitrogen concentrations in grain anq straw ofwinter wheat in monoculture and mixtures.

Density
m-')

Concentration N (ppm)

Grain Straw

25/0 9998 c 4244 be25/400 12672 b 2686 c400/0 16309 a 6332 a400/25 16622 a 5261 ab

LSD0.05 2320 1889

1/ Densities 25/0 represent 25 plants m-2 ofwheat and no plants of ryegrass andso on. Means with the same letterin a column are statistically similar.

Table 3.20. Nitrogen concentrations in grain and sraw ofItalian ryegrass in monoculture and mixtures.

Density,
(No. m-4)

Concentration N (ppm)

Grain Straw

0/25 9399 ab 2984 a0/400 9443 ab 2747 a25/400 11109 a 2571 a400/25 8300 b 2740 a

LSD0.05 2583 1570

1/ Densities 25/0 represent 25 plants m-2 ofwheat and no plants of ryegrass andso on. Means with the same letterin a column are statistically similar.
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Contribution of grain and straw to total N uptake.

Although concentration of N in grain was greater than

straw in both species, straw contributed more to the

total N uptake of N than grain. The total uptake of N by

grain, straw, and the whole plant was always the highest

in the highest IWD in monocultures (Table 3.21). The

lowest monoculture density of wheat and the mixture of

400 IWD + 25 IRD absorbed similar total N in grain,

straw, and whole plants. Presence of 25 IRD in 400 IWD

reduced N concentration by 33% in grain, 29% in straw,

and 31% in the whole plant while the grain yield loss was

about 25% in the same treatment compared to 400 IWD in

monoculture at RE 4. However, when 400 IRD was present in

25 IWD, wheat total N uptake was low due to low grain and

biomass yield of wheat. The total N uptake in ryegrass

grain, straw, or whole plant was similar in all

treatments except, in mixture of 400 IWD + 25 IRD (Table

3.22). It appears that the total uptake of N by ryegrass

which produced similar grain yields in all densities in

monocultures, was also similar regardless of the density.

The total N uptake of wheat at 25 IRD + 400 IWD was 31%

lower than 400 IWD but the uptake by ryegrass was not

affected by wheat in 25 IWD + 400 IRD. The proportion of

total N found in ryegrass grain was 40% at low density

and 35% at high density regardless of monocultures or

mixtures. Similarly, the proportion of grain to total
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Table 3.21. Contribution of grain and straw to the total
nitrogen uptake by winter wheat in monoculture andmixture.1

Density Nitrogen uptake (kg/ha)(No. m-4)

Grain Straw Total

25/0 46.83 b 72.36 b 119.18 b25/400 4.54 c 7.86 c 12.40 c400/0 72.96 a 135.75 a 208.62 a400/25 48.79 b 95.96 b 143.75 b

LSD 0.05 20.867 37.315 47.327

1/ Densities 25/0 represent 25 plants m-2 ofwheat and no plants of ryegrass andso on. Means with the same letterin a column are statistically similar.

Table 3.22. Contribution of grain and straw to the totalnitrogen uptq.ke by Italian ryegrass in monocultureand mixture.

Density,
(No. m-4)

Nitrogen uptake

Grain Straw

(kg/ha)

Total

0/25 21.46 a 36.16 a 57.62 a0/400 17.41 a 36.49 a 53.89 a25/400 20.01 a 33.94 a 53.95 a400/25 2.44 b 3.82 b 6.26 b

LSD 0.05 10.248 16.533 23.327

1/ Densities 25/0 represent 25 plants m-2 of
wheat and no plants of ryegrass and
so on. Means with the same letter
in a column are statistically similar.
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uptake by ryegrass was more at lower ryegrass density

than at higher density. At higher density, straw

contributed more to total N uptake by each species

mainly, through increased production of biomass.

Total N uptake and N use efficiency. Total N uptake by

ryegrass was 1/4 to 1/3 that of wheat in monocultures

(Table 3.23). The relative contribution of wheat to the

total uptake of N in mixtures with equal proportion of

density, would be greater than ryegrass. The mixtures

with higher IWD absorbed a significantly greater quantity

of N than the mixtures with low IWD and high IRD.

However, the concentration of N in ryegrass was only 1/2

the concentration of wheat. These results suggest that

ryegrass is more efficient than wheat in utilizing N.

Ryegrass produced more biomass by per unit of N consumed.

Ryegrass allocated more assimilate to leaves during the

later part of its life (Chap. 4), resulting in faster

leaf expansion when adequate radiation was also

available. Ryegrass grew faster than wheat during the

reproductive stages when maximum photosynthesis occurred

in plants. On average, the efficiency of ryegrass to

produce biomass per kg of N absorbed was twice that of

wheat. This trait of ryegrass was consistent in

monocultures and mixtures regardless of the density.

However, efficiency of wheat in producing biomass seems



Table 3.23. Total N uptake, total biomass production, and biomass
produced per Kg of N absorbed by wintq-r wheat and Italian
ryegrass in monoculture and mixtures.L

Density, Biomass (kg/ha) N uptake (kg/ha) Kg biomass/kg N
(No. m-4)

Wheat Ryegrass Wheat Ryegrass Total Wheat Ryegrass

0/25
0/400

25/0 17090 b
25/400 2858 c
400/0 21652 a
400/25 17925 b

- 14798 a - 58 a 58 c
15600 a 54 a 54 c

119 b 119 b
14418 a 12 c 54 a 66 c

209 a 209 a
1753 b 144 a 6 b 150 b

147 b
234 a
108 b
133 b

257 a
296 a

322 a

294 a

LSD0.05 2110.4 3272.6 47.3 23.3 47.7 40.3 157.1

1/ Densities 25/0 represent 25 plants m-2 of wheat and noplants of ryegrass and so on. Means with the same letterin a column are statistically similar.
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to increase when it was severely stressed by high

proportion of IRD. Ryegrass, being a more efficient

assimilator of N to produce biomass was more successful

than wheat in competition. Fast growing species use N

more efficiently in photosynthesis than slow growing.

Nitrogen productivity, the increase in plant weight per

unit of time and N in plant is greater for a fast growing

species than for a slow growing one (Poorter, 1990)

Canopy Structure and Species Competitiveness

LAI measured at three canopy layers (depths) of

plant canopy in selected monoculture and mixture

treatments, was modified by species density, RE, and

stage of plant growth (DAE).

LAI in 100 IWD monoculture. The total LAI measured at 90

and 200 DAE, in 100 IWD monoculture was greater at

RE 1 (Figure 3.10A & B) than RE 16 (Figure 3.10C & D).

The total LAI at 200 DAE (Figure 3.10B & D) was greater

than at 90 DAE (Figure 3.10 A & C). The vertical

distribution of LAI was modified by RE and stage of plant

growth (DAE). At RE 1, top and middle layer of canopy had

equal LAI at 90 DAE. No LAI was observed in the bottom

layer (Figure 3.10A). At RE 16, top and middle layer had

lower LAI than RE 1 but also had 0.7 LAI in the bottom

layer (Figure 3.10C). This observation indicated that at
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Figure 3.10. Leaf area indices (LAI) at three depths ofcanopy in monoculture. A. LAI of wheat (hatch) in100 plants le (IWD) with rectangularity (RE) 1 at 90days after emergence (DAE). B. LAI in 100 IWD withRE 1 at 200 DAE. C. LAI in 100 IWD with RE 16 at 90DAE. D. LAI in 100 IWD with RE 16 at 200 DAE. E. LAIof ryegrass (filled) in 100 plants le (IRD) at 90DAE. F. LAI in 100 IRD at 200 DAE. Canopy depth at(a) 90 DAE (from top of plant canopy), 1 = 0-5 cm, 2= 5-10 cm, and 3 = 10-30 cm; (b) at 200 DAE, 1 = 0-15 cm, 2 = 15-30 cm, and 3 = 30-72 cm. LSDom is0.419 for wheat and 0.942 for ryegrass.
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high RE of wheat, plants had lower total leaf area. The

leaf area was distributed through out the canopy compared

to RE 1 at 100 IWD where most of green leaves were

crowded at the upper 67% layer of the canopy. Since the

rows were widely spaced, the lower leaves in RE 16 may

have received more light in the morning and afternoon at

90 DAE, when plants were 25 cm tall. At 200 DAE at RE 1,

maximum LAI occurred in top layer and decreased gradually

in middle and bottom layer (Figure 3.10B). However, for

RE 16 at 200 DAE, LAI in middle layer was greater than

LAI in top and bottom layer.

LAI in 100 IRD monoculture. Ryegrass had an LAI of 4.6 at

90 DAE (Figure 3.10E) and LAI of 12.3 at 200 DAE (Figure

3.10F). The structure of the canopy was modified as

plants aged. While ryegrass had maximum LAI in middle

layer at 90 DAE and very small LAI in bottom layer, it

had maximum LAI in bottom layer and the minimum in middle

layer at 200 DAE. While LAI of wheat in 100 IWD at RE 1

at 200 DAE (Figure 3.10B) decreased gradually from top

layer to middle layer, maximum LAI of ryegrass occurred

in bottom layer. These differences in LAI at various

layers over time may be attributed to droopy leaves of

ryegrass and its lodging during reproductive stages.

