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Experiments were conducted to determine if allelopathy is a mechanism 

by which buckwheat interferes with a) the growth of Canada thistle and/or b) 

mycorrhizae colonization in Canada thistle roots. In a competition experiment, 

buckwheat plant biomass was only affected by the intraspecific competition 

from other buckwheat plants and not by the interspecific competition from 

Canada thistle plants. Canada thistle plant biomass was only affected by the 

interspecific competition from buckwheat and not the intraspecific competition 

from other Canada thistle plants.  Since one of the interspecific competition 

components was missing (Canada thistle did not affect buckwheat), the value 

for niche differentiation is greater than unity, indicating that buckwheat and 

Canada thistle are not exploiting the same resources. A niche differentiation 



value less than unity would have indicated that not all available resources were 

being used. Allelopathy is one mechanism that prevents use of all available 

resources. 

In root-shoot isolation experiments, Canada thistle biomass was 

significantly affected by buckwheat when growing only in the presence of 

buckwheat roots (shoots trained away). When growing under buckwheat's 

canopy, Canada thistle biomass was greater when Canada thistle roots were 

isolated from the buckwheat roots than when roots were not isolated. In both 

cases, plants were irrigated with water containing a soluble 20-20-20 (nitrogen 

(N)-phosphorous-potassium) fertilizer at an N concentration of 100 

parts/million (wt/vol) to reduce or eliminate competition for nutrients and 

water. Canada thistle biomass, when both Canada thistle roots and shoots 

were separated from buckwheat roots and shoots, was reduced when exposed to 

leachates from buckwheat's root system. A 10% Hoagland's solution was 

circulated between buckwheat's and Canada thistle's root systems to reduce or 

eliminate competition for light, water, and nutrients. Results from the root- 

shoot isolation experiments suggest that allelopathy may be a mechanism by 

which buckwheat interferes with Canada thistle. 

Results from mycorrhizae experiments indicate that buckwheat did not 

become mycorrhizal possibly because of extensive root hair development. Also, 

results suggest that buckwheat suppressed the colonization and growth of 

mycorrhizae in Canada thistle roots because of the low light condition created 

by buckwheat's canopy and not because of allelopathy. 
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Evaluation of Allelopathy as a Mechanism by which 
Buckwheat Suppresses Canada Thistle and its Mycorrhizae 

CHAPTER 1 

INTRODUCTION TO THE THESIS 

Interference, in ecological terms, is one plant negatively affecting the 

growth and development of a neighboring plant. Allelopathy, one of the 

mechanisms of interference, is the result of one plant (the donor) releasing a 

chemical into the environment of a neighboring plant (the receiver), negatively 

affecting the growth and development of the neighboring plant (the receiver). 

Buckwheat [Fagopyrum sagittatum Gilib. (F. esculentum Moench)], a 

member of the Pofygonaceae family, is an annual cultivated both as a grain and 

as a cover crop (anonymous 1989; Auld et aL, 1986; Martin et at, 1976; 

Oplinger, 1975; and Robinson, 1980). As a cover crop, buckwheat quickly 

provides mineral nutrients to succeeding crops and is very competitive with 

weeds (Martin, 1986; Ophnger, 1975). 

Canada thistle [Cirsium arvense (L.) Scop.], a member of the Compositae 

family, is an herbaceous, perennial weed. Canada thistle is considered a 

noxious weed because it invades and competes with desired vegetation and 

rapidly spreads by new shoots produced from lateral growing, subterranean 

roots. 

The purpose of this thesis is to determine if allelopathy is a mechanism 

by which buckwheat interferes with or suppresses Canada thistle when they are 
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growing together. Chapter 2 is a review of literature that pertains to the topics 

discussed in this thesis. Chapter 3 reports on field experiments in which 

buckwheat and Canada thistle were grown in biculture at various densities and 

proportions. The objectives of these experiments were to l)quantify the 

interaction between buckwheat and Canada thistle under field conditions, and 

2) determine if all of the resources available to the plants in the plot were 

being used. Allelopathy is one mechanism that prevents all of the available 

resources from being used. Also, in order to better understand the interaction 

between buckwheat and Canada thistle, the third objective 3) was to determine 

the growth rates of isolated buckwheat and Canada thistle plants grown under 

similar field conditions. Chapter 4 reports on experiments to determine if the 

growth of Canada thistle continues to be inhibited by buckwheat if Ught, water, 

and nutrient competition are eliminated or reduced. Chapter 5 reports on 

greenhouse experiments to determine if l)Canada thistle and buckwheat are 

mycorrhizal in monoculture, 2) if the interaction between the two species 

changes when the soil is inoculated with mycorrhizae, and 3) if buckwheat has 

an adverse effect of mycorrhizae growth and development in Canada thistle. 



CHAPTER! 

REVIEW OF LITERATURE 

INTERFERENCE BETWEEN PLANTS 

Plant-Plant Interactions 

Plants in a community interact when their roots and shoots grow into 

the same physical space and soil. Interactions occur between neighboring 

plants of the same species and of different species. Neighboring plants interact 

in both positive and negative manners (Barbour et al., 1987). Interference is 

one type of negative interaction where one plant inhibits the growth and 

development of another plant (Muller, 1969). 

Mechanisms of Interference 

Allelomediation. Interference manifests itself through three 

mechanisms: allelomediation, competition, and allelopathy. In 

allelomediation, one plant harbors a herbivore that feeds specifically on 

another. The harboring plant does not lose resources in its association with the 

herbivore and thus gains an advantage over the plant that is being eaten. 

In a related situation, one plant species may modify some aspect of the 

growing environment around another plant species (ie. air movement) such that 

the second plant becomes more susceptible to attack from a pest (ie. 

pathogens). 
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Competition. In competition, plants compete for limiting resources (ie. 

light, nutrients, and water), either equally or one can out compete another for 

resources. One plant can out compete another with respect to growth rate, 

architecture, or timing of emergence. For example, when one species grows 

faster than another species its roots and fohage will grow more rapidly and 

occupy the soil and space between the two plants and thus obtain limited 

resources. 

Competition between plants of the same species is termed intraspecific 

while that between plants of two different species is termed interspecific. 

Allelopathy. Allelopathy is a chemical interaction between neighboring 

plants, and can be a positive or negative interaction. Allelopathy can be a 

form of interference between higher plants if one plant (the donor) releases 

chemicals into its environment that interfere with the growth and development 

of another neighboring plant (the receiver). Generally, no single chemical 

released from the donor plant is solely responsible for the inhibition of the 

receiving plant. The allelochemicals seem to work additively or synergistically 

to affect the receiver plant (Putnam and Tang, 1986). 

It is difficult to prove that allelopathy is involved in plant-plant 

interference. Therefore, a set of requirements have been proposed that, if 

satisfied, would provide sufficient evidence to support allelopathy in a 

particular association of neighboring plants. The requirements are similar to 

Koch's postulates (Agrios, 1988) used in disease diagnosis and are as follows: 
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1. Interference between two plants must be demonstrated as growth 

reduction compared to suitable controls. 

2. The allelochemicals must be isolated, characterized, and assayed 

against species inhibited in the association. It is important that 

chemicals that are artifacts of the extraction process are not 

identified as the allelochemical. 

3. The chemicals, when added back to the original system, should 

produce similar symptomology to that first observed. 

4. The release of allelochemicals from the donor plant, the 

detection of these chemicals in the environment (soil, air, and 

water) near the recipient, and the detection of these chemicals 

within the recipient should all be monitored (Putnam and Tang, 

1986). 

Competition Models 

Effect-Response Model. A model is a way of looking at a system in 

order to study and therefore better understand the processes that are taking 

place within a particular system. A competition model can be useful to 

understand the processes occurring between competing or interacting plants. 

Two competition models are presented here. 

In the first model, referred to here as the effect-response model, plants 

have a competitive effect on, and a competitive response to, each other (Miller 



6 

and Werner, 1987). In a natural community, the abundance of any plant may 

depend upon its competitive effect and competitive response to others. If a 

plant has a low competitive response to, and a low effect on, another species, 

then those plants probably do not share the same resources, and one does not 

influence the abimdance of the other. If both plant species have a large effect 

on and response to each other, then they are probably competing and can 

affect the abundance of each other. If one species has a large effect on, but 

little response to another species, then they compete for the same resource but 

the first species has some characteristic that makes it a better competitor 

(Aarssen, 1983). Some characteristics of competing plants that influence their 

competitiveness and response to each other are spatial arrangement, growth 

form, and size (Miller and Werner, 1987). 

Effect-Response Intermediaiy Model. The second model, referred to 

here as the effect-response-intermediary model, expands the effect-response 

model described above to include an intermediary. In the effect-response- 

intermediary model, two species have an effect on, and response to, the 

abundance of some intermediary. The intermediary can be resources, 

pollinators, dispersers, herbivores, and microbial symbionts (Goldberg, 1990). 

For example, as plants grow, they affect an intermediary such as phosphorous 

(P) by changing its abundance in the soil. Plants respond to change of 

available P. The amount of the intermediary present can also be controlled by 

the environment. 
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Effect-Response-Intermediary Model and Allelopathy. Allelopathy can 

be described and better understood by using the effect-response-intermediary 

model discussed above. Allelochemicals can be intermediaries and thus plants 

can have an effect on, and response to, the abundance of these allelochemicals. 

For example, if one species releases chemicals into the soil environment and 

thus changes their abundance, another plant can respond to those chemicals. If 

the responding plant is inhibited or even killed by an increase in abundance of 

allelochemicals, it had a large response to the change in the amount of the 

intermediary in the soil environment. Inhibition of that plant by the first plant 

also would give the latter an advantage in acquiring limited resources. 

CANADA THISTLE CHARACTERISTICS 

Canada thistle is a herbaceous perennial that grows up to one meter in 

height, and is easily distinguished because of its spiny leaves. It reproduces 

both sexually and asexually; sexually, it is dioecious and produces an abundance 

of seeds. Asexually, new Canada thistle shoots are produced from lateral 

growing, subterranean roots. Because the root tissue has no nodes, new shoots 

can sprout from anywhere along the length of the root (Haderlie et. al, 1987). 

Canada thistle is mainly a problem in the temperate zones both in the 

northern and southern hemispheres (Holm et al., 1977). In the United States, 

it is considered a noxious weed in thirty-four states (Haderlie et al, 1987). 

It is mainly spread by tillage operations (Holm et al., 1977).  Tillage disturbs it 



8 

by cutting and throwing roots and shoots. Root and shoot fragments are able 

to produce new shoots (Haderlie et al. 1987; Magnusson et al. 1987). 

In cases where tillage is the only means of control and a crop is planted, 

Canada thistle is difficult or impossible to control. In cases where a field is 

fallowed, it can be controlled by repeated tillage operations that disrupt its 

growth cycle and depletes carbohydrate reserves that are stored in the roots 

(Holm et al., 1977). 