LAI in 100 IWD + 100 IRD mixture. In mixture, both LAI
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and the distribution of LAI were strongly affected by

growth stage (DAE), RE and heights of canopy. Wheat LAI

was slightly (<20%) lower in mixture (Figure 3.11A, B &

C) except at RE 16 at 200 DAE (Figure 3.10D) where wheat

LAI was reduced by 30% in mixture compared to

monoculture. Ryegrass LAI was much lower in mixture

compared to monoculture. The reduction in ryegrass LAI in

mixture was 54% both at 90 DAE (Figure 3.11 A) and 200

DAE (Figure 3.11B) at RE 1 and about 60% at both 90 DAE

(Figure 3.11C) and 200 DAE (Figure 3.11D) at RE 16.

Although ryegrass LAI was drastically reduced in

mixture compared to relatively stable LAI of wheat, the

effect of RE on the distribution of LAI i.e., on the

structure of the canopy was remarkable. While wheat

dominated in top and middle layer at 90 DAE with RE 1,

ryegrass became dominant in top layer (87% greater LAI

than wheat) although wheat was still dominant in middle

and bottom layers. At 90 DAE RE 16, ryegrass LAI was

greater in middle and bottom layer than in top layer

(Figure 3.11C). Wheat LAI also decreased in bottom layer

at 90 DAE. At 200 DAE at RE 16, ryegrass LAI dominated

top and bottom layers (40 and 56% greater LAI than wheat,

respectively) although wheat had 63% greater LAI in

middle layer.

In mixture, wheat had greater total LAI at 90 DAE

both at RE 1 and RE 16, and at 200 DAE at RE 1. The total
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LAI of ryegrass at 90 DAE at RE 16 was about 509; less

than wheat. At 200 DAE at RE 16, ryegrass had about 205k

greater total LAI than wheat. However, the total LAI of

ryegrass at 200 DAE with RE 16 was about 7-7.- less than RE

1 at 200 DAE.

According to the theoretical concept of spatial

arrangements, ryegrass in mixture with RE 16 of wheat

should have greater LAI than RE 1. It appears that at

high RE, ryegrass plants lodged and were shaded by wheat

rows in the morning and afternoon. This reduced canopy

dominance and biomass of ryegrass as compared to RE 1.

The reduced canopy dominance of ryegrass in mixture with

RE 16 at the reproductive stages allowed more light to

wheat as compared to RE 1. This explains why wheat with

RE 16 had greater grain yield and less ryegrass biomass.

LAI in 400 IWD monoculture. LAI at 90 DAE with RE 1

(Figure 3.12 A) in 400 IWD monoculture was similar to

that in 100 IWD monoculture. However, total LAI at 90 DAE

increased with RE 4 (Figure 3.12C) in bottom layer. At

200 DAE the total LAI with RE 1 (Figure 3.12B) and its

distribution down the canopy were similar to RE 4 (Figure

3.12D) .

LAI in 400 IRD monoculture. Depth of canopy and stage of

plant growth affected LAI and distribution of LAI in 400
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IRD monoculture. The total LAI of ryegrass at 200 DAE

(Figure 3.12F) was 15.2 which was 2.3 times more than LAI

at 90 DAE (Figure 3.12E) but this was only 25% greater

than the LAI at 25 IRD or 100 IRD monoculture. At 90 DAE,

LAI decreased gradually from top to bottom layer. At 200

DAE, LAI increased from top to bottom layer.

LAI in 400 IWD and 400 IRD mixture. Total LAI of ryegrass

in mixture was 67% lower at 90 DAE and 60% lower at 200

DAE lower compared to monocultures. Wheat dominated at

all canopy layers with a 50% greater LAI at 90 DAE

(Figure 3.13A & C). The RE did not affect the total LAI

and its distribution in either species. However, the top

and middle layer of wheat had greater LAI than bottom

layer at 90 DAE. Ryegrass shifted its maximum LAI from

middle layer at 90 DAE in RE 1, to the top layer in RE 4.

These indicate that canopy dominance began earlier at

greater rectangularity than the square planting.

At 200 DAE, ryegrass dominated the top layer with a

250% greater LAI at RE 1 (Figure 3.13B) and 340% greater

LAI at RE 4 (Figure 3.12D) than wheat. However, wheat

dominated middle and bottom layers with 30 to 65% greater

LAI than ryegrass.

The attenuation of photosynthetically active

radiation (PAR) through canopy can be estimated by Eq.

3.3. The k for ryegrass, estimated by Loomis and Williams
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Figure 3.11. Leaf area indices (LAI) at three depths ofcanopy in mixture of 100 plants le (IWD) of wheat(hatch) and 100 plants
111-2 (IRD) of ryegrass

(filled). A. LAI with rectangularity (RE) 1 at 90days after emergence (DAE). B. LAI with RE 1 at 200DAE. C. LAI with RE 16 at 90 DAE. D. LAI with RE 16at 200 DAE. Canopy depth at (a) 90 DAE (from top ofplant canopy), 1 = 0-5 cm, 2 = 5-10 cm, and 3 = 10-30 cm; (b) at 200 DAE, 1 = 0-15 cm, 2 = 15-30 cm,and 3 = 30-72 cm. LSD0.0.5 is 0.409 for wheat and 0.455for ryegrass.
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Figure 3.12. Leaf area indices (LAI) at three depths ofcanopy in monoculture. A. LAI of wheat (hatch) in400 plants 211-2 (IWD) with rectangularity (RE) 1 at 90days after emergence (DAE). B. LAI in 400 IWD withRE 1 at 200 DAE. C. LAI in 400 IWD with RE 4 at 90DAE. D. LAI in 400 IWD with RE 4 at 200 DAE. E. LAIof ryegrass (filled) in 400 plants le (IRD) at 90DAE. F. LAI in 400 IRD at 200 DAE. Canopy depth at(a) 90 DAE (from top of plant canopy), 1 = 0-5 cm, 2= 5-10 cm, and 3 = 10-30 cm; (b) at 200 DAE, 1 = 0-15 cm, 2 = 15-30 cm, and 3 = 30-72 cm. LSD0.0 is0.638 for wheat and 1.90 for ryegrass
.
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Figure 3.13. Leaf area indices (LAI) at three depths ofcanopy in mixture of 400 plants le (IWD) of wheat(hatch) and 400 plants le (IRD) of ryegrass(filled). A. LAI with rectangularity (RE) 1 at 90days after emergence (DAE). B. LAI with RE 1 at 200DAE. C. LAI with RE 4 at 90 DAE. D. LAI with RE 4 at200 DAE. Canopy depth at (a) 90 DAE (from top ofplant canopy), 1 = 0-5 cm, 2 = 5-10 cm, and 3 = 10-30 cm; (b) at 200 DAE, 1 = 0-15 cm, 2 = 15-30 cm,and 3 = 30-72 cm. LSDus is 0.848 for wheat and 0.495for ryegrass.
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(1969) from data of Stern and Donald (1962) was 0.30.

(depth3) 967 e( °3s3.65)

= 326 AE m-2 s4

where 967 AE 111-2 s4 is the available PAR at the top of

canopy on 200 DAE, -0.3 is the light extinction

coefficient (k), and 3.65 is the LAI of ryegrass at

canopy depth 1 (15 cm). Since ryegrass overtopped wheat,

a LAI of 3.65 of ryegrass at 200 DAE could diminish the

available PAR of 967 AE m2 s4 to 326 AE m2 s4.

Vigorous apical dominance by ryegrass caused

substantial reduction in available PAR to wheat and

resulted in great reduction in photosynthesis at the time

of grain filling. Biomass accumulates from emergence

until maturity but grain development occurs during last

35 to 40 DAE. This may explain why wheat had lower grain

yield although biomass was less responsive to the

presence of ryegrass in mixture.

LAI in 25 IRD monoculture. Growth stage and canopy depth

interacted to influenced LAI and its distribution in 25

IRD monoculture. Total LAI at 200 DAE (Figure 3.14B) was

6.4 times greater than at 90 DAE (Figure 3.14A). The top

layer had greater LAI than middle layer 2 at 90 DAE with

no LAI at bottom layer. But at 200 DAE, bottom layer had
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the highest LAI followed by top and middle layers. Like

other monoculture plots, ryegrass had greater LAI at

depth 3 at 200 DAE.

LAI in 400 IWD + 25 IRD mixture. Ryegrass LAI was greatly

reduced by the presence of wheat in mixture of 400 IWD +

25 IRD (Figure 3.15). The LAI of ryegrass was reduced by

63 to 73% at 90 DAE and about 90% at 200 DAE as compared

to 25 IRD monoculture. The reduction in wheat grain yield

caused by 25 IRD was 38% as compared to the highest

monoculture yield obtained at 100 IWD at RE 16. Wheat

dominated at the top canopy stratum with over 20 times

greater LAI at 90 DAE and 3.5 to 5 times greater LAI at

200 DAE. However, the position of leaves of each species

at the top canopy stratum especially at reproductive

stage may be the most important. The LAI of ryegrass in

the top canopy was 0.7 at 200 DAE. This could diminish

the available PAR from 967 AE m2 s4 at 200 DAE to 778 AE4

m2 that was available to wheat leaves at the top canopy

levels. Ryegrass total LAI contributed only 17% to the

combined LAI in the mixture and the yield reduction in

wheat grain yield was about 20% in presence of 17%

ryegrass leaves.

Predicting final yields of wheat by relative LAI.