Canada thistle is sensitive to competition. In one experiment, varying 

densities of Canada thistle were planted with alfalfa. After time, regardless of 

the density of Canada thistle growing in the alfalfa at the start of the 

experiment, Canada thistle was self thinned to a density of one plant per 

square foot (Schreiber, 1967). 

BUCKWHEAT CHARACTERISTICS 

Buckwheat is an annual cultivated both as a grain and as a cover crop 

(anonymous, 1989; Auld et aL, 1986; Martin et al, 1976; Oplinger, 1975; 

Robinson, 1980) Buckwheat has a short taproot which is less than 4% of the 

total biomass of the plant (Martin et al, 1976). Buckwheat is characterized as 

the most efficient grain crop for extracting P from P-deficient soil (Robinson, 

1980). 

Buckwheat is used as a cover crop because it is a good green manure 

crop and it is very competitive (Martin, 1986; Oplinger, 1975). As a green 
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manure crop, buckwheat can add as much as three tons per acre of dry matter 

to the soil in as little as two months. Once tilled in, the dry matter decays 

rapidly, making nitrogen and other nutrients quickly available to succeeding 

crops (Oplinger, 1975; Robinson, 1980). 

New seedlings of most plants have difficulty competing with buckwheat 

because it germinates and develops a thick canopy faster than most weeds and 

crop plants (Oplinger, 1975). Because of this great abihty to interfere with 

other plants, buckwheat thrives in fields that are even moderately infested with 

weeds (Robinson, 1980; Auld et al., 1986). Buckwheat is not a good 

companion crop (or nurse crop) to alfalfa because it grows too quickly. The 

slower growing alfalfa does not estabhsh. When planting buckwheat, the soil 

should be prepared to destroy all existing weeds because buckwheat cannot 

easily compete with weeds that have already germinated (Robinson, 1980). 

There are no herbicides registered for use in fields of buckwheat grown as a 

cover crop. Effective weed control is accomplished by planting early which 

allows buckwheat to quickly shade the soil. 

There is some apprehension about using buckwheat as a cover crop 

because some fear it could become a weed problem. However, buckwheat is 

very sensitive to herbicides used in cereal production and lacks any seed 

dormancy. If planted right before frost, the seeds will germinate into harsh 

conditions and the plant will die (Auld et al, 1986). Also, fear of buckwheat 
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becoming a weed can be avoided by plowing buckwheat down before it 

produces a large number of seeds (Robinson, 1980; Cook, 1989). 

POLYGONACEAE INTERFERENCE WITH OTHER PLANTS 

Field Studies 

Buckwheat was grown as one treatment in an experiment designed to 

examine various nonchemical methods to control quackgrass [Agropyron repens 

(L.) Beauv.]1. The experimental site was also severely infested with Canada 

thistle. The seedbed was prepared by rototilling which, as was discussed 

earher, probably fragmented the rhizomes of quackgrass and roots of Canada 

thistle. Buckwheat seed was planted at a rate of 0.25 pounds per 100 square 

feet. 

Canada thistle shoot population in the buckwheat plots was reduced to 

20% of the controls (approximately 8 plants per square foot in the controls). 

The degree of shoot reduction and the etiolated appearance of the Canada 

thistle shoots present did not appear to be due just to competition. As 

discussed, Canada thistle is a poor competitor in alfalfa and buckwheat is an 

extremely good competitor; therefore, the reduction of shoots could have been 

primarily due to competition. It is difficult to determine at what point the 

'Allison, D., D. Curtis, and R. D. William.    1989.    Personal Communication of 
Unpublished Data. Weed Extension Specialists, Oregon State University. 



11 

Canada thistle was most affected because Canada thistle emergence and growth 

data were not taken. 

In an unrephcated experiment, Cook (1989) eradicated a severe 

infestation of quackgrass (Agropyron repens (L.) Beauv.) by using a buckwheat- 

buckwheat-ryegrass rotation during a period of one summer and winter. He 

reported that competition and allelopathy are the mechanisms by which 

buckwheat eradicates quackgrass. Ryegrass was used in the rotation because 

buckwheat is extremely sensitive to frost (Cook, 1989; Auld et al., 1986). 

Although this experiment was not replicated, the finding of complete control of 

quackgrass in one season suggests that allelopathy should be investigated as a 

mechanism by which buckwheat suppresses other plants. 

A farmer in Lewiston, Idaho reported that buckwheat, under good 

growing conditions, generally decreased a Canada thistle stand by 90-95%. 

However, sometimes he found that a Canada thistle infestation reduced a 

buckwheat stand by 90-95 %2. 

Buckwheat has been reported as a useful control agent for quackgrass 

(Oplinger, 1975). However, quackgrass must be weakened by the previous 

cropping system or by seedbed preparation before it can be controlled by 

buckwheat (Robinson, 1980). Buckwheat can also be used to eradicate Canada 

thistle, sowthistle (Sonchus spp. L.), creeping jenny {Convolvulus arvensis L.), 

2Personal communication from Gary Schulank, Lewiston, Idaho. 
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leafy spurge (Euphorbia esula L.), Russian knapweed (Centaurea repens L.), and 

perennial peppergrass (Lepidium latifolium L.)(Oplinger, 1975). Buckwheat is 

marketed and sold to organic growers specifically as a weed control agent for 

eradicating Canada thistle, quackgrass, and nutsedge (Cyperus spp. L.) 

(Peaceful Valley, 1989). Like quackgrass, Canada thistle must first be 

weakened for effective control. Weakening can be accomplished by prior 

herbicide or tillage treatment (Robinson, 1980). 

In the Rio Grande valley of Brazil, wheat did not germinate well in soil 

removed from the rhizosphere of the buckwheat plant. Primavesi and 

Machado (1968) recommend that buckwheat cultivation should cease and 

should be replaced with cultivation of maize and sorghum. One possible 

explanation of this is that buckwheat is injurious to subsequent crops because 

of the excessive removal of mineral plant foods by the quickly growing 

buckwheat (Martin, 1968). It may also be possible that toxins produced by 

growing or decaying buckwheat are released into the soils of the rhizosphere. 

This phenomenon has been known to occur in other species (Tang, 1986). 

There is evidence that prostrate knotweed (Pofygonum aviculare L.), 

another member of the polygonaceae family, has allelopathic properties. 

Prostrate knotweed rapidly invades and subsequently kills bermudagrass. In 

one growing season, a stand of prostrate knotweed expanded its radius 1.5 

meters into bennuda grass. The bermudagrass eventually died. Soil pH, 

texture, nitrogen, P, potassium, magnesium, calcium, and zinc were all 
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measured both in and out of the prostrate knotweed stand. There was no 

difference between the two soils, which could indicate that competition may not 

be the only mechanism by which prostrate knotweed interferes with 

bermudagrass (Alsaadawi and Rice, 1982a). 

Greenhouse studies 

Excised roots of wild perennial buckwheat (Fagopyrum cymosum) were 

planted in a biculture with Brassica campestris, Cyperus rotundas, and Digitaria 

sanguinalis in pots. The growth of these other species was inhibited when 

growing in pots with wild perennial buckwheat. Results of plant growth in the 

biculture were only reported as photographs, thus it is presumed that only 

visual ratings were made. From this it was concluded that buckwheat excretes 

a toxin that inhibits the growth of these other species (Tsuzuld et al., 1977). 

However, the competitive effects were not separated from the allelopathic 

effects of wild perennial buckwheat on the other species because neither plant 

density nor species proportion were investigated as probable mechanisms. 

Differences between the soils under prostrate knotweed and under 

bermudagrass were determined. The soil under prostrate knotweed inhibited 

the growth of Gossypium barbadense, Sorghum bicolor, Chenopodium album, 

Sporobolus pyramidatus, and Cynodon dactylon. Root growth of some species 

was inhibited, while the shoot growth of other species was inhibited. Root and 

shoot growth of Cynodon dactylon was inhibited (Alsaadawi and Rice, 1982). 
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CHARACTERIZATION OF POLYGONACEAE ALLELOCHEMICALS 

Extraction and Analysis of Allelochemicals 

In the study by Tsuzuki et al. (1977), 100 grams of fresh wild perennial 

buckwheat was ground and extracted with water and organic solvents. The 

extracts were then assayed using wild rice seedlings. The aqueous extracts 

reduced seedling height and length of the second leaf sheath, more at higher 

than lower concentrations. At lower concentrations, the growth of rice was 

stimulated. Root growth of rice seedlings was increasingly inhibited as the 

concentrations of the extracts increased. This brings up two interesting points. 

First, any ground plant tissue extracts most likely contain toxins which can 

inhibit the growth of other plants. Therefore, care must be taken that artifacts, 

chemicals ubiquitous in plant material, are not part of the extracts.   Second, it 

is hard to determine if the concentrations of the extracts used in the assay 

actually reflect the concentrations that are found in the soil near the 

susceptible plant (Putnam and Tang, 1986). 

The assay plants showed the same inhibition when they were treated 

with extracts that had been boiled as with extracts of ground plant tissue. This 

indicates that the toxins are heat stable (Tsuzuki et al., 1977). 

Chemical Identification and Bioassay 

The concentrated extracts mentioned above were subjected to paper 

chromatography. The dried chromatograms were divided into pieces 
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horizontally and each was assayed with rice seedlings. Three inhibiting zones 

were found with one being particularly inhibitory to the rice seedlings. A less 

active zone was found to have properties similar to abscisic acid (Tsuzuki et al., 

1977). 

In a later experiment, the streaks where the most inhibitory zones were 

found were eluted with methanol. In another paper chromatogram, two zones 

of inhibition were identified. The chemicals in these inhibition zones exhibited 

solubility in solvents similar to chlorogenic, caffeic, and ferulic acids. It was 

concluded that these acids were responsible for the allelopathic effects 

(Tzusuki and Yamamoto, 1983). These acids are all phenolic acids produced 

by the shikimic acid pathway and reactions subsequent to this pathway 

(Salsbury and Ross, 1985). 

By using commercially prepared ferulic, caffeic, and chlorogenic acids in 

the assay, inhibition was detected at concentrations of 10 ppm ferulic and 

caffeic acids. Chlorogenic acid had no effect on the growth of rice. Ferulic 

and caffeic acids both showed growth promotion at 0.1 ppm. 

Tsuzuki and Yamamoto (1983) suggest that the phenohc acids are 

present in high enough concentration in the roots to cause allelopathy. Roots 

of wild perennial buckwheat contained 4.8 ppm of ferulic acid and 13.4 ppm of 

caffeic acid. Since the concentration of these acids in roots is high enough to 

inhibit other plants, these acids could be excreted into the soil at 
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concentrations in the soil high enough to inhibit other plants. Mixtures of 

these acids were not bioassayed to determine if there were possible synergistic 

effects. 

Ferulic acid may negatively affect plant processes such as protein 

synthesis, photosynthesis, stomatal conductance, chlorophyll content, phosphate 

(PO43") and potassium uptake, and water potential (Einhellig, 1986). Caffeic 

acid, at levels greater than 100 fiM, inhibited plant growth by inhibiting 

photosynthesis (Kadlec, 1973). By using 14C-labeled ferulic and caffeic acids, 

Van Sumere et al. (1977) showed that caffeic and ferulic acid were 

incorporated and metabolized into yeast cells. A more extensive review of the 

mode of action of phenolic acids and other allelochemicals was done by 

Einhellig (1986). 

Tsuzuki et al. (1987) found that rice seedling growth was inhibited by 

palmitic, stearic, and arachidic acids, each at 250 ppm in separate assays. They 

concluded that these long chain fatty acids may play a role in the allelopathy of 

wild perennial buckwheat (Tsuzuki et al., 1987). 

Alsaadawi and Rice (1981b) isolated eight compounds that were 

allelochemicals in prostrate knotweed. Four of the chemicals were extracted 

and assayed from living plants, while four were extracted and assayed from 

prostrate knotweed residue and from soil underneath prostate knotweed stands. 

Three of the chemicals extracted from fresh prostrate knotweed were identified 

as glucosides. Also, three of the chemicals extracted from the residue and soil 
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were also glucosides and were phenohc in nature. Some of these 

allelochemicals also inhibited Rhizobium and Azotobacter, nitrogen fixing 

bacteria. No work was done to determine if the allelochemicals acted 

synergistically, although this is likely the case (Alsaadawi and Rice, 1981b). 

Alsaadawi and Rice (1982) also isolated the sodium salts of nine long 

chain fatty acids extracted from prostrate knotweed residue and seven extracted 

from soil underneath prostrate knotweed stands. These long chain fatty acids, 

ranging from 14-22 carbons, inhibited the growth of bermudagrass seedlings 

and also Azotobacter and Rhizobium. The dominant mechanism of interference 

by prostrate knotweed toward bermudagrass is allelopathy. Competition by 

prostrated knotweed toward bermudagrass accentuates the interference caused 

by allelopathy (Alsaadawi and Rice, 1982). 

THE ROLE OF MYCORRHIZAE IN INTERSPECIFIC INTERFERENCE 

Biology of Vesicular-Arbuscular Mycorrhizae 

Mycorrhizal fungi have an important, symbiotic relationship with most 

plant species (Frank, 1885 as cited by Powell and Bagyaraj, 1984). Of the two 

major types, ectomycorrhizae are characterized by the formation of a mantle of 

fungal hyphae outside the root. Hyphae of ectomycorrhizae also occupy the 

intracellular spaces of the epidermis and cortex and do not penetrate the cells. 

Hyphae of endomycorrhizae do not fonn a mantle and do penetrate extensively 

into cells (SaUsbury and Ross, 1985; Bonfante-Fasolo, 1986). 
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The hyphae of vesicular-arbuscular mycorrhizae (VAM), the most 

common subgroup of endomycorrhizae, penetrate into the cortical cells of the 

roots and form structures called vesicles and arbuscules. VAM hyphae are 

surrounded by invaginated plasmalemma of the host and thus are not in direct 

contact with the cytoplasm (Bonfante-Fasolo, 1986). Hyphae, which grow out 

of the root and into soil surrounding the roots, act as extensions of the root 

system and can mine areas outside the soil root zone for P (P is not soil 

mobile) and water. Arbuscules function as exchange sites where VAM fungi 

obtain needed carbohydrates from the plant for growth and development and 

the plant obtains needed resources such as P from the fungus (Tinker, 1978; 

Bowen et al, 1975; and Cooper, 1986). 

Mycorrhizae Enhance the Competitive Ability of Plants 

Adding Endogone mycorrhizae to a system in which Holcus lanatus and 

Lolium perenne were growing in biculture resulted in H. lanatus becoming the 

superior competitor (Fitter, 1977). Neither H.lanatus nor L. perenne has a 

competitive advantage when they are grown together in the absence of 

mycorrhizae. Upon close inspection of roots, both species were found to be 

colonized by mycorrhizal fungi. Apparently, H. lanatus is more able to benefit 

from the colonization than L. perenne. Fitter (1977) suggested that P is more 

efficiently transferred from fungus to root in H. lunatus with this particular 

strain of Endogone.  Other results may be obtained if another strain of 
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Endogone were used. Fitter (1977) also found that H. lunatus actually 

increased colonization of L. perenne, probably because H. lunatus stimulated 

spore germination and mycelial growth. 

Trifolium repens became more competitive when grown in biculture with 

L. perenne in soil inoculated with mycorrhizal fungi (Crush, 1974). 

Agropyron smithii and Boutela gracilis are better competitors when 

mycorrhizal (Allen and Allen, 1984). In the absence of mycorrhizae, these two 

species are suppressed when growing close to Salsola kali. However, when 

mycorrhizal fungi were added to the system, A. smithii completely overcame the 

suppressive effects of 5. kali. B. gracilis did not overcome the suppressive 

effects of S. kali but, when B. gracilis was colonized with mycorrhizae, the 

suppressive effects of 5. kali were less severe. 

Sorghum {Sorghum bicolor Moench) is a better competitor when 

colonized by mycorrhizae (Ocampo, 1986). VAM colomzed sorghum competed 

better for soil nutrients than non-VAM sorghum. Endophyte mycelia 

originating from the sorghum association were found on the surface of the 

cabbage {Brassica oleracea, Capitata Group) roots. Mycelia from sorghum may 

have reduced P availability in the root zone of cabbage causing a decrease in 

cabbage growth. Non-host species grow and compete better than VAM 

dependent species non-VAM inoculated soil because non-host species have a 

superior ability to extract P from the soil in the absence of VAM fungi. This 
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difference in P uptake efficiency is related to root hair development and will be 

discussed later. 

The amount of mycorrhizal infection of weeds growing near crop plants 

depends on the degree to which crop plants are VAM dependent (Stejskalova, 

1989). VAM infection of weeds was promoted when growing in the vicinity of 

crop plants that are highly dependent on mycorrhizal colonization. The 

infection level of the VAM dependent crop also increased in this system. 

However, VAM infection of wheat (Triticum aestmim L.), a facultative 

mycorrhizal plant, is negatively affected by the presence of some weed species. 

Plants Inhibit Mycorrhizal Formation 

Some plants may release allelochemicals that inhibit the colonization 

and development of VAM on other plants. The inhibition of VAM 

colonization may decrease uptake of phosphate (PO43") which would make 

VAM-independent species more competitive than a plant dependent on VAM 

(Brown and Mikola, 1974). VAM colonized Ambrosia artemisiifolia growth 

varied with its plant neighbor species. Brassica nigra as a neighbor inhibited 

the growth of VAM colonized A. artemisiifolia more than A. artemisiifolia as the 

neighbor. The inhibition of A. artemisiifolia by B. nigra may have been due to 

the spatial distribution of roots, the ability of B. nigra to alter the chemistry of 

its rhizosphere to advantageously enhance its nutrient availability or uptake, or 
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from allelopathic suppression of VAM hyphae by root exudates of B. nigra 

(Crowell and Boemer, 1988). 

VAM colonization of onion (Allium cepa L.) was inhibited by the 

presence of swede [Brassica napus (L.) Mill., Napobrassica Group] roots. Also, 

other plant species normally mycorrhizal did not develop VAM colonization if 

grown in the presence of swede roots. This was probably due to swede root 

exudation of substances inhibitory to Endogone (Hayman et al, 1975). 

Sitanion hystrix (Nutt.) J.G.Sm. affected the growth of VAM colonized 

Atriplex canescens (Pursh) Nuttall. When grown alone, A. canescens responded 

positively to VAM inoculation (shoot growth increased). When S. hystrix was 

added to the growth media, there was no difference in shoot biomass oiA. 

canescens with or without VAM colonization. S. hystrix may have been adding 

a substance to the soil that was inhibitory to mycorrhizae growth and 

development (Franson and Miller, 1985). 

Effect of VAM on Physiology and Growth of Plants in Competition 

VAM and Stomatal Resistance. VAM appear to affect the physiology of 

plants causing them to be more competitive under stressful conditions. 

Stomatal resistance (rs) was lower in VAM plants than in non-VAM plants 

(Allen and Allen, 1984). When stomates are closed or nearly closed, resistance 

to transpiration or r, is high and when the stomates are open, resistance to 

transpiration or r8 is low (Salisbury and Ross, 1985).  The lower rs value in 
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mycorrhizal plants indicates that stomates are more open and transpiration is 

continuing in VAM colonized plants.  The lower r, values were recorded even 

during the driest times of the year. Non-mycorrhizal plants were under more 

water stress as evidenced by an increased resistance to transpiration. The trend 

of low r8 and low water stress correlated with shoot dry mass.  Shoot dry mass 

was higher in the mycorrhizal treatments (Allen and Allen, 1984). Mycorrhizal 

plants had the same value for r8 whether they had neighbors or not. 

Neighboring plants did not cause undo stress to VAM inoculated plants. 

Leaves of VAM plants also had an increased or identical value for water 

potential. With respect to water relations, mycorrhizae probably act by 

reducing root resistance to water uptake (Allen and Allen, 1986). 

VAM and Root Growth. VAM colonization also affects growth and 

development of plants. Root growth of L. perenne was negatively affected by 

VAM colonization (Fitter, 1977) which may have been responsible for the 

decreased competitive ability of L. perenne as mentioned earlier. 

VAM and Phenological Development. VAM infected A. smithii and 

Agropyron dasystachyum (Hook.) Scribn. showed a delay in phenological 

development, including flowering. The delay in flowering may give these plants 

an advantage in competitive situations if the delay is accompanied by an 

increase in flower and seed set (Allen and Allen, 1986). 
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MYCORRHIZAE IN AGRICULTURAL SOILS 

Phosphorous and Mycorrhizae Development in Agricultural Soils 

Agricultural soils are generally high in fertility and have higher levels of 

available P than undisturbed soils. Mycorrhizal colonization of plants is low in 

the presence of high P (Franson and Miller, 1985; Ross, 1971; Khan, 1972; 

Sparling and Tinker, 1974). Fewer chlamydospores of Endogone were found in 

fields given 110 and 220 kg P/ha than fields fertilized with 55 kg P/ha 

(Kruckelmann, 1974). When soil P concentration exceeded 140 mg/kg, the 

establishment of VAM infection was delayed, the rate of VAM growth was 

halved, and the intensity of internal colonization of VAM was reduced 

(Amijee, 1989). 

Effect of Tillage and Erosion on Mycorrhizae 

Tillage, in some situations, may be responsible for changes in VAM 

spore numbers and inocula in soil. Compared with no-tillage, shallow plowing 

tended to increase spore frequency, while tilling by rotary hoe tended to 

decrease spore frequency (Kruckelmann, 1974). In a survey of eroded and 

noneroded soils, fewer mycorrhizae propagules were found in eroded soils. 