Regression equations were generated to predict final WGY
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Figure 3.14. Leaf area indices (LAI) at three depths ofcanopy in ryegrass monoculture. A. LAI of ryegrass in 25plants re (IRD) at 90 days after emergence (DAE). B. LAIin 25 IRD at 200 DAE. Canopy depth at (a) 90 DAE (fromtop of plant canopy), 1 = 0-5 cm, 2 = 5-10 cm, and 3 =10-30 cm; (b) at 200 DAE, 1 = 0-15 cm, 2 = 15-30 cm, and3 = 30-72 cm. LSD forfor ryegrass is 0.91.
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Figure 3.15. Leaf area indices (LAI) at three depths ofcanopy in mixture of 400 plants ie (IWD) of wheat (hatch)and 25 plants le (IRD) of ryegrass (filled). A. LAI with
rectangularity (RE) 1 at 90 days after emergence (DAE).B. LAI with RE 1 at 200 DAE. C. LAI with RE 4 at 90 DAE.D. LAI with RE 4 at 200 DAE. Canopy depth at (a) 90 DAE(from top of plant canopy), 1 = 0-5 cm, 2 = 5-10 cm, and3 = 15-30 cm; (b) at 200 DAE, 1 = 0-15 cm, 2= 15-30 cm,and 3 = 30-72 cm. LSD0.05 is 0.294 for wheat and 0.215 forryegrass.
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and WBM by relative LAI of ryegrass (RLAI) at various

strata of canopy in mixture. The RLAI1 (RLAI at the top

layer) and RLAI2 (RLAI at the middle layer) predicted 38%

of the total variance in WGY and 56% in WBM at 90 DAE

(Table 3.24). But RLAI1 and RLAI2 predicted 70% of the

total variance in WBM at 200 DAE. RLAI1 alone predicted

66% of the total variance in WGY at 200 DAE. RLAI2 did

not account for any variation in WGY indicating that RLAI

at the top stratum of canopy in mixture influenced WGY

more than RLAI2 or RLAI3 (RLAI at the bottom layer). In

fact, WGY and WBM were more negatively correlated to

RLAI1 (r2 = -0.81) than to RLAI2 (Table 3.25). WGY and WBM

were more negatively correlated to RLAI2 than to RLAI3.

Ghersa and Ghersa (1991), Kropff (1988), and Kropff

and Spitters (1991) determined that relative leaf

frequency of species in mixed stand at early stages of

growth could predict final relative biomass more

accurately. This method was relatively less difficult

than density or weed counts. The above results on RLAI at

90 DAE did not predict WGY or WBM more accurately than

did IWD or IRD (this chapter or Chap. 2). But RLAI at 200

DAE predicted more of the variance in WGY and WBM than 90

DAE. The shift in canopy dominance at booting stage is,

perhaps, the cause of such difference in prediction of

WGY and WBM compared to preceding authors.
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Table 3.24. Regression equations predicting final wheat
grain yield and biomass by relative leaf areaindex of rmrass at the top two strata of canopyin mixture.".

90 DAE

WGY = 295.714 - 247.383 RLAI1 - 157.260 RLAI2<0.01 <0.01 <0.01

R2

0.38

WBM = 1590.59 - 1299.20 RLAI1 - 513.397 RLAI2 0.56<0.01 <0.01 0.08

200 DAE

WGY = 413.210 - 362.583 RLAI1 0.66<0.01 <0.01

WBM = 2034.61 - 1181.38 RLAI1 - 556.349 RLAI2 0.70<0.01 <0.01 <0.03

1/ RLAI1 is relative leaf area index of ryegrass at thetop stratum (0-5 cm at 90 DAE and 0-15 cm at 200DAE). RLAI2 is relative leaf area index of
ryegrass at the second stratum (5-10 cm at 90 DAEand 1-30 cm at 200 DAE). WGY is wheat grain yield(g m-4) and WBM is wheat biomass (g m-2). Figuresbelow the parameters are their p-values. Number ofobservations were 42 for each response variable.

Table 3.25. Correlation between wheat yields andrelative leaf area of ryegraJ* s at various
strata of canopy in mixture.

RLAI WGY WBM

RLAI1 -0.81 -0.81

RLAI2 -0.59 -0.67

RLAI3 -0.45 -0.62

1/ RLAI3 is relative leaf area index of ryegrassat third stratum (15-30 cm at 90 DAE and 30-72 cmat 200 DAE) of canopy in mixture.
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Rate of Germination of Progeny Seeds

Progeny seeds of wheat and ryegrass obtained from

monocultures and mixture were germinated in growth

chamber. The germination rate of wheat seeds was affected

by IWD and IRD. The germination rate of ryegrass seeds

was not affected by density.

Germination rate of wheat. The overall distribution of

germination rate of wheat progeny seeds was spread over

seven days (Figure 3.16). Wheat seed germination was 9%

on dayl and 50% on day2 but declined to about 3% on day5.

The total overall germination rate of wheat was 97%.

Effect of IRD on wheat germination. The germination rate

of wheat progeny seeds was greater in mixture than

monocultures (Figure 3.17). The highest rate of

germination (97%) was found when wheat was mixed with 400

IRD. Germination rates in wheat mixed with 25 or 100 IRD

were similar to monoculture wheat. These results suggest

that wheat responded to increased density stress from

ryegrass with increased germination capability.

Interaction effect of IWD and IRD on wheat germination

rate. In monocultures, the highest rate of germination

was found in 100 IWD followed by 400 and 25 IWD (Figure

3.18). The lowest germination rate (66%) was found in 25

IWD monoculture. The germination rate of 25 IWD was 84%
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Figure 3. 17. Effect of ryegrass densities on the
germination rate of wheat seeds produced in 1989-90.



158

when mixed with 25 IRD and 100% when mixed with 100 IRD.

Germination rate of 400 IWD increased from 75% in

monoculture to 96% when mixed with 400 IRD. These results

indicate that wheat strongly responded to density stress

from ryegrass by increasing its germination. However, in

100 IWD, the germination rate decreased from 85% in

monoculture to about 75% in mixture with 25 or 100 IRD

but increased to 97% in mixture with 400 IRD. This

distortion is unattributable to any known source of

variation.

Wheat is a cultivated species. Its generation is

maintained by humans through selection of quality seeds.

As such, the ability of wheat to increase its recruitment

in response to density stress from ryegrass may not be

important. However, in case a variety of wheat escapes or

is abandoned, such capability to increase germination in

response to stress may allow it to exist in a competitive

situation if other disturbances do not cause mortality.

Germination rate of ryegrass seeds. Ryegrass did not

germinate on dayl (Figure 3.19). Germination was 33% on

day2 and declined gradually to about 2% by day 9.

Germination of ryegrass continued until day 29 when total

germination recorded was 85%. No observation was made

after 29 days.
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Figure 3.18. Interaction effect of densities of
wheat and ryegrass on the germination rate of wheat
seed produced in 1989-90.
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SUMMARY

A field experiment was conducted at Oregon State

University's Hyslop Crop Science Field Laboratory (44°

37'N, 123° 13'W) near Corvallis on the competition between

winter wheat and Italian ryegrass. The objectives were to

examine effects of densities of both the species, and

spatial arrangements of winter wheat on (a) yields and

yield components, (b) nitrogen use efficiency, (c)

competitive ability, (d) shift in canopy structure, and

(e) germination rates of progeny seeds, of both the

species. In log-transformed linear regression models,

density of wheat (IWD) and ryegrass (IRD) explained 59 to

96% of the variance in per-plant biomass of wheat and 25

to 8796 in Italian ryegrass in monocultures.

Rectangularity did not influence biomass of wheat in

monocultures and ryegrass in mixtures 50 days after

emergence (DAE). IWD and IRD explained 52 to 8596 of the

variance in per-plant biomass of winter wheat and Italian

ryegrass in mixtures. In mixtures, rectangularity

explained only 1 to 2% of the variance of both the

species until 170 DAE, whereafter the influence of

rectangularity disappeared. In mixtures, IWD was a more

influential than IRD on final per-plot biomass of

ryegrass and IRD was more influential than IWD for final

biomass of wheat. Increasing rectangularity increased
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per-plot final wheat grain, wheat grain size, and wheat

harvest index but decreased ryegrass biomass.

Grain had 2 to 4 times more N concentration than

straw in both species. Ryegrass was twice as efficient as

winter wheat in utilizing N. However, winter wheat

absorbed three times more N than Italian ryegrass. Wheat

leaves dominated the top canopy stratum at 90 DAE but

ryegrass leaves were dominant in LAI at top canopy

stratum at 200 DAE. Ryegrass also maintained greater LAI

than wheat at 200 DAE. Apical dominance by Italian

ryegrass was greater at a rectangularity 1 than 16. The

relative competitive effect of winter wheat decreased at

reproductive stages while that of Italian ryegrass

increased. Progeny seeds of winter wheat mixed with the

highest IRD had the highest germination rate. Progeny

seeds of ryegrass were not affected by IRD and/or IWD.