The lower mycorrhizae propagule numbers in eroded soils are attributed to the 

loss of topsoil (Powell, 1980). 
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MYCORRHIZAE AND ROOT HAIRS 

Plants with short or few root hairs depend more on mycorrhizae than 

plants with more root hair development (Baylis, 1972). Tropical legumes are 

more dependent on mycorrhizae for growth than temperate species and this 

difference seems to be related to the degree of root hair development (Crush, 

1974). 
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CHAPTERS 

Quantifying Buckwheat (Fagopyrum sagittatum) Inhibition of 

Canada Thistle (Cirsium arvense) Growth to Determine 

if Allelopathy may be an Interference Mechanism1 

STEVEN R. ESKELSEN AND GARVIN D. CRABTREE2 

Abstract. A replacement series experiment was conducted in the field to 

quantify the interaction between Canada thistle and buckwheat and to 

determine if allelopathy could be a mechanism by which buckwheat interferes 

with Canada thistle. Average plant biomass data indicated that buckwheat 

plants only responded to the intraspecific competition from other buckwheat 

plants. There was no interspecific competition from Canada thistle. Canada 

thistle plants only responded to the interspecific competition from buckwheat 

plants. Canada thistle plants did not respond to the intraspecific competition 

from other Canada thistle plants. The absence of one of the interspecific 

competition components (no measurable effect of Canada thistle density on 

buckwheat) indicates that there was niche differentiation and buckwheat and 

'Received for publication March 19, 1993 and in revised form May 14, 

1993. 

2Grad. Res. Asst., Prof., Department of Horticulture, ALS 4017, Oregon 

State University, Corvallis, OR, 97331-7304. 
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Canada thistle plants were not exploiting the same resources.  Since the 

interaction between buckwheat and Canada thistle indicates avoidance, the 

value for niche differentiation is probably greater than unity. Thus, there is no 

mutual antagonism between the species. Allelopathy is one mechanism that 

causes mutual antagonism. However, results show that buckwheat interferes 

with Canada thistle growth and allelopathy may be a mechanism causing this 

interference even though niche differentiation was greater than unity. 

Nomenclature: Canada thistle, Cirsium arvense (L.) Scop. #3 CIRAR; 

buckwheat, Fagopyrum sagittatum Gilib. (F. esculentum Moench). 

Additional index words. Competition, Cirsium arvense (L.) Scop., CIRAR, 

Fagopyrum sagittatum Gilib. (F. esculentum Moench). 

INTRODUCTION 

Canada thistle, a perennial, herbaceous plant, is considered a noxious 

weed in 34 states in the United States and is considered a problem weed in 

other temperate areas of the Northern and Southern Hemispheres (4, 6). 

Canada thistle is difficult to control because it has adapted to grow in many 

'Letters following this symbol are a WSSA-approved computer code from 

Composite List of Weeds, Weed Sci. 32, Suppl. 2. Available from WSSA, 309 

West Clark St., Champaign, IL 61820. 
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diverse habitats, produces an abundance of seeds, and has an extensive, 

regenerative root system. The roots are major propagation and overwintering 

organs because they store carbohydrates and can produce new shoots anywhere 

along their length (4, 6). 

Canada thistle responds to competition from other plants. In one 

experiment, Canada thistle was naturally thinned to a density of 11 plants/m2 in 

alfalfa (Medicago sativa L.) plots with densities as high as 33 plants/m2 (14). 

Buckwheat, a member of the polygonaceae family, is an annual 

cultivated both as a grain and a cover crop (1, 2, 7, 9, 12). Buckwheat 

germinates and establishes a canopy faster than most weeds and other crop 

plants. The shading caused by the canopy makes buckwheat a superior 

competitor to germinating weeds. Even though no herbicides are currently 

registered for buckwheat production, effective weed control is accomphshed by 

planting buckwheat in a seedbed free of established weeds. However, 

buckwheat maintains this competitive advantage only in fields lightly to 

moderately infested with weeds (2, 9, 12). 

Buckwheat is used as a cover crop to suppress/eradicate Canada thistle 

(1, 9, 12). Buckwheat reduced Canada thistle shoot populations by 80% when 

buckwheat was planted in estabhshed stands of Canada thistle4. Buckwheat, as 

4Personal communication of unpublished results from D. Allison, D. Curtis, 

and R. D. William.  Extension Service, Oregon State University. 
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a cover crop, was also demonstrated to be an effective tool for eradicating 

quackgrass (Agropyron repens (L.) Beauv.).   Allelopathy was reported as a 

possible mechanism (3). Also, buckwheat has been used to eradicate sowthistle 

(Sonchus spp. L.), creeping jenny {Convolvulus arvensis L.), leafy spurge 

(Euphorbia esula L.), Russian knapweed (Centaurea repens L.), and perennial 

peppergrass (Lepidium latifolium L.) (9). Buckwheat is sold to organic growers 

specifically for controUing/eradicating Canada thistle, quackgrass, and nutsedge 

(Cyperus spp.) (1, 9). 

It is difficult to determine if buckwheat's interfering effects on other 

plants is solely due to competition for limiting resources. Allelopathy may also 

be an interference mechanism. Primavesi and Machado (10) found that wheat 

(Triticum aestivum L.) did not germinate well in soil from the rhizosphere of 

buckwheat plants. Buckwheat may have caused the poor germination of wheat 

by releasing toxins (allelochemicals) in its rhizosphere. This phenomenon of 

plant roots releasing toxins into the soil has been observed in other plant 

species (16). Another explanation is that buckwheat, a plant with a fast growth 

rate, is injurious to subsequent crops because it excessively removes essential 

minerals (7). 

Neustruyeva and Dobretsova (10) report that buckwheat suppressed 

growth, reduced above-ground biomass, and reduced the leaf surface area of 

common lambsquarters (Chenopodium album L.) by decreasing the uptake of 
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nitrogen (N), phosphorous (P), and potassium (K). Allelopathy was not 

suggested as a mechanism. 

The growth of birdsrape mustard (Brassica campestris L.), purple 

nutsedge (Cyperus rotundas L.), and large crabgrass (Digitaria sanguinalis 

(L.)Scop.) was shown to be inhibited when each was growing in biculture with 

wild perennial buckwheat (Fagopyrum cymosum L.). Extracts from 

homogenized wild perennial buckwheat leaves reduced height, root growth, and 

the length of the second leaf sheath in rice (Oryza sativa L.) seedlings as extract 

concentrations increased. However, at lower concentrations, the growth of rice 

was stimulated (17). Evidence was presented that ferulic and caffeic acids 

may be responsible for the growth reduction (18). In a later study, rice 

seedling growth was also inhibited by palmitic, stearic, and arachidic acids 

extracted from wild perennial buckwheat, each at 250 ppm, in separate assays. 

These fatty acids may also play a role in making wild perennial buckwheat 

allelopathic to other plants (19). 

Field competition experiments are used to study the interaction between 

plants and may provide evidence that allelopathy is involved in the 

interference. In one type of competition experiment, a replacement series 

experiment, plant density is held constant while the ratio of one species to 

another is varied (13). One value that can be calculated from a replacement 

series experiment is a value for relative yield total (RYT). An RYT less than 

one implies that mutual antagonism is occurring (5) or that not all the 
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resources available to the plants are being used. One explanation for this 

nonuse of all available resources may be that plants may be inhibiting the 

growth of each other through allelopathy (11). A RYT with a value of one 

indicates that the plants are making demands on or competing for the same 

limiting resource. An RYT greater than one indicates that the plants are not 

making the same demands on limiting resources, they are avoiding competition, 

or they are in a symbiotic relationship with each other (5). The higher the 

value of RYT over unity, the greater the degree of competitive avoidance (15). 

A weakness of the replacement series experiment is that it does not include 

total plant density as a factor. Total plant density as well as species proportion 

can influence a competitive relationship (13). 

In an addition series experiment, another type of competition 

experiment, both species proportion and density are varied (13). One outcome 

of the addition series experiment is niche differentiation. Spitters (15) argues 

that niche differentiation is similar to RYT. 

The objective of this study was to l)quantify the interaction between 

buckwheat and Canada thistle in field conditions, and 2) determine the niche 

differentiation of the biculture of buckwheat and Canada thistle.   Also, in 

order to better understand the interaction between buckwheat and Canada 

thistle, an additional objective is to determine the growth rates of isolated 

buckwheat and Canada thistle plants grown under similar conditions. 
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MATERIALS AND METHODS 

Addition series experiment 

The experimental design for the 1991 and 1992 field experiments was a 

completely randomized design with 4 rephcations. The treatments consisted of 

all density combinations of Canada thistle and buckwheat as shown in Table 

3.1. 

The experiments were performed at the Lewis-Brown Horticultural 

Research Farm located near Corvallis, Oregon. The selected field had been 

fallowed for several years and was last cropped in caneberries. The soil, a 

Malabon silty clay loam (fine, mixed, mesic phachic ultic argixerolls), was 

prepared into a fine seed bed and divided into 1m x 1m plots. An analysis of 

the soil showed the following: pH was 6.6, P was at 11 ppm, K was at 199 

ppm, calcium was at 13.8 meq/100 g soil, and magnesium was at 6.5 meq/100 g 

soil. 

Buckwheat seeds and Canada thistle roots were used for planting. 

Canada thistle roots were dug from sites heavily infested with Canada thistle at 

the Lewis-Brown Farm on June 10th and 11th, in both 1991 and 1992. The 

roots were placed in moistened burlap sacks and moved to refrigerated storage 

(1-2 C) at the end of each collection day. The roots were cut into 3.8 cm 

pieces. In 1991, the Canada thistle roots were presprouted in the greenhouse 

in pans lined with moistened burlap. As roots sprouted, they were placed in a 

refrigerator at 0 C. Although only about 20% of the roots sprouted during the 
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presprouting period, all the Canada thistle root segments were used for 

planting. The proportion of sprouted and unsprouted Canada thistle roots was 

kept constant for each treatment requiring Canada thistle. In 1992, the root 

segments were not presprouted and were planted within one week of being 

collected. 

In planting, the top 2.5 cm of soil was removed from each plot. Canada 

thistle root pieces and buckwheat seeds were evenly placed in each plot and 

the soil was then replaced and leveled. The planting dates were July 26, 1991 

and June 16, 1992. The experimental area was sprinkler irrigated with 1.3 cm 

of water each day for the first two weeks after planting. Thereafter, plots were 

irrigated and species other than buckwheat and Canada thistle were removed 

as needed. Plants were grown for six weeks. 

Harvests for the two runs of the experiment were September 6, 1991 and 

July 28, 1992. The plants were cut at the soil surface, separated by species, 

counted, placed into paper sacks, and dried at 60 C for approximately 72 hours. 

The dried plant material was cooled to room temperature and weighed to 

determine biomass. 

Plant biomass was divided by plant number to determine the average 

biomass of the plants. The reciprocal of the average biomass of the plants was 

subjected to regression analysis. The weighted least squares method was used 

to satisfy the regression assumptions of normality and homogeneity of the data. 

The 1991 and 1992 data were combined and analyzed together. An indicator 
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variable was used to differentiate between the 1991 and 1992 runs of the 

experiment. 

Measuring growth rates of buckwheat and Canada thistle plants 

A seedbed was prepared in an area heavily infested with Canada thistle. 

Buckwheat seeds were evenly spread into the area and chiseled in on July 17, 

1992. After 10 days, 70 seedlings each of buckwheat and Canada thistle were 

tagged and assigned a number. The marked plants were isolated by destroying 

all other plant seedlings within a 60 cm radius. The field was watered and 

weeded as necessary. At 2, 3, 4, 5, and 6 weeks after planting, 10 randomly 

selected plants of each species were harvested. Plant height and node number 

were measured in the field. The plants were then placed in a paper sack and 

dried for 3 days at 60 C. Plant biomass was then measured. 

The data were subjected to regression analysis. The weighted least 

squares method was used to satisfy regression assumptions of normality and 

homogeneity of data. 

RESULTS AND DISCUSSION 

To quantify the interaction between buckwheat and Canada thistle, an 

addition series experiment was conducted. In an addition series experiment, 

total plant density and species proportion, both of which can influence a 



34 

competitive relationship, are varied (13). In competitive studies, results can 

vary depending on conditions such as nutrient availability, pH, and water stress 

(5). 

In a biculture of buckwheat and Canada thistle at several different 

densities and proportions, as buckwheat density increased, the average biomass 

of buckwheat plants decreased (Figure 3.1). An increase in Canada thistle 

density did not have an obvious effect on the average biomass of buckwheat 

plants (Figure 3.2). These relationships are described statistically in equation 

1. 

— = 0.00966 + 0.00247 (A^) + 0.00008 (NJ 
b 

+ 0.04214(J?C/Ara>/)       R1 = 0.86 

Where:  Wb is the average biomass of buckwheat plants, Nb is buckwheat 

density, Nct is Canada thistle density, and RUN91 is an indicator variable that 

indicates whether the data points were collected in the 1991 or 1992 run of the 

experiment. The indicator accounted for some of the variability in the data (R2 

improved from 0.83 to 0.86) but did not significantly change the outcome of the 

other two coefficients. The symbol bb b will refer to the coefficient associated 

with Nb and bbiCl will refer to the coefficient associated with Nct in equation 1. 

The density of Canada thistle had very little effect, if any, on the average plant 

biomass of buckwheat. The probability that bb)Ct is equal to 0 is 0.1355. The 
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effect of Canada thistle density on the average plant weight of buckwheat, if 

there is one, was smaller than the experimental error in these experiments. 

The nonsignificance of bb>ct indicates that the average plant biomass of 

buckwheat, at the densities and environmental conditions under which the 

experiments were performed, was mainly influenced by the intraspecific 

interference from other buckwheat plants. Buckwheat does not respond to the 

presence of, or the interspecific interference from Canada thistle plants. 

When both coefficients in equation 1 are used and interpreted according 

to Spitters (15) method, the addition of another buckwheat plant reduces the 

average biomass of buckwheat plants to the same extent as approximately 30 

Canada thistle plants (bbjb/bb(Ct = 0.00247/0.00008 « 30).  Or, buckwheat 

senses the presence of 1 buckwheat plant as strongly as it senses the presence 

of 30 Canada thistle plants. Hence, with respect to buckwheat, intraspecific 

competition from buckwheat is 30 times stronger than the interspecific 

competition from Canada thistle. 

As buckwheat density increases, the average biomass of Canada thistle 

plants decreases (Figure 3.3). Whereas, an increasing Canada thistle density 

does not appear to have an obvious effect on the average biomass of Canada 

thistle plants (Figure 3.4). These relationships are shown statistically in 

equation 2. 
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— = 1.79924 + 0.02694 (A^)-0.00328 (i^) R2  =0.55    (2) 
Wct 

Where: Wct is the average plant biomass of Canada thistle, other symbols are 

similar to those is equation 1. The symbol bc^b will refer to the coefficient 

associated with Nb and bcUct will refer to the coefficient associated with N,., in 

equation 2. The probabiHty that bcUcl is equal to 0 is 0.1053. The effect of 

Canada thistle on itself, if there is one, is smaller than the experimental error. 

The nonsignificance of bc^ct indicates that the average plant biomass of Canada 

thistle, at the densities and environmental conditions under which the 

experiments was performed, was mainly influenced by the interspecific 

competition from buckwheat plants. The effect of Canada thistle on itself, if 

there was one, was not measurable. The RUN91 variable that was in equation 

1 was not significant in equation 2 and therefore not included. 

When both coefficients are used in the interpretation, the addition of 

another buckwheat plant to the mixture reduces the average biomass of 

Canada thistle plants to the same extent as approximately 8 Canada thistle 

plants (bctib/bct)Ct = 0.02694/0.00328 « 8). Canada thistle senses the presence 

of 1 buckwheat plant as strongly as 8 Canada thistle plants. Therefore, the 

interspecific interference from buckwheat is 8 times stronger than the 

intraspecific interference from Canada thistle. 

Since Canada thistle does not have an effect on buckwheat, this implies 

that Canada thistle and buckwheat are avoiding competition (not exploiting the 
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same resources). Avoidance imphes that the value for niche differentiation is 

greater than unity. 

When the coefficients from equation 1 and equation 2 are used and 

interpreted according to Spitters (15), the niche differentiation value for these 

two species is approximately 2.5 (b^/bb^ x b^et/b^,, = 0.00247/0.00008 x 

0.00328/0.02694 = 2.5). This value, greater than unity, suggests quantitatively 

that the plants are avoiding competition or are not fully exploiting the same 

resources. This higher than unity value for niche differentiation indicates that 

mutual antagonism may not be occurring between buckwheat and Canada 

thistle. Allelopathy, one mechanism of mutual antagonism, may not be the 

major interfering mechanism of buckwheat on Canada thistle (5, 15). 

As equation 2 shows, buckwheat interferes with Canada thistle. The 

most obvious resource that buckwheat excludes from Canada thistle is light. 

Buckwheat has a faster growth rate than Canada thistle (Figures 3.5 and 3.6) 

which gives buckwheat the advantage for obtaining direct sunlight. However, 

Canada thistle root sprouts still established and grew slightly in the low light 

conditions underneath buckwheat's canopy. So, buckwheat and Canada thistle 

do compete for sunhght but Canada thistle may avoid competition with 

buckwheat by exploiting the light underneath the buckwheat canopy. In 

situations where buckwheat is planted in soil of well established Canada thistle 

stands, some Canada thistle shoots are able to grow to a height even with or 
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higher than the buckwheat canopy5. This abihty of estabUshed Canada thistle 

to grow taller is probably due to the carbohydrates that are stored in Canada 

thistle's underground root system (4, 6). In that case, where Canada thistle 

height equals or exceeds the height of the buckwheat canopy, the value for 

niche differentiation may change and probably would be closer to one. 

The value for niche differentiation indicates that there is no evidence 

that mutual inhibition is the primary interaction between these two plants. 

Allelopathy is one mechanism that causes mutual inhibition. However, results 

show that buckwheat did interfere with Canada thistle. Something other than 

resource partitioning may be occurring. For example, Canada thistle is being 

interfered with to a large extent by losing out on direct sunlight. However, it is 

possible that the interference caused by the shading could be further increased 

by an interaction between competition for mineral resources and allelopathy. 

This experiment was not designed to test or separate the different interfering 

mechanisms. 
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Figure 3.1.  The effect of buckwheat density on the average plant biomass of 
buckwheat. 
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Figure 3.2.  The effect of Canada thistle density on the average plant biomass 
of buckwheat. 
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Figure 3.3.  The effect of buckwheat density on the average plant biomass of 
Canada thistle. 
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Figure 3.4.  The effect of Canada thistle density on the average plant biomass 
of Canada thistle. 
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Figure 3.5.  The growth rates of Canada thistle and buckwheat in terms of 
height. Hb = 0.40 (w) + 3.33 (w)2   (R2 = 0.96). Hct =4.54 - 2.64 (w) + 0.96 
(w)2   (R2 = 0.96). Hb is the height in cm of buckwheat, and Hct is the height 
of Canada thistle in cm, and w is the time in weeks. 
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Figure 3.6.  The growth rates of Canada thistle and buckwheat in terms of 
biomass. Bct = -1.38 + 0.84 (w) (R2 = 0.82). Bb = 7.08 + 6.19 (w) + 1.42 
(w)2 (R2 = 0.90). Bb is the biomass of buckwheat in g, Bct is the biomass of 
Canada thistle in g, and w is the time in weeks. 
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Table 3.1. Planting densities of buckwheat and Canada thistle in the addition 
series experiment. 

Planting Densities 

Planted Buckwheat Planted Canada Thistle 
Seeds Root Segments 

fin    ■m"^ " 

0 0 

25 25 

75 75 

200 150 

400 250 
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CHAPTER 4 

Evaluation of Allelopathic Effects of Buckwheat (Fagopyrum sagittatum) 

on Canada Thistle (Cirsium arvense) in the Absence of 

Light and Root Competition1 

STEVEN R. ESKELSEN AND GARVIN D. CRABTREE2 

Abstract.  Studies were performed to determine if buckwheat inhibited the 

growth and development of Canada thistle when competition for light, water, 

and mineral nutrients was reduced or eliminated. In one set of experiments in 

which buckwheat shoots were trained away from Canada thistle shoots so the 

two species would not be competing for light, buckwheat plants significantly 

interfered with Canada thistle plants. To reduce or eliminate competition for 

water and nutrients, plants were irrigated as needed with water containing a 

soluble nitrogen (N), phosphorous (P), potassium (K) fertihzer (N-P-K analysis, 

20-20-20, wt-wt-wt) at an N concentration of 100 ppm (wt/vol). In another 

experiment, in treatments in which buckwheat shoots were not trained away 

from Canada thistle shoots, Canada thistle shoot biomass was greater where its 

roots were isolated (isolated by growing roots in PVC pipe) from the 

'Received for publication March 19, 1993 and in revised form May 14, 1993. 

2Grad. Res. Asst, Prof., Department of Horticulture, ALS 4017, Oregon State 

University, Corvallis, 97331-7304 
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buckwheat roots than when the roots were not isolated. Thus, buckwheat roots 

significantly interfer with Canada thistle growth. 