However, germination of Italian ryegrass progeny seeds

were extended to 29 days indicating prolonged dormancy.
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CHAPTER 4

GROWTH AND COMPETITION OF WINTER WHEAT AND ITALIAN

RYEGRASS (LOLIUM MULTIFLORUM LAM) AS AFFECTED BY

DENSITY AND SPATIAL ARRANGEMENT

INTRODUCTION

Growth analysis of plants has been used as an

important tool to elucidate mechanism of intra- and

iterspecific competition (Roush and Radosevich, 1985;

Concannon, 1987; Roush, 1988; Poorter, 1989, 1991;

Poorter and Remkes, 1990). The Romans knew that total

growth achieved and relative sizes of the above- and

below-ground parts of plants were strongly influenced by

external conditions (Hunt, 1988). Current methodology for

plant growth analysis was instigated by Blackman (1919),

who recognized that increase in plant weight is

proportional to the biomass already present. Growth

analysis parameters that are ecologically important to

plants may include: plant size viz., biomass, leaf area,

and height; growth rates viz., absolute growth rate (AGR)

and relative growth rate (RGR); morphological factors

viz., leaf area ratio (LAR), root/shoot ratio, plant

architecture indices, leaf morphology, and leaf area

duration (LAD); and physiological factors, viz., net

assimilation rate (NAR).
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Plant species differ considerably in biomass

production. This can be caused by differences in seed

weight, length of growing period or environmental

conditions. Maximum RGR, the dry weight increase per

unit of biomass and per unit of time under optimal

condition, may vary among species (Poorter, 1990). The

most extensive study on interspecific variation in RGR is

that of Grime and Hunt (1975), who compared 130

herbaceous annuals and perennials and tree seedlings. The

ecological advantage of high RGR is that fast growth

results in the rapid preemption of space. The rapid

preemption of space is of great advantage to species to

succeed in competitive situation (Grime and Hunt, 1975).

Grime (1979) identified plants with slow growing

characteristics as 'stress tolerators' and fast growing

species as either 'competitors' or 'ruderals'. Due to

high RGR, a plant will rapidly increase in size and

occupy a larger space, both below- and above-ground.

Consequently, such a plant has the opportunity to acquire

in short time a larger share of limiting resources like

light, nutrients or water than slow growing individual

(Poorter, 1989) .

The RGR is the product of NAR and LAR. NAR is the

net result of carbon gain (photosynthesis) and carbon

losses (respiration, exudation, volatilization) expressed

per unit leaf area. The LAR is the ratio of leaf area to
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total plant weight. LAR is the product of specific leaf

area (SLA) and leaf weight ratio (LWR).

Plant interactions involve complex factors of plant

proximity, e.g., density, species proportions, and

spatial arrangements (Radosevich, 1987; Roush and

Radosevich, 1988) and biology, e.g., morphology,

physiology, life history, genetics, etc. Considerable

research has been conducted to measure the influence of

weed competition on crop yields (Roush and Radosevich,

1988). Few studies have directly addressed the roles of

plant growth and competition in weed population or

community dynamics (Roush, 1988). There also are few

experiments that related plant growth and competitive

abilities, where species densities, proportions, and

spatial arrangements were systematically varied.

Concannon (1987) related species growth and

competitiveness in spring wheat and Italian ryegrass,

using addition series experiments. Roush (1988) related

species growth and competitiveness in four-species

community using addition series experiments. The premise

for these investigations was that plant growth was a

mechanism for success in weed-crop system (Harper, 1977;

Grime, 1979; Roush and Radosevich, 1985).

The concept of space capture (de Wit, 1960; Harper,

1977) provides the framework for using growth analysis in

a systematic investigation of competition for resources
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(Roush and Radosevich, 1985). Growth parameters other

than RGR are used to partition growth responses into

values reflecting more specific physiological and

morphological mechanism of resource exploitation (Roush

and Radosevich, 1985). Growth analysis is helpful in

understanding the observed differences in biomass, yields

and yield components in weed-crop competition.

Winter wheat was a superior competitor to Italian

ryegrass at early vegetative stages (Chap. 2 & 3). The

superior competitiveness of wheat did not, however,

result in its greater grain yield at maturity at variable

densities of both the species (Chap. 2 & 3).

A square planting pattern was theoretically

predicted to enhance competitiveness of wheat by

suppressing ryegrass compared to rectangular planting

(Fischer and Miles, 1973). Results (Chap. 3) showed that

wheat produced greater seed yields and suppressed more

ryegrass biomass at highest rectangularity. Measurement

of canopy structure in monocultures and mixtures of the

species explained the morphological causes of such

differences in yield of wheat and biomass at variable RE

(Chap. 3). An obvious shift in competitiveness was

observed in wheat and ryegrass toward maturity.

Prediction of an ultimate winner, based on species

competitiveness at vegetative stages, could be

inappropriate in a weed-crop system where shift in
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species competitiveness occurs during life cycles. Growth

analysis provides better explanations for shifts in

species competitiveness, and for responses at variable

densities and RE.

The goal of this research was to quantify growth

parameters, examine their dynamics, and relate them to

species competitiveness in monocultures and mixtures of

wheat and ryegrass. The specific objectives were to:

(1) investigate dynamics in growth characteristics

of species during their life cycles in monocultures and

mixtures;

(2) examine effects of density and rectangularity on

RGR, LAR, and NAR in monocultures and mixtures; and

(3) relate growth characteristics to competitive

abilities of the species.
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MATERIALS AND METHODS

Two addition series experiments were conducted at

Oregon State University's Hyslop Crop Science Field

Laboratory (44° 37'N, 123° 13'W) near Corvallis. The first

experiment (1988-89) addressed the effect of species

densities and proportions (Chap. 2) and the second

experiment (1989-90) addressed the effect of species

densities, proportions, and spatial arrangements (Chap.

3). The experimental design, crop production, and data

collection procedures are described on pages 4 to 7

(Chap. 1).

Statistical Analysis

The main focus in this study was to examine the

dynamics in plant growth parameters over the growing

season. All results in this Chapter are on per-plant

basis. For the 1989-90 experiment, plant height, leaf

area, leaf and tiller number, and dry matter partitioning

(LWR, SLA, SLW) were analyzed using observations in 100

IWD monoculture, 100 IRD monoculture, and 100 IWD + 100

IRD mixture.

Instantaneous RGR was derived from the curve fitting

equation in the "functional" approach (Hunt, 1982). A

polynomial of the form as given in Eq. 4.1. was fitted

through the per-plant biomass:
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Y = bo + bl X + b2 X2 + + bn X° [Eq. 4.1]

where Y is the biomass of plants; X is DAE (time);

X2 X° are polynomials of DAE; b0 is intercept

indicating initial biomass of plant, and bi ba are

coefficients for polynomials.

Log-transformed per-plant biomass of wheat and

ryegrass in monocultures and mixtures were regressed

using DAE, DAE, and DAE3 as independent variables by

stepwise regression method (Hunt and Parsons, 1974) in

SAS. All observations for each species were included in

regression (Eq. 4.1). The DAE3 was dropped from model

because it improved the model by only 2%). By

differentiating Eq. 4.1, equations for RGR of wheat and

ryegrass in monocultures and mixtures were obtained

(Table A4.1). LAR was computed as a ratio of species leaf

area to species biomass. NAR was computed as ratio of

species RGR to LAR.

General linear model was used to examine the

influence of density, RE, and time (DAE) on each species

in monocultures and mixtures. Some outlier were dropped

for GLM of LAR and NAR in 1988-89. Effects of interaction

of RE*DAE and DAE*density on certain growth parameters

were also tested by LSD. Regression analysis was

performed to explain the variance in biomass, RGR, LAR,

and NAR by DAE. The RGR, LAR, NAR, and leaf area were

correlated to RCAmi of each species.
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RESULTS AND DISCUSSION

Figure 4.1 to 4.6 show the results on plant height,

leaf area, number of leaves, and number of tillers.

Figure 4.7 to 4.10 show the results on dry matter

partitioning from Figures 4.7 to 4.10. Figures 4.11 to

4.15 and Table 4.3 show the results on RGR, LAR, and NAR

and Table 4.4 shows the Correlation of RGR, LAR, and NAR

to species competitive ability.

Plant Height

The height of wheat plants in monocultures was

similar to that in mixtures throughout its life cycle

(Figure 4.1). Height of ryegrass plants in monocultures

also showed similar trends in 1988-89 (Figure 4.1A).

Wheat plants were taller than ryegrass up to 170 DAE.

After 170 DAE, ryegrass plants overtopped wheat in

mixtures in 1988-89. On the average, ryegrass was 40 to

80 cm taller than wheat. The trend in plant height was

similar in 1989-90 (Figure 4.1B). Monoculture ryegrass

plants during 1989-90 was shorter than in mixtures.

Since ryegrass is susceptible to lodging, its plant

height is important in mixtures with wheat. At high

density of wheat planted in square system (RE 1),

ryegrass use wheat as a support to remain above wheat.

This shaded wheat plants and reduced wheat grain yield
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Figure 4.1. Plant height of wheat and ryegrass over thegrowing season in monoculture and mixture in 1988-89(above) and 1989-90 (below). wm is wheat monoculture,wmix wheat mixture, rm ryegrass monoculture, and mixryegrass mixture. Results are on plants sampled from100 plants le of wheat monoculture, 100 plants re ofryegrass monoculture, and 100 + 100 mixture of wheatand ryegrass.
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(Chap. 3). At RE 16, most of ryegrass plants lodged

between the wheat rows and were shaded by wheat. This

reduced ryegrass biomass and increased wheat grain yield

in RE 16 over RE 1 (Chap. 3).

Since ryegrass acquired greater LAR than wheat at

later growth stages, its relative competitive ability in

mixtures (RCAmi) increased. The RCAmi of wheat decreased

because its LAR was lower than ryegrass.