The object of another set of experiments was to eliminate both root and 

shoot competition and to let the plants interact only with their leachates in 

circulating 10% Hoagland's solution. Canada thistle biomass was reduced 

when exposed to leachates from buckwheat roots. Position of the buckwheat 

plant above or below the Canada thistle plant did not affect the response of 

Canada thistle. Results from these experiments provide evidence that 

allelopathy is a mechanism by which buckwheat interferes with Canada thistle. 

Nomenclature:  Canada thistle, Cirsium arvense (L.) Scop. #3 CIRAR; 

buckwheat, Fagopyrum sagittatum Gilib. (F. esculentum Moench). 

Additional index words. CIRAR 

INTRODUCTION 

Interference is the ability of one plant to affect another plant adversely 

(11). Two mechanisms of interference are competition and allelopathy. In 

competition, plants compete for water, Ught, and nutrients. In allelopathy, one 

3Letters following this symbol are a WSSA-approved computer code from Composite 

List of Weeds, Weed Sci. 32, Suppl. 2. Available from WSSA, 309 West Clark St., 

Champaign, IL 61820. 
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plant releases to the soil environment chemicals that are inhibitory to another 

plant (15). 

Canada thistle, a perennial, herbaceous plant, is considered a noxious 

weed in 34 states of the United States and a problem weed in other temperate 

areas of the Northern and Southern Hemispheres (7, 8). Canada thistle is 

difficult to control because it is adapted to grow in many diverse habitats, it 

produces abundant seed, and it develops an extensive underground root system. 

The underground roots are major propagation and overwintering organs 

because they store carbohydrates and can produce new shoots anywhere along 

their length (7, 8). 

Canada thistle responds to competition from other plants. In one 

experiment, Canada thistle was naturally thinned to a density of 11 plants/m2 in 

alfalfa (Medicago sativa L.) plots that had as many as 33 Canada thistle 

plants/m^ during the early phases of the experiment (18). 

Buckwheat, a member of the polygonaceae family, is an annual 

cultivated both as a grain and a cover crop (1, 2, 10, 13, 17). Buckwheat 

germinates and estabhshes a canopy faster than most weeds and other crop 

plants. The shading by the canopy makes buckwheat a superior competitor to 

germinating weeds.  Even though no herbicides are currently registered for use 

in buckwheat production, effective weed control is accomphshed by planting 

buckwheat in a seedbed free of established weeds. However, buckwheat is able 
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to compete effectively only in fields lightly to moderately infested with weeds 

(2, 13, 17). 

Buckwheat is used as a cover crop to suppress/eradicate Canada thistle 

(1, 13, 17). Buckwheat reduced Canada thistle shoot populations by 80% when 

buckwheat was planted in estabhshed stands of Canada thistle4. In chapter 3 

of this thesis, it was reported that when buckwheat and Canada thistle were 

grown in biculture, buckwheat was not sensitive to interspecific competition 

from Canada thistle. Buckwheat only responded to intraspecific competition. 

Canada thistle was sensitive to interspecific competition from buckwheat but 

not to intraspecific competition. It was concluded that buckwheat and Canada 

thistle were avoiding competition. 

Buckwheat, as a cover crop, was shown to be an effective tool for 

eradicating quackgrass (Agropyron repens (L.) Beauv.), and allelopathy was 

suggested as a possible mechanism (6). Also, buckwheat has been used to 

eradicate sowthistle (Sonchus spp. L.), creeping jenny (Convolvulus arvensis L.), 

leafy spurge (Euphorbia esula L.), Russian knapweed (Centaurea repens L.), and 

perennial peppergrass (Lepidium latifolium L.) (13). Buckwheat is sold to 

organic growers specifically for controlling/eradicating Canada thistle, 

quackgrass, and nutsedge (Cyperus spp.) (1, 13). 

4Personal communication of unpublished results from D. Allison, D. Curtis, and R. 

D. William. Extension service, Oregon State University. 
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It is difficult to determine if buckwheat's interfering effect on other 

plants is due to competition for limiting resources or to allelopathy. Primavesi 

and Machado (14) found that wheat (Triticum aestivum L.) did not germinate 

well in soil collected from the rhizosphere of buckwheat plants, possibly 

because buckwheat released toxins (allelochemicals) into its rhizosphere. This 

phenomenon of allelopathy has been observed in other plant species (19). 

Another explanation is that buckwheat is injurious to subsequent crops because 

of its rapid growth and excessive removal of essential minerals (10). 

Neustruyeva and Dobretsova (12) report that buckwheat suppressed 

growth, reduced above-ground biomass, and reduced the leaf surface area of 

common lambsquarters (Chenopodium album L.) by decreasing the uptake of 

nitrogen (N), phosphorous (P), and potassium (K). Allelopathy was not 

suggested as a mechanism. 

The growth of birdsrape mustard (Brassica campestris L.), purple 

nutsedge (Cyperus rotundus L.), and large crabgrass (Digitaria sanguinalis 

(L.)Scop.) was shown to be inhibited when each was growing in biculture with 

wild perennial buckwheat (Fagopyrum cymosum L.). Extracts from 

homogenized wild perennial buckwheat leaves increasingly reduced height, root 

growth, and the length of the second leaf sheath in rice (Oryza sativa L.) 

seedlings as concentrations increased. However, at lower concentrations, the 

growth of rice was stimulated (21). Evidence was presented that ferulic and 

caffeic acids may be responsible for the growth reduction (22).  In a later study, 
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rice seedling growth was also inhibited by palmitic, stearic, and arachidic acids 

extracted from wild perennial buckwheat, each at 250 ppm, in separate assays. 

These fatty acids may also play a role in making wild perennial buckwheat 

allelopathic to other plants (23). 

The objective of this study was to determine if the growth of Canada 

thistle continues to be inhibited by buckwheat if light, water, and nutrient 

competition are eliminated or reduced. If Canada thistle were inhibited by 

buckwheat under these conditions, it would be evidence that allelopathy was 

involved. 

MATERIALS AND METHODS 

Experiment I (E.I)-Coinpetition for Light Eliminated 

Treatments and Experimental Desigji. E.I was performed three times and 

designated as E.I-OCTPl, E.I-FEB92, and E.I-JUNE93. The treatments for 

E.I-OCT91 and E.I-FEB92 were:  1) each Canada thistle plant grown by itself, 

2) each Canada thistle surrounded by four buckwheat plants, and 3) the same 

as 2 except that buckwheat shoots were trained away from Canada thistle 

shoots so that competition for light was eliminated (Figure 4.1). 

The treatments for E.I-JUNE93 were a factorial set. First factor 

treatments were the same as those Usted above for E.I-OCT91 and E.I-FEB92. 

Second factor treatments were isolation and no isolation of Canada thistle 
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roots from buckwheat roots. The method used to isolate or separate Canada 

thistle and buckwheat roots is explained later. 

The experimental design for E.I-OCT91 and E.I-FEB92 was completely 

randomized, and for E.I-JUNE92 was a randomized complete block. 

Pot and Soil Preparation. Approximately 36 L of greenhouse soil 

(1:1:1:2, vol:vol:vol:vol, loam soil:sand:peat:pumice) were mixed with 23 g each 

of hydrated lime and dolomite lime. Soil was placed in a 60 L pot 

(diameter=48 cm and depth=36 cm). In E.I-JUNE92, a 25 cm long X 5 cm 

diameter PVC pipe was placed in the center of the pot for those treatments 

requiring Canada thistle roots to be isolated from buckwheat roots. 

Planting and Growing. Canada thistle roots were extracted from soil at 

the Lewis-Brown Horticulture Research Farm located near Corvallis, Oregon, 

cut into 5 cm segments, and placed in the center of each pot. Buckwheat seeds 

were placed in a square pattern approximately 5 cm from center of the Canada 

thistle segments. In E.I-JUNE92, Canada thistle root segments were placed 

within the PVC pipe and buckwheat seeds placed on the outside of the PVC 

pipe. Thus, growing Canada thistle roots would be separated from growing 

buckwheat roots. Approximately 4 L of greenhouse soil was added to the pot 

to cover the buckwheat seeds and Canada thistle roots. E.I-OCT91 was 

planted on 10/7/91, E.I-FEB92 on 2/2/92, and E.I-JUNE92 on 6/4/92. 

Pots for E.I-OCT91 and E.I-FEB92 were placed on greenhouse benches 

(temperature at a constant 18 C) under supplemental lights. The supplemental 
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lights were high pressure sodium vapor hghts with an intensity of 226 nM m'2 s"1 

PPFD at plant level. Pots for E.I-June92 were placed outside, exposed to full 

sun. 

Plants were irrigated as the top layer of soil appeared to dry. In E.I- 

OCTQl and E.I-FEB92, a soluble fertihzer (N-P-K analysis is 20-20-20) was 

added to all the irrigation water so the final N concentration was 100 ppm 

(wt/vol). In E.I-JUNE92, the plants were irrigated as in E.I-OCT91 and E.I- 

FEB92 except fertilizer was metered into pots with irrigation water once a 

week at an N concentration of 100 ppm. 

Training Buckwheat. For treatments requiring no light competition 

between buckwheat and Canada thistle, buckwheat shoots were trained away 

from the Canada thistle shoots (Figure 4.1). Bamboo stakes were set to rise 

from the soil at approximately 30 degrees. As buckwheat grew, its shoots were 

anchored to the bamboo stakes with wire twist ties. 

Harvest. Six weeks after planting, the plants were harvested by severing 

all plants at the soil surface. Canada thistle height and node number were 

recorded. Canada thistle shoots were placed in paper sacks and oven dried at 

60 C for 2 days, then biomass was measured. 

Statistical Analysis. An analysis of variance was performed on all of the 

data. Logarithmic transformation and the weighted least squares method were 

used to satisfy statistical assumptions needed for the analysis of variance. 
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Fishers Protected Least Significant Difference Test (FPLSD) was used to 

separate means in all three E.I. 

Experiment II (E.II)-EIimination of Light and Root Competition 

Treatments and Experimental Design. The leachate recirculation 

(stairstep) experiment (3, 9, 19) was performed three times and are referred to 

as E.n-FEB92, E.II-APR92, and E.n-JULY92. The experimental system is a 

modification of a system used by Tang (1986) (Figure 4.2). The treatments for 

E.n-FEB92 and E.n-APR92 were l)buckwheat in the upper crock, 2)Canada 

thistle in the upper crock, and 3) nothing in the upper crock. Canada thistle 

was always planted in the lower crock. The treatments for E.n-APR-92 were 

l)Canada thistle in the upper crock and buckwheat in the lower crock, 

2)Canada thistle in the lower crock and buckwheat in the upper crock, and 

3)Canada thistle in the lower crock with nothing in the upper crock. 

Experiment E.II-FEB92 had a completely randomized design. 

Experiments E.n-APR92 and E.II-JULY92 were arranged in a randomized 

complete block design. 