Leaf Area

Wheat plants had greater average per-plant leaf area

than ryegrass up to 170 DAE in both growing seasons

(Figures 4.2). After 170 DAE, ryegrass leaf area exceeded

that of wheat. Wheat plants acquired maximum leaf area at

170 DAE in 1988-89 (Figure 4.2A) and 210 DAE in 1989-90

(Figure 4.2B) both in monocultures and mixtures. The

maximum leaf areas of wheat were equal in the two growing

seasons. Ryegrass reached maximum leaf area in

monocultures and mixtures during both seasons at 225 DAE,

15 to 55 days latter than wheat. Maximum shading of wheat

by ryegrass occurred during the flowering and grain

filling periods of wheat. The maximum leaf area achieved

by ryegrass was greater in 1988-89 than 1989-90.

The extent of shading was greater in RE 1 than RE 16

and wheat grain yield was reduced more by ryegrass in RE

1 than RE 16. Both species had lower leaf area in
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Figure 4.2. Leaf area duration of wheat and ryegrass
over the growing season in monoculture and mixture
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monoculture, and rmix ryegrass mixture. Results are on
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mixtures than in monocultures. Ryegrass leaf area was

reduced more in mixtures than was wheat leaf area

although, both leaf area and leaf area duration of

ryegrass in mixtures were higher than those of wheat in

mixtures.

Leaf Production and Senescence in Wheat

The number of green leaves per plant in wheat

increased progressively from 15 DAE and reached the

maximum of 32 to 40 at 90 DAE (Figure 4.3). After 90 DAE,

the number of green leaves decreased to about 14 to 20

leaves at 225 DAE in monocultures and mixtures while

number of dead leaves increased simultaneously. The

number of green leaves were similar both in monocultures

and mixtures until 85 DAE during 1989-90 (Figure 4.3B).

After 100 DAE, the number of green leaves in monocultures

was higher than mixtures in both the seasons.

Monocultures had more green leaves than mixtures.

Leaf Production and Senescence in Ryegrass

The number of green leaves per plant of ryegrass in

monocultures increased, reaching 70 to 80 at 225 DAE in

both growing seasons, with a slight decline at 170 DAE

in 1989-90 (Figure 4.4B). Dead leaves were first observed

at 50 DAE. The number of dead leaves increased to a

maximum of 35 at 225 DAE. The number of green leaves in
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Figure 4.3. Number of green and dead leaves of wheat in
monoculture and mixture over the growing season in1988-89 (above) and 1989-90 (below). wglm is wheat
green leaves in monoculture, wglmix wheat green leavesin mixture, wdlm wheat dead leaves in monoculture, andwdlmix wheat dead leaves in mixture. Results are onplants sampled from 100 plants m-2 of wheat monoculture,100 plants m-2 of ryegrass monoculture, and 100 + 100
mixture of wheat and ryegrass.
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Figure 4.4. Number of green and dead leaves of ryegrass
in monoculture and mixture over the growing season in
1988-89 (above) and 1989-90 (below). rglm is ryegrass
green leaves in monoculture, rglmix ryegrass green
leaves in mixture, rdlm ryegrass dead leaves in
monoculture, and rdlmix ryegrass dead leaves in
mixture. Results are on plants sampled from 100 plants
m2 of wheat monoculture, 100 plants re of ryegrass
monoculture, and 100 + 100 mixture of wheat and
ryegrass.
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mixtures was lower than in monocultures after 50 DAE.

Monocultures and mixtures did not differ in the number of

dead leaves until 100 DAE, whereafter the number of dead

leaves was higher in monocultures than in mixtures. The

number of green and dead leaves at 225 DAE was the same

in monocultures over the two seasons. The number of green

leaves in mixtures was greater than the number of dead

leaves in 1989-90 (Figure 4.4B). The number of green

leaves in ryegrass during reproductive stages were

greater than wheat but the reverse was true for dead

leaves.

Tiller Production and Abortion in Wheat

The trends in the production of green tillers of

wheat in monocultures and mixtures over two seasons

(Figure 4.5) were similar to that of green leaf

production. The number of green tillers increased up to

90 DAE. After 90 DAE, wheat aborted tillers reducing

green tillers to 6 to 7/plant in monocultures and about

5/plant in mixtures at flowering (225 DAE). After

flowering, the number of dead equaled green tillers in

mixtures.

Tiller Production and Abortion in Ryegrass

The number of green tillers per plant of ryegrass

increased from 15 DAE (Figure 4.6). The number of green
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Figure 4.6. Tiller demography of ryegrass in
monoculture and mixture in 1988-89 and 1989-90. rgtm is
ryegrass green tillers in monoculture, rdtm ryegrass
dead tillers in monoculture, rgtmix ryegrass green
tillers in mixture, and rdtmix ryegrass dead tillers in
mixture. Results are on plants sampled from 100 plants
111-2 of wheat monoculture, 100 plants re of ryegrass
monoculture, and 100 + 100 mixture of wheat and
ryegrass.
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tillers was always higher in monocultures than mixtures

after 15 DAE. The number of green tillers in monocultures

increased substantially over mixtures after 50 DAE,

conforming that interspecific competition began after 50

DAE (Chap. 3). Ryegrass aborted fewer tillers than did

wheat. Dead tillers were not recorded in 1988-89 (Figure

4.6A). Tiller abortion in ryegrass 1989-90 began at 170

DAE, as compared to 100 DAE in wheat (Figure 4.6B).

Dry Matter Partitioning of Species

Stem weight (g/plant) of wheat in monocultures and

leaf weight (g/plant) of wheat in mixtures were not

affected by RE (Figure 4.7). Stem weight of wheat in

mixtures at RE 16 was greater than at RE 1 or RE 4. Leaf

weight of wheat in mixtures was greater at RE 1 than RE 4

or RE 16. These results indicate that wheat allocated

proportionately greater biomass to stem and less to

leaves at RE 16 than it did at RE 1.

LWR (leaf weight per plant/total biomass per plant)

in monocultures and mixtures decreased progressively from

100 DAE to 225 DAE (Figure 4.8). Leaf weight ratios of

ryegrass at 100 DAE were greater than at 210 DAE or at

225 DAE. The sharp decrease in ryegrass LWR at 210 DAE

was due to an increase in its stem weight.

The SLW of wheat increased over time in monocultures

and mixtures (Figure 4.9). SLW (g cm-2) of ryegrass in
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Figure 4.8. Dynamics in leaf weight ratio of wheat andryegrass in monoculture and mixture over the growingseason. Bars with the same letter within each variable(e.g., wlwrm) are statistically same across DAE. wslwmis wheat specific leaf weight in monoculture, wslwmixwheat specific leaf weight in mixture, rslwm ryegrassspecific leaf weight in monoculture, and rslwmixryegrass specific leaf weight in mixture. Results areon 100 plants m2 of wheat monoculture, 100 plants m2 ofryegrass monoculture, and 100 + 100 mixture of wheatand ryegrass.
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Figure 4.9. Dynamics in specific leaf weight of wheatand ryegrass in monoculture and mixture over thegrowing season. Bars with the same letter within eachvariable (e.g., wslwm) are statistically same acrossDAE. wslwm is wheat specific leaf weight inmonoculture, wslwmix wheat specific leaf weight inmixture, rslwm ryegrass specific leaf weight inmonoculture, and rslwmix ryegrass specific leaf weight
in mixture. Results are on 100 plants m-2 of wheat
monoculture, 100 plants m2 of ryegrass monoculture, and100 + 100 mixture of wheat and ryegrass.
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mixtures was lower at 210 DAE and 225 DAE than at 100

DAE. The SLW in monocultures ryegrass did not change over

time. SLW is the ratio of weight of leaves/plant to leaf

area per plant. This indicates the thickness of leaves.

These results suggest that wheat leaves became thicker

than ryegrass during reproductive stages while ryegrass

leaves used photosynthate to increase leaf area rather

than thickening leaves.

The SLA of wheat in mixtures decreased while that of

ryegrass increased from 100 DAE to 225 DAE (Figure 4.10).

SLA of ryegrass in monocultures increased at 210 DAE but

decreased at 225 DAE, probably due to the decline in leaf

area of ryegrass caused by lodging. SLA of monocultures

wheat did not change over time. SLA, ratio of leaf

area/plant to leaf weight/plant, indicates the amount of

leaf area constructed per unit of leaf weight. the leaves

of fast growing species tend to be thinner and contain a

greater amount of water per unit dry weight (Poorter,

1989; Dijkstra, 1989).

Relative Growth Rate and its Components

The RGR (g cm2 day') of wheat and ryegrass decreased

linearly with time in 1988-89 (Figure 4.11A). Wheat in

monocultures and mixtures had similar RGR up to 170 DAE.

After 170 DAE, RGR of wheat in mixtures had greater than
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Figure 4.10. Dynamics in specific leaf area of wheat
and ryegrass in monoculture and mixture over the
growing season. Bars with the same letter within each
variable (e.g., wslam) are statistically same across
DAE. wslam is wheat specific leaf area, wslamix wheat
specific leaf area in mixture, rslam ryegrass specific
leaf area in monoculture, and rslamix ryegrass
specific leaf area in mixture. Results are on 100
plants le of wheat monoculture, 100 plants m2 of
ryegrass monoculture, and 100 + 100 mixture of wheat
and ryegrass.
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in monocultures. Ryegrass in mixtures had lower RGR than

in monocultures, but after 170 DAE ryegrass in mixtures

maintained greater RGR than wheat in mixtures in 1988-89

(Figure 4.11A). In other words, the rate of decrease in

RGR of ryegrass in mixtures was lower than wheat (Table

4.1) .

The RGR of both species decreased in both

monocultures and mixtures during 1989-90 (Figure 4.11B).

Wheat had lower RGR than ryegrass in monocultures after

15 DAE in 1989-90. After 100 DAE, RGR of ryegrass in

mixtures was also lower than wheat in 1989-90.

Plant species may differ considerably in RGR

(Poorter, 1989). RGR is a product of morphological and

physiological traits of plants. It is important to

determine which morphological, physiological, chemical

and/or allocation-related factors account for variation

in RGR (Poorter and Remkes, 1990). Therefore, RGR was

broken into its two components viz., LAR (morphological

component) and NAR (Physiological component) (Evans,

1972).

LAR of wheat and ryegrass was the greatest at 15 DAE

and decreased gradually to zero at maturity (Figure

4.12). Wheat had greater LAR than ryegrass up to 90 DAE

in 1988-89 (Figure 4.12A). After 90 DAE, LAR of ryegrass

exceeded that of wheat by about 50 cm2 g4. During 1989-90

ryegrass also was a greater LAR in monocultures and
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Figure 4.11. Dynamics in relative growth rates of wheat
and ryegrass in monoculture and mixture in 1988-89 and
1989-90. Results are on the basis of all observations
in monocultures and mixtures of each species.Means are
comparable within the species only. wm is wheat
monoculture, wmix wheat mixture, rm ryegrass
monoculture, and rmix ryegrass monoculture.
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Table 4.1. Regression equations explaining the variationin RGR, LAR, and NAR of wheat and ryegrass in
monoculture and mixture during 1988-89 growing
season.-"

Parameters b0

Wheat monoculture

1 R2 n

RGR = 1.077 - 0.0067 DAE 0.99 80LAR = 202.616 - 0.9300 DAE 0.84 80NAR = 0.0033 + 0.000086 DAE 0.81 80

Wheat mixture

RGR = 1.0700 - 0.000078 DAE 0.99 400LAR = 206.7250 - 0.8400 DAE 0.78 400NAR = 0.0006 + 0.000133 DAE 0.68 400

Ryegrass monoculture

RGR = 1.101 - 0.0008 DAE 0.99 80LAR = 168.956 - 0.542 DAE 0.39 80NAR = 0.016 + 0.000051 DAE 0.02 80
(0.72)

Ryegrass mixture

RGR = 1.067 - 0.00050 DAE 0.99 396LAR = 191.110 - 0.6270 DAE 0.28 396NAR = 0.012 + 0.000038 DAE 0.03 396

1/ P-values of coefficients are <0.01, except
where mentioned in parenthesis beneath the
coefficient

:
b
0 is the intercept and b1 is the.

slope explaining the rate of change in RGR,LAR or NAR.
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1989-90. Results are on the basis of all observations
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mixtures than wheat from 50 DAE up to maturity (Figure

4.12B). LAR over the two seasons clearly indicated that

ryegrass was leafier than wheat mainly due to the higher

number of green leaves and tiller per plant. Regression

coefficients in Table 1 also indicate that the LAR

decrease was greater in wheat than in ryegrass in both

monocultures and mixtures.

NAR of wheat and ryegrass in monocultures and

mixtures increased over time (Figure 4.13). The rate of

increase was greater at the end of the season. Lupton

(1961) observed that NAR of wheat was controlled by

environmental conditions, age of leaves, and LAI. Watson

et al. (1963) reported that NAR of winter wheat increased

rapidly in spring, but decreased somewhat after ear

emergence. Mkamanga (1985) found substantial increase in

NAR of winter wheat during the third week of May. The

sharp increase in NAR after 170 DAE (March 15) may be due

to increase in light intensity, temperature, spring

application of nitrogen, and day length.

NAR of wheat in monocultures and mixtures was

similar but lower than NAR of ryegrass up to 170 DAE in

1988-89 (Figure 4.13A). At 225 DAE, NAR of wheat in

mixtures exceeded NAR of wheat and ryegrass in

monocultures. NAR of ryegrass in mixtures was always

lower than its monocultures and wheat. At 225 DAE in

1989-90, NAR of wheat in monocultures and mixtures
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exceeded that of ryegrass (4.13B). This greater NAR of

wheat could be attributed to an increase in SLW

(thickness) at 225 DAE (Figure 4.9).

Regression models indicated that NAR of wheat

increased over time but NAR of ryegrass was constant over

time (Table 4.2). Since NAR is largely the result of

carbon gain per unit leaf area, a thicker leaf should

have greater NAR (Poorter, 1990). LAR was positively

regressed to RGR but NAR was negatively regressed (Table

4.3). Stepwise regression on RGR indicated that NAR

explained <5% of the variance in RGR while LAR explained

81 to 86c,%, in wheat and 31 to 43?1 in ryegrass (Table 4.3).

Poorter (1989) observed that due to negative

correlation between LAR and NAR, an increase in NAR

invariably implies a decrease in LAR. Since the

relationship between RGR and LAR is positive, the lower

LAR will override the effect of a greater NAR on RGR.

Consequently, RGR will decrease as NAR increases

(Poorter, 1989). Thus, LAR is the key component which

determines the species success in a competitive

situation.

The NAR of wheat at various RE increased over time

in monocultures and mixtures of wheat during 1989-90. In

wheat monocultures, all REs had similar NAR up to 170

DAE. After 170 DAE, NAR of RE 16 was greater than RE 1 or

RE 4 (Figure 4.14A). A similar trends in NAR of wheat
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Figure 4.13. Dynamics in net assimilation rates ofwheat and ryegrass in monoculture and mixture in 1988-89 and 1989-90. Results are on the basis of allobservations in monocultures and mixtures of eachspecies. Means are comparable within the species only.wm is wheat monoculture, wmix wheat mixture, rmryegrass monoculture, and rmix ryegrass monoculture.
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Table 4.2. Regression equations explaining the variationin RGR, LAR, and NAR of wheat and ryegrass in
monoculture and mixture during 1989-90 growingseason.I

Parameters b0

Wheat monoculture

bl R2

RGR = 1.04700 0.00031 DAE 0.99 251LAR = 203.23500 - 0.87110 DAE 0.84 251NAR = 0.00130 + 0.00014 DAE 0.81 251

Wheat mixture

RGR = 1.04300 - 0.00029 DAE 0.99 754LAR = 172.76700 - 0.6679 DAE 0.45 754NAR = 0.00167 + 0.00013 DAE 0.31 754

Ryegrass monoculture

RGR = 1.04690 - 0.00013 DAE 0.99 107LAR = 196.01300 - 0.7306 DAE 0.33 107NAR = 0.00730 + 0.00014 DAE 0.26 107(0.795)
Ryegrass mixture

RGR = 1.0040 - 0.000203 DAE 0.99 752LAR = 192.1680 - 0.66160 DAE 0.38 752NAR = 0.0044 + 0.000076 DAE 0.21 752

1/ P-values of coefficients are <0.01, except
where mentioned in parenthesis beneath thecoefficient. b0 is the intercept and b1 is theslope explaining the rate of change in RGR,LAR or NAR.
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Table 4.3. Regression equations explaining variation
in RGR by LAR and NAR in monoculture and mixture
of wheat during 1988-89.1

b0 b1 b2 R.2

Wheat monoculture

RGR ,= 0.977 + 0.00047 LAR - 2.250 NAR 0.87
pR2 0.85 0.02

Wheat mixture

RGR = 0.972 + 0.00040 LAR - 1.085
pR2 0.78 0.03

Ryegrass monoculture

RGR = 0.919 + 0.00067 LAR + 0.572 NAR
pR2 0.40 0.03

Ryegrass mixture

RGR = 0.
pR2

0.81

0.43

962 + 0.000285 LAR + 0.542 NAR 0.31
0.28 0.03

1./ pR2 is

b
0

1
b 2

partial coefficient of determination.
is the maximum possible RGR at 15 DAE.
is the rate of change in LAR.
is the rate of change in NAR.
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were also found in mixtures in 1989-90 (Figure 4.14B).

The increase in NAR at RE 16 over RE 1 or RE 4 could be

attributed to lower LAR of wheat at RE 16. A lower LAR

indicates thicker leaves and greater net carbon gain per

unit leaf area. Reduced shading at RE 16 compared to RE 1

of wheat due to lodging of ryegrass, at RE 16 compared to

RE 1 might also have contributed to greater NAR.

The NAR of ryegrass in mixtures with various

densities of wheat changed over time (DAE) during 1989-90

(Figure 4.15). NAR of ryegrass in mixtures was similar up

to 100 DAE for all levels of IWD. At 170 DAE highest NAR

of ryegrass in mixtures was found at 25 IWD followed by

100 and 400 IWD indicating that increased IWD in mixtures

had an increasingly suppressive effect on the net

productivity of ryegrass at 170 DAE (beginning of

spring). At 210 DAE, NAR of ryegrass at 25 IWD was

greater than 100 and 400 IWD. After 210 DAE, the NAR of

ryegrass at 100 and 400 IWD increased at faster rate than

that at 25 IWD, resulting in similar NAR of ryegrass at

all levels of IWD. These results reveal that ryegrass

diminished the effect of greater wheat density during the

reproductive stages allowing the NAR to rise to the level

of 25 IWD (Fig 4.15). Faster stem elongation exposed

ryegrass to better interception of solar radiation

resulting in its greater net productivity.
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Figure 4.14. Interaction effect of rectngularity andtime on net assimilation rates of wheat in monocultureand mixture in 1989-90. Results are on the basis of allobservations in monocultures and mixtures of eachspecies. Means are comparable within the species only.re stands for rectangularity.
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Relationships of Species Growth and Competitiveness

During the reproductive stages, greater number of

green leaves, green tillers, lower SLA, greater leaf area

for longer time, and greater LAR of ryegrass than wheat

contributed to a greater competitive ability of ryegrass.