Crock Preparation. Glazed ceramic crocks (3.8 L), with a drainage hole 

in the bottom filled with glass wool to prevent loss of the medium, were filled 

with silica sand (sieve size 16), the top covered with aluminum foil, sterilized 

with steam for 48 hours, and placed in the experimental system (Figure 4.2). 
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Planting and Growing. Silica sand was removed from the top of each 

crock to a depth of 5 cm. Buckwheat seeds and Canada thistle roots were 

placed in the center of the crocks. The Canada thistle roots had been soaked 

in a 5% Clorox (vol/vol) solution for five minutes prior to planting. The 5 cm 

portion of removed sand was then replaced. E.n-FEB92 was planted on 

2/7/92, E.n-APR92 was planted on 4/1/92, and E.n-JULY92 was planted on 

7/1/92. 

The reservoir crock (Figure 4.2) was filled as needed (once or twice 

daily) with 0.1 strength Hoagland's solution.  Circulation rate was 27 ml/m. 

The plants grew in the same ambient greenhouse conditions as in the E.I 

experiments. 

Harvest. After six weeks, the Canada thistle plants in the lower crocks 

were harvested, and height and node number were measured. Roots were 

washed, both roots and shoots were oven dried at 60 C for 48 hours, and then 

biomass was measured. 

Statistical Analysis. An analysis of variance was performed on all of the 

data. Logarithmic transformation and the weighted least squares method were 

used to satisfy statistical assumptions needed for the analysis of variance. 

FPLSD was used to separate means in all three E.II. 
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RESULTS AND DISCUSSION 

Experiment I (E.I)-Competition for Light Eliminated 

The results from E.I-OCT91 and E.I-FEB92 are presented in Figure 4.3. 

In the treatment in which buckwheat was trained away, the biomass of Canada 

thistle was 48% in E.I-OCT91 and 44% in E.I-FEB92 of the biomass of 

Canada thistle growing by itself. In the treatment in which hght competition 

was not eliminated, the biomass of Canada thistle was 39% in E.I-OCT91 and 

12% in E.I-FEB92 of the biomass of Canada thistle growing by itself. 

In E.I-OCT91, the mean biomass of Canada thistle in the trained 

treatments was not significantly higher than the mean biomass of Canada 

thistle in the untrained treatment, contrary to our hypothesis that hght 

competition would cause Canada thistle biomass to be lower in the untrained 

treatment. The lack of difference between the trained and untrained treatment 

means may be due to the low light conditions in the greenhouse (no direct 

sunlight). The low light conditions probably caused an observed etiolation in 

the four buckwheat plants (long intemodes) which generally caused their leaf 

canopy to be well above the height of the Canada thistle plants. Thus, there 

was no buckwheat canopy to block the light coming to the Canada thistle plants 

from the sides. In field conditions, buckwheat would be planted continuously 

and hght would not enter from the sides. Also, overhead supplemental lighting, 

which may or may not have improved the October lighting conditions for plant 
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growth, were on only in the morning and evening to make day length 16 h (6 

AM - 10 AM and 6 PM to 10 PM). 

In E.I-FEB92 the biomass of Canada thistle was significantly higher in 

the trained treatment when compared to the untrained treatment. Buckwheat 

shoots prevented the supplemental light from reaching Canada thistle plants. 

The reason that these two means were different in E.I-FEB92 may be because 

the supplemental lights were on all 16 hours (6 AM to 10 PM) and the 

overhead supplemental lights probably improved the February lighting 

conditions. Solar radiation in February was 38% less than October solar 

radiation (20). 

The results from E.I-OCT91 and E.I-FEB92 indicate, that even when 

light competition was eliminated, buckwheat still significantly interfered with 

Canada thistle. Underground interference may be caused by root crowding, 

mineral nutrient competition, and allelopathy. Root crowding and balling was 

eliminated or at least minimized by using the large 60 L pots, which were 

frequently irrigated and fertilized with a soluble N-P-K fertilizer to minimize 

competition for these resources. However, the other essential nutrients were 

not added or supplemented to the pot. Although mineral nutrient competition 

cannot be ruled out as causing the decrease in Canada thistle biomass, the 

extent of the interference without light, water, and minimal nutrient 

competition is evidence that allelopathy may be involved in buckwheat 

interference with Canada thistle. 
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E.I-June92 was similar to E.I-OCT91 and E.I-FEB92 except that it was 

performed outside and another factor of treatments were added. The 

additional factor was that Canada thistle plant roots were either isolated 

(growing in PVC pipe) or not isolated from buckwheat roots. Results from E.I- 

JUNE92, shown in figure 4.4., show that when Canada thistle was growing by 

itself, there was no significant difference in Canada thistle biomass between the 

isolated and nonisolated treatments. Therefore, the growing of Canada thistle 

in the PVC tube did not adversely affect its growth. 

The results from the treatments in which buckwheat was trained away 

from Canada thistle plants in order to avoid competition for light were 

unexpected. It was hypothesized that the isolated Canada thistle plant would 

have a biomass similar to Canada thistle growing by itself. However, the 

biomass of the isolated Canada thistle plants was significantly lower than the 

biomass of Canada thistles growing alone. Also, the biomass of the isolated 

Canada thistles was not significantly different than the nonisolated treatment. 

And, with regard to the isolated plants, the biomass of Canada thistle should 

have been significantly larger in the trained treatment than in the untrained 

treatment. 

The lower-than-expected biomass of the isolated Canada thistle in the 

treatment in which buckwheat was trained away may be due to the higher 

incidence of attack from painted lady butterfly (Cynthia cardui L.) larvae 

(Table 4.1) which partially defoliated plants even though the larvae were hand 
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removed daily. Bergman and Pedigo (5) report that painted lady butterfly 

damage can be so severe on soybean plants that farmers have to replant the 

crop. 

In the set of treatments in which buckwheat was not trained away to 

eliminate shoot competition, the isolated Canada thistle plant had a 

significantly higher biomass than the nonisolated Canada thistle plant. Light 

competition in the untrained buckwheat treatments was probably greater in E.I- 

JUNE92 than in E.I-OCT91 and E.I-FEB92 because the buckwheat plants had 

direct sunlight and thus were not etiolated. The buckwheat plants formed a 

more complete canopy over the Canada thistle plants. Canada thistle plants 

grew better when their roots were isolated from the buckwheat plants. This 

confirms what was seen in E.I-FEB92. Buckwheat roots interfere greatly in the 

soil with Canada thistle. Again, a soluble N-P-K fertilizer and water were 

added to reduce competition for these two resources. This evidence is 

consistent with allelopathy as a mechanism by which buckwheat interferes with 

Canada thistle. 

Experiment II (E.II)-Elimination of Light and Root Competition 

In E.n-FEB92 and E.n-APR92, a system was set up so that competition 

for light, water, and mineral nutrients would be eliminated and the two species 

would only interact with their leachates. This experiment has been used to 

demonstrate that allelopathy exists between species (3, 9, 19). In the treatment 

in which buckwheat was in the upper crock, Canada thistle biomass was 22% 
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and 12% of the biomass of Canada thistle in the treatment where there was no 

plant in the upper crock for E.n-FEB92 and E.n-APR92, respectively (Figure 

4.5). 

Position in the experimental system, whether buckwheat or Canada 

thistle was in the upper crock and therefore had first access to the nutrient 

solution from the reservoir, did not make a difference. In E.n-JUNE92, 

Canada thistle biomass was the same whether Canada thistle was in the upper 

or lower crock (Figure 4.6). Canada thistle biomass, when compared to the 

biomass of Canada thistle growing by itself (treatment in which Canada thistle 

is in the lower crock and nothing is in the upper crock), was reduced by 95% 

when Canada thistle was in the lower crock (buckwheat in the upper crock) 

and by 93% when Canada thistle was in the upper crock (buckwheat in the 

lower crock). 

The results of all E.II suggest that buckwheat may be adding something 

to the nutrient solution that inhibits Canada thistle. However, Qasem and Hill 

(16) argue that the suppression seen in leachate experiments may be due to 

mineral nutrition and not to allelopathy. Plants differ both in their nutrient 

requirements and in their ability to accumulate these minerals. In this 

experiment 0.1 strength Hoagland's solution was added to the reservoir pot in 

amounts of at least 100 ml both in the morning and at night. It is not known 

whether this amount of Hoagland's solution provided sufficient nutrients to 

both species. 
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Results from E.n-FEB92 and E.II-APR92 that might support the 

arguments of Qasem and Hill (16) are seen in the treatment in which Canada 

thistle was in the upper crock. The biomass of Canada thistle in this treatment 

(Canada thistle being measured for biomass was harvested from the lower 

crock) was reduced by 44% and 14%, for E.n-FEB92 and E.n-APR92 

respectively, when compared to the treatment in which there was nothing in the 

upper crock (Figure 4.5). However, the lower biomass of Canada thistle in the 

treatment with a Canada thistle plant in the top pot could be as a result of 

Canada thistle excreting leachates that were inhibitory to Canada thistle 

growth. Canada thistle plants have been shown to be inhibitory or allelopathic 

to Canada thistle seedlings (4, 24). 

More evidence that allelopathy is a mechanism could have been 

provided if a set of treatments (another factor) with various strengths of 

Hoagland's solution was added to the experiment. If the response by Canada 

thistle in the leachate (E.II) experiments was due to insufficient mineral 

nutrients instead of allelopathy, the Canada thistle would respond with 

different biomasses at the various concentrations of Hoagland's. However, it is 

possible that the buckwheat plants may become less allelopathic as nutrient 

levels increase. Donor plants may be more allelopathic to receiver plants when 

the donor plants are under stress. Bendall (4) reports that Canada thistle 

plants release more allelochemicals when they are stressed for water. 
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Figure 4.1.  The manner in which buckwheat shoots were trained away from 
Canada thistle shoots so that light competition could be eliminated. This 
treatment was included as part of all E.I experiments. 
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Figure 4.2. The experimental system used in E.ll experiments. 
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Figure 4.3.  The effect of treatments on Canada thistle biomass in E.I-OCTPl 
and E.I-FEB92. The treatments consisted of pots in which: buckwheat was 
present and trained away from Canada thistle, buckwheat was not present, and 
buckwheat was present but not trained away from Canada thistle. Treatments 
with the same letter are not significantly different from each other at the 
a=0.05 level by Fisher's Protected Least Significant Difference Test. Compare 
the treatments within the same experiment only. Treatments in E.I-OCT91 
have small letters while treatments in E.I-FEB92 have capital letters. 
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Figure 4.4.  The effect of treatments on Canada thistle biomass in E.I-JUNE92. 
There were two factors in this experiment. The first factor treatments 
consisted of pots where: buckwheat was present and trained away from 
Canada thistle, buckwheat was present but not trained away from Canada 
thistle, and buckwheat not present. In the second factor, Canada thistle roots 
were isolated or not isolated from buckwheat roots. Isolation was realized by 
growing the Canada thistle roots in PVC pipe. Treatments with the same letter 
are not significantly different from each other at the a = 0.05 level by Fisher's 
Protected Least Significant Difference Test. 
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Figure 4.5.  The effect of treatments on Canada thistle biomass in experiments 
E.n-FEB92 and E.n-APR92. The X axis shows the species present in the 
upper crocks. Treatments for E.n-FEB92 followed by the same lower case 
letters are not significantly different at the a = 0.05 level by Fishers Protected 
Least Significant Difference Test (FPLSD). Treatments for E.n-APR92 
followed by the same upper case letters are not significantly different at the a 
= 0.05 level by FPLSD. 
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Figure 4.6. The effect of treatments on Canada thistle biomass in experiment 
E.n-JUNE92. Treatments with the same letters are not significantly different 
at the a = 0.05 level by Fisher's Protected Least Significant Difference Test. 
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Table 4.1.  The incidence of attack of the painted lady butterfly {Cynthia cardui 
L.) on Canada thistle plants in E.I-JUNE92. These data give no indication as 
to the extent of the injury. A Chi-Squared test performed on the data indicates 
there was sufficient evidence (p-value < 0.001) to conclude that the true 
proportion in each response category differs for the different treatments. 