RGR and LAR were positively correlated to RCAmi

(relative competitive ability of species in mixtures) of

wheat in mixtures but NAR and LAD were negatively

correlated to RCAmi (Table 4.4). On the other hand, RGR

and LAR were negatively correlated to RCAmi of ryegrass

in mixtures but NAR and LAD were positively correlated.

Roush (1988) also found high correlation between species

relative competitive ability and growth parameters.

The ecological advantage of greater RGR is that fast

growth results in rapid capture of a large space (light,

water, nutrients), which is advantageous in competitive

situation (Grime and Hunt, 1975; Poorter and Remkes,

1990). A high RGR of ryegrass in mixtures especially

after 100 DAE in both growing seasons suggest that it

intercepted more solar radiation (Chap. 3), utilized

absorbed N more efficiently (Chap. 3), and, perhaps,

absorbed more water. The ultimate results were lower

wheat grain and biomass yield in mixtures.



199

Table 4.4. Correlation of RGR, LAR, NAR, and LAD
to species relative competitive ability in
mixture during 1989-90.

Parameters
Wheat Ryegrass
RCAmi RCAmi
r'

RGR 0.98 -0.93

LAR 0.96 -0.98

NAR -0.83 0.93

LAD -0.90 0.98
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SUMMARY

Plant growth analyses were performed during 1988-89

and 1989-90 growing seasons on individual wheat and

ryegrass plants collected from addition series

experiments involving densities, proportions and spatial

arrangements. Functional growth analyses were performed

to examine the effects of densities and spatial

arrangements on the dynamics of growth traits and relate

growth traits to species relative competitive ability.

Ryegrass plants had shorter plant height and leaf area

than wheat up to 170 days after emergence (DAE)

whereafter it became about 60 cm taller and had more leaf

area and longer duration than wheat in both seasons.

Wheat produced leaves and tillers up to 85 to 90 DAE but

ryegrass produced leaves and tillers up to flowering.

Leaf weight ratio (LWR) of wheat decreased over the

growing season but LWR of ryegrass did not decrease after

210 DAE indicating that wheat reduced allocation to

leaves at reproductive stages but ryegrass did not.

Specific leaf weight (SLW) of wheat increased at

reproductive stages in monocultures and mixtures. SLW of

ryegrass decreased in mixtures with no change in

monocultures. The trends in specific leaf area (SLA) were

reverse of SLW for both species. Ryegrass had greater

relative growth rates (RGR) and leaf area ratio (LAR) but
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lower net assimilation rates (NAR) at reproductive stages

than wheat in mixtures in both seasons. LAR was

positively regressed to RGR, and NAR negatively.

Rectangularity modified the NAR of wheat in monocultures

and mixtures with the highest NAR at the highest

rectangularity at flowering. The NAR of ryegrass was

suppressed by high wheat density in mixtures but the NAR

of ryegrass increased at flowering as the suppressive

effects of wheat density diminished. For wheat, RGR and

LAR were positively correlated to its relative

competitive ability in mixtures (RCAmi) but NAR and leaf

area duration (LAD) were negatively correlated. For

ryegrass, NAR and LAD were positively correlated to

RCAmi, but RGR and LAR were negatively correlated.
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CHAPTER 5

SUMMARY AND CONCLUSION

SUMMARY

Competition is the negative interaction among

neighboring plants with similar demands for resources

that are in limited supply. Plants may compete with each

other by (a) reducing light intensity, (b) changing light

quality, (c) transpiring limited water, (d) changing

humidity, (e) absorbing limited nutrients, and (f)

changing soil pH (Harper, 1977). The intensity and

mechanism of competition are affected by different

environmental and biological factors. The proximity

factors of plant density, species proportions, and

spatial arrangements are also important considerations

that mediate the influences of the environmental factors

in competition.

Plant density plays an important role in dominance

and suppression during the process of competition of

crops and weeds. An increase in crop density in relation

to a constant density of weed, results in an increased

suppression of weed growth, and vice versa. The

relationships between biomass and density of crop and/or

weed can be described by reciprocal yield law (Spitters,

1983), although log yield models have also been used
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(Roush, 1988; Shainsky, 1988).

Spatial arrangement is the horizontal aggregation

and dispersal of plants. In a square planting system,

crop plants should be more competitive in relation to

weeds than in high rectangular planting. The proportion

of one species in relation to the total density in a

competing mixture of two or more species, determines the

biomass production of each species. The concept of

species proportion can be described within the frame work

of reciprocal (Spitters, 1983) or log yield law (Roush,

1988; Shainsky, 1988).

Various methods have been used to study competition

between crop and weed. The most common methods are

additive, substitutive (replacement), and addition series

experiments. Intra- and interspecific competition effects

are confounded in additive experiments. Replacement

series experiments are valuable in determining the

relative effects of intra- and interspecific competition,

but absolute competitive effects can not be readily

partitioned. Systematic addition series experiments

overcome many of the limitations of additive and

replacement series experiments. One addition series

experiment incorporates both additive and replacement

series experiments. Spatial arrangement can also be

incorporated into the matrix of an addition series.

The growth characteristics, viz., relative growth
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rate (RGR), leaf area ratio (LAR), net assimilation rate

(NAR), leaf area duration (LAD), and plant height may be

of great use in understanding the mechanism of

competition. However, few studies have directly related

growth characteristics to species competitiveness in

mixtures of crops and weeds. The relationship of RGR and

its components (LAR and NAR) to nitrogen use efficiency

of fast growing vs. slow growing species are also

important to understand how competition occurs between

crops and weeds.

Winter wheat and Italian ryegrass are important

crops in the Willamette Valley. Italian ryegrass is also

a serious weeds in grain fields west of Cascade Mountains

in Oregon and Washington. Due to competition from Italian

ryegrass, as much as 60% reduction in wheat grain yield

have been reported (Appleby et al., 1976).

Proximity factors (density, proportion, and spatial

arrangement) may be manipulated to facilitate wheat or

suppress Italian ryegrass. Two addition series

experiments were conducted at the Hyslop Crop Science

Field Laboratory. The first addition series experiment

(1988-89) addressed the effect of densities of winter

wheat (IWD) and Italian ryegrass (IRD) on growth, yield,

and competitive ability of each species. Six densities

from 0 to 800 plants 111-2 of each species were used to

obtain the addition series matrix. The second addition
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series experiment (1989-90) addressed the effects of

densities and proportions of each species, and spatial

arrangements of winter wheat on the growth, canopy

structure, nitrogen uptake, yield, competitive ability,

and germination of progeny seeds of both species. Four

densities from 0 to 400 plants m2 of each species, and 2

to 3 rectangularities (RE) for each density of wheat,

were used to construct the addition series.

Both species were planted simultaneously. Biomass,

leaf area, plant height, number of leaves, and number of

tillers of each species were recorded by destructive

sampling on previously selected plants in each treatment

over the growing season. At final harvests, grain yields

and yield components were recorded for each species. LAI

was measured by the point interception method to

determine changes in canopy dominance of the species in

monocultures and mixtures. Total nitrogen concentration

of grain and straw of each species was analyzed and total

nitrogen uptake was calculated to determine nitrogen use

efficiency. Growth analyses were performed to examine the

dynamics of key growth parameters and to examine the

effect of density and rectangularity on growth

characteristics of both species. Growth characteristics

were related to species competitive ability in mixture.

Germination of seeds produced by wheat and ryegrass grown

at the rectangularity of 1 was also tested.
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Regression analyses were performed to explain total

variance in biomass, grain yield, and yield components.

The relative competitive abilities of each species were

computed over time using the appropriate coefficient in

regression equations. Analyses of variance were performed

to examine the main and interaction effects of proximity

factors. Instead of ANOVA, general linear models were run

for variables that contained missing values of unequal

cell size in data.

Densities of winter wheat and ryegrass explained 59

to 960 of the total variation in biomass of species in

and 52 to 8596 in mixtures. The log-

er-plant biomass of each species was a

on of species densities. An increase in the

'egrass will result in smaller plant size of

wheat. Species proportion and interaction of density and

proportion slightly improved the regression models as

compared to regression models with species density and

interaction of species densities. Interaction of species

densities accounted for <596 of the total variance in

biomass. This means that the species are not mutually

dependent for biomass. The analysis of variance showed

that the species are highly dependent on each other for

biomass in mixture. The RE explained <5.9s in the total

biomass of the species. The influence of RE on wheat in

monocultures and on ryegrass in mixtures disappeared
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after 50 DAE and that on wheat in mixture disappeared

after 170 DAE. A shift in plant height may have

confounded the effect of rectangularity.

Both species were equally competitive in

monocultures. Intraspecific competition began between 15

and 90 DAE for wheat and between 90 and 170 DAE for

ryegrass. The wheat plants grew faster and bigger than

ryegrass during early vegetative stages. Ryegrass grew

slowly during early vegetative stages and avoided

intraspecifc competition when environmental resources

(light and temperature) were limited. Wheat was the

stronger competitor during vegetative stages but ryegrass

became the stronger competitor during reproductive

stages.

The loss in wheat grain yield was greater than the

loss in its biomass. Even 9 plants m-2 of ryegrass in

mixture with 100 plant le of wheat reduced wheat grain

yield by 33%-. The wheat seeds produced in mixture with

high density of ryegrass, had increased germination rate

of wheat. An increase in wheat density up to 400 plants m

2 reduced biomass of 25 plants m2 or less of ryegrass in

mixture by 9696. However, for both species, final

densities self-thinned to about 200 plants m-2 even up to

initial densities of 800 plants m2. The harvest index of

ryegrass at its low densities increased substantially in

mixture with high densities of wheat. Increased RE
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increased wheat grain yield by increasing its spike

number m2, grain size, and harvest index but reduced

ryegrass biomass.

Wheat consumed three times more total nitrogen than

ryegrass. Ryegrass was two times more efficient in

producing biomass per unit of nitrogen used. Wheat

dominated at top layer of canopy in mixture during

vegetative stages but ryegrass became dominant during

reproductive stages. The apical dominance of ryegrass was

greater at RE 1 than RE 16. In regression equation,

relative leaf area index of ryegrass in top canopy layer

at 200 DAE predicted 66% of the total variance in wheat

grain yield and 70% of biomass.

Wheat produced leaves and tillers up to 85 to 90 DAE

but ryegrass did up to flowering. During reproductive

stages, ryegrass had more leaf area, longer leaf area

duration, taller plants, greater leaf weight ratio, less

specific leaf weight , greater relative growth rate, and

a greater leaf area ratio. RE 16 had greater net

assimilation rate than RE 1 or 4 at flowering.

For wheat in mixture, RGR and LAR were positively

correlated to its relative competitive ability but NAR

and LAD were negatively correlated. For ryegrass in

mixture, RGR and LAR were negatively correlated to its

relative competitive ability but NAR and LAD were

positively correlated.
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CONCLUSION

giant biomass of winter

linearly related to

)nocultures and mixtures.

ceased as density of one or

the other species was increased. This principle may be

applied in crop production. Increases in the density of

wheat should reduce growth of ryegrass. Interaction term

of species densities was not an important factor in

determining linear relationship of plant growth to

densities.

The grain yield of species were not as strongly

related to species densities as was biomass. This means

that the grain filling of species, especially wheat, was

limited. Wheat harvest index was greatly reduced as

density increased. Wheat was a stronger competitor in the

vegetative stage, but ryegrass became the stronger

competitor at reproductive stages. Ryegrass became the

stronger competitor during reproductive stages mainly by

increasing plant height, leaf area, duration of leaf

area, canopy dominance, leaf weight ratio, and relative

growth rate in mixture.

High rectangularity (wide row space of wheat)

produced higher grain yield of wheat mainly through

greater harvest index, grain size, and greater number of
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spikes per unit area, and reduced ryegrass biomass as

compared to square planting. This is contradictory to the

theoretical advantage of rectangularity. The greater

apical dominance of ryegrass and greater efficiency of

ryegrass to produce more biomass per unit on nitrogen

consumed, increased the competitive ability of ryegrass

over wheat during reproductive stages.

An investigation of the absorption and distribution

of spring-applied nitrogen to stem and leaves in wheat

and ryegrass, and effect of no-spring nitrogen

application on the competitive interaction, may be

important. The shading on ryegrass by wheat seems to be

important in reducing wheat grain yield by ryegrass.

Measurement of light intensity at various layers of

canopy would be informative to understand competition for

light.

Alternative management practices other than

herbicide need to be found to reduce competition between

winter wheat and Italian ryegrass. Growth retardant may

play an important role in reducing the competition during

reproductive stages by suppressing the growth of ryegrass

in early spring.

In addition to competition, the importance of

mechanical damage needs to be considered. Greater lodging

of winter was observed in most mixtures with 100 plants m-

2 or more of ryegrass. It is also important to separate
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the suppressive effect of mechanical damage by lodging of

ryegrass from the effect of competition for resources.

One reason for greater grain yield of wheat at high

rectangularity was probably the reduced mechanical damage

due to lodging of ryegrass between wheat rows.
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Table A1.1. List of abbreviations used in this thesis.

A Appendix

DAE Days after emergence.

DD Degree-day (Celsius).

GLM General linear procedure.

ICAm Intraspecific competitive ability in monoculture
(bo/bi).

IRD Planted ryegrass density (No. m2).

IWD Planted wheat density (No. m-2).

LAD Leaf area duration (cm2 days).

LAI Leaf area index (Leaf area/ground area).

LAR Leaf area ratio (leaf area/biomass).

Ln Natural log of variables.

LWR Leaf weight ratio (leaf weight/plant weight).

NAR Net assimilation rate, RGR/LAR, (g cm2 day-1).

ND Niche differentiation (RCAmi wheat*RCAmi
ryegrass).

PAR Photosynthetically active radiation.

ppm Parts per million.

R Biomass of ryegrass (g/plant).

RBM Ryegrass final biomass (g m2).

RCAm Relative competitive ability in monoculture (ICAm
wheat/ICAm ryegrass).

RCAmi Relative competitive ability in mixture (b11 /b1).

RCER Relative competitive effect of ryegrass (bir/b2r) .

RCEW Relative competitive effect of wheat (b2w/bh) .

RCRR Relative competitive response of ryegrass (b2w/b1r) .
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Table A1.1 cont'd

RCRW Relative competitive response of wheat (b,,,,/b2r).

RE Rectangularity (length/width of rectangle).

RGNP Grain of ryegrass (No./plant).

RGR Relative growth rate (g/g/day).

RGWP Grain weight of ryegrass (g/plant).

RGY Ryegrass final biomass (g m-2).

RHI Ryegrass harvest index (grain/biomass).

RLAI Relative leaf area index of ryegrass (LAI of
ryegrass/total LAI of wheat and ryegrass in
mixture).

RSNP Spike of ryegrass (No./plant).

RSS Ryegrass grain size (g/500 grain).

RW IWD*IRD.

SLA Specific leaf area (leaf area/leaf weight).

SLW Specific leaf weight (leaf weight/leaf area).

W Biomass of wheat (g/plant).

WBM Wheat final biomass (g re).

WGNP Grain of wheat (No./plant).

WGWP Grain weight of wheat (g/plant).

WGY Wheat grain yield (g m-2).

WHI Wheat harvest index (grain/biomass)

WR IWD*RE.

WSN Wheat spike (No. re).

WSNP Spike of wheat (No./plant).

WSS Wheat grain size (g/500 grain).
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Figure A2.1. Leaf senescence caused by snow in
monocultures of wheat and ryegrass in 1988-89.
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Figure A2.2. Correlation final between yields and
species density as compared to the correlation between
final yields and species proportions. r2 is the
correlation coefficient. A. Wheat biomass vs. wheat
density. B. Wheat biomass vs. wheat proportions. C.
Ryegrass biomass vs. ryegrass density. D. Ryegrass
biomass vs. wheat proportions. E. Wheat grain yield vs.
wheat density. F. Wheat grain yield and wheat proportion.
G. Ryegrass grain yield vs. ryegrass density. H. Ryegrass
grain yield vs wheat proportion.
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Table A3.1. The levels of significance indicating
effect of treatment variables and their
interactions on final per-plot biomass and
grain yie'ds of winter wheat and Italain
ryegrass.J-

Treatment
variable

WBM,
(g Ill''Z)

WGY,
(g n(4)

RBM,
(g ril'.Z)

RGY,
(g IT(4)

RE ns ** ** NS
IWD ** ** ** **
IRD ** ** ** **
IWD*IRD ** ** ** **
IWD*RE ns ns ns ns
IRD*RE ns ns ns ns
IWD*IRD*RE ns ns ns ns

1/ ns Not significant at 0.05 significance level.
** Significant at 0.05 or above significance level.



Table A3.2. Level of significance indicating the effect of
treatment variables and their interactions on final
yield components of winter wheat and Italian
ryegrass.-L

Treatment
variable

Per-plot Per-plant

WSN WHI RSN RHI WSS RSS WSN RSN WSW RSW

RE ns ** ** ns ** ns ** ns ns ns
IWD ** ** ** ** ** ns ** ** ** **
IRD ** ** ** ** ** ** ** ** ** **
IWD*IRD ** ** ns ns ** ns ** ** ** **
IWD*RE ns ns ns ns ns ns ** ns ns ns
IRD*RE ns ns ns ns ns ns ns ns ns ns
IWD*IRD*RE ns ns ns ns ns ns ns ns ns ns

1/ ns Not siginificant at 0.05 significance level.
** Significant at 0.05 or above significance level.



Table A4.1. Equation for relative growth rate of wheat and
ryegrass in monoculture and mixture. 1

1988-89 1989-90

Wheat monoculture

RGR = Exp(0.076 0.00068 DAE) RGR = Exp(0.0467 0.000316 DAE)

Wheat mixture

RGR = Exp(0.069 0.0006 DAE) RGR = Exp(0.0419 0.000292 DAE)

Ryegrass monoculture

RGR = EXP(0.099 0.0008 DAE) RGR = Exp(0.046 0.00013 DAE)

Ryegrass mixture

RGR = Exp(0.0659 0.0005 DAE) RGR = Exp(0.04 - 0.0002 DAE)

1/ DAE is days after emergence.