Plants infested with 
Treatments Painted Lady Larvae 

% 

Buckwheat present, not trained, roots isolated 37 

Buckwheat present, not trained, roots not isolated 0 

Buckwheat present, trained, roots isolated 57 

Buckwheat present, trained, roots not isolated 0 

Buckwheat not present, roots isolated 100 

Buckwheat not present, roots not isolated 71 
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CHAPTERS 

Competitive Interactions between Buckwheat (Fagopyrum sagittatum) 

and Canada Thistle (Cirsium arvense) 

Inoculated with Mycorrhizal Fungi1 

STEVEN R. ESKELSEN AND ROBERT G. LINDERMAN2 

Abstract. Greenhouse experiments were conducted to determine 1) if 

buckwheat and Canada thistle can form mycorrhizae, 2) whether inoculation 

with the vesicular-arbuscular mycorrhizal (VAM) fungus (Glomus intraradices) 

changes the interaction between buckwheat and Canada thistle, and 3) if 

buckwheat inhibits the development of VAM on Canada thistle. In a 

monoculture 3X2X2 factorial experiment, the factors and treatments were: 

plant species [buckwheat, Canada thistle, and subclover], inoculation with VAM 

fungi or not (± VAM), and fertilization or not with phosphorous (±P). None 

of the plant species became mycorrhizal in the + P treatments. In the -P 

treatments, shoot biomass, root biomass, and percent of root length with VAM 

of Canada thistle and subclover were higher in the + VAM treatment than in 

deceived for publication March 19, 1993 and in revised form May 14, 1993. 

2Grad. Res. Asst., Department of Horticulture, ALS 4017, Oregon State University, 

CorvaUis, 97331-7304; Supervising Research Plant Pathologist, USDA-ARS, Horticulture 

Crops Research Laboratory, Corvallis, OR 97330; 
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the -VAM treatment. Buckwheat did not become mycorrhizal in any of the 

treatments. 

In two 5X2 factorial biculture (buckwheat and Canada thistle) 

experiments (MYCOl and MYC02), factors and treatments were: plant 

species ratio (buckwheat:Canada thistle-0:4, 1:3, 2:2, 3:1, and 4:0 plants/pot) 

and VAM fungal inoculation (+VAM or -VAM). Buckwheat did not respond 

to the +VAM treatment in either experiment. 

In MYCOl, Canada thistle, except for the monoculture treatment 

(buckwheat:Canada thistle-0:4), did not respond to the +VAM treatment, 

suggesting that buckwheat may have interfered with Canada thistle growth and 

development. When plants were spaced to reduce shading of Canada thistle 

plants (compared to MYCOl), results were opposite with respect to Canada 

thistle biomass. In two of the mixture treatments, 1:3 and 2:2 

(buckwheat:Canada thistle), Canada thistle biomass and percent of root length 

with VAM were higher in the + VAM treatments. In the monoculture 

treatment (buckwheat:Canada thistle-0:4), Canada thistle biomass in the 

+ VAM treatment was not significantly different than the -VAM treatment. 

These results suggest that VAM formation and effects on Canada thistle 

growing under the canopy of buckwheat is reduced, thereby contributing to 

buckwheat's interference with Canada thistle growth. Nomenclature:  Canada 
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thistle, Cirsium arvense (L.) Scop. #3 CIRAR; buckwheat, Fagopyrum 

sagittatum Gilib. (F. esculentum Moench). 

Additional index words. CIRAR, vesicular-arbuscular mycorrhizae (VAM), and 

Glomus intraradices. 

INTRODUCTION 

Interference is one plant's ability to adversely affect another plant (20), 

either by competition and/or allelopathy. In competition, one plant 

outcompetes another plant for limiting resources (water, light, and/or mineral 

nutrients). In allelopathy, one plant releases chemicals that are directly or 

indirectly inhibitory or toxic to another plant (25). 

Vesicular-arbuscular mycorrhizae (VAM) are symbiotic associations 

between plant roots and a group of fungi that form with most plant species 

(24). Extraradical hyphae extend out from VAM into the surrounding soil 

where they absorb resources such as phosphorous (P) and water. Since P is 

relatively immobile, mycelia can mine areas of soil outside the root zone. 

Arbuscules are haustoria-like structures formed by VAM fungi within the root 

3Letters following this symbol are a WSSA-approved computer code from Composite 

list of Weeds, Weed Sci. 32, Suppl. 2. Available from WSSA, 309 West Clark St., 

Champaign, IL 61820. 
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cortex through which nutrients are exchanged between plant and fungal 

symbionts (5, 8, 28). 

There is evidence that VAM can affect the interaction between 

neighboring plants of different species. For example, velvetgrass (Holcus 

lanatus L.) became a superior competitor over perennial ryegrass (Lolium 

pererme L.) when the mycorrhizal fungus Endogone was added to the system. 

Neither plant species had a competitive advantage when they were grown 

together in the absence of VAM (12).  White clover (Trifolium repens L.) 

became more competitive when grown in biculture with perennial ryegrass in 

soil inoculated with mycorrhizal fungi (10). Agropyron smithii Rydb. and 

Boutela gracilis (H.B.K) Lag. were better competitors with Russian thistle 

(Salsola kali L.) when they were mycorrhizal (1).  VAM sorghum (Sorghum 

bicolor Moench) was better able to compete for soil nutrients when growing 

with non-VAM cabbage (Brassica oleracea, Capitata Group) than non-VAM 

sorghum (21). Extraradical mycehum from the sorghum VAM fungus were 

found on the surface of the cabbage roots, and may have reduced P availability 

to cabbage causing decreased cabbage growth. 

Some plants may release allelochemicals that inhibit development of 

VAM on other plants, thus decreasing P uptake (6). Under these conditions, 

VAM-independent plant species would be more competitive than VAM 

dependent plants. Growth of common ragweed (Ambrosia artemisiifolia L.) 

with VAM was inhibited when grown with the non-VAM plant black mustard 
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(Brassica nigra (L.) WJ.D.Koch.), either due to the spatial distribution of roots, 

the ability of black mustard to alter the chemistry of its rhizosphere to 

advantageously enhance its nutrient availability or uptake, or from allelopathic 

suppression of VAM fungal hyphae by root exudates of black mustard (9). 

VAM colonization of onion (Allium cepa L.) was inhibited by the presence of 

the non-VAM swede (Brassica napus (L.) Mill., Napobrassica Group) roots 

(15). Also, other plant species that normally are mycorrhizal did not develop 

VAM if grown in the presence of swede roots, probably due to swede root 

exudation of substances inhibitory to Endogone. Squirreltail (Sitanion hystrix 

(Nutt.) J.G.Sm.) reduced the growth of VAM colonized fourwing saltbnish 

(Atriplex canescens (Pursh) Nuttall) (13), possibly due to its release of 

substances into the soil that inhibit VAM fungal spore germination. When 

grown alone, shoot growth of fourwing saltbnish was increased in response to 

VAM fungal inoculation. When squirreltail was added to the growth media, 

there was no difference in shoot biomass of fourwing saltbnish with or without 

VAM. 

Canada thistle, a perennial, herbaceous weed, is a problem because it is 

adapted to grow in many diverse habitats, produces abundant seed, and 

develops an extensive underground root system. The underground roots are 

major propagation and overwintering organs because the roots store 

carbohydrates and can produce new shoots anywhere along their length (14, 

16). 
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Buckwheat, a member of the Pofygonaceae, is an annual, cultivated both 

as a grain and a cover crop (2, 3, 18, 22, 27). It germinates and establishes a 

canopy faster than most weeds and other crop plants. The shading by the 

canopy makes buckwheat a superior competitor to germinating weeds, 

particularly in fields lightly to moderately infested with weeds (3, 22, 27). 

Buckwheat is used as a cover crop to suppress/eradicate Canada thistle 

(2, 22,27). It reduced Canada thistle shoot populations by 80% when planted 

in established stands of Canada thistle4. In chapter 3 of this thesis, it was 

reported that when buckwheat and Canada thistle were grown in biculture, 

buckwheat did not respond to the interspecific competition from Canada 

thistle; it only responded to the competition from itself. Canada thistle 

responded to the competition from buckwheat, but not to competition from 

itself. It was concluded that buckwheat and Canada thistle avoided 

competition by exploiting different resources. In chapter 4 of this thesis, it was 

reported that buckwheat interfered with Canada thistle below groimd as well as 

above ground, and evidence was presented that allelopathy may be responsible 

for some of the underground interference. Cook (7) reported that allelopathy 

may be a mechanism by which buckwheat suppresses quackgrass (Agropyron 

repens (L.) Beauv.). 

4Personal communication of unpublished results from D. Allison, D. Curtis, and R. D. 

William.  Extension service, Oregon State University. 
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The purpose of this study was to l)determine if Canada thistle and 

buckwheat form mycorrhizae in monoculture, 2) determine if the interaction 

between the two species changes when the soil is inoculated with mycorrhizal 

fungi, and 3) determine if buckwheat has an adverse effect on mycorrhiza 

formation on Canada thistle. 

MATERIALS AND METHODS 

Monoculture Experiment 

The treatments for the monoculture study represent a 3 X 2 X 2 

factorial set. Treatments in the first factor, plant species, were subclover 

(Trifolium subterraneum L.), buckwheat, and Canada thistle. The treatments in 

the second factor, VAM inoculation, were inoculation or not of the soil with 

VAM fungus (+VAM). The treatments in the third factor were P fertilizer or 

no P fertilizer mixed with the irrigation water (±P). The monoculture 

experiment had a completely randomized design with 15 replications and was 

performed once. 

A Malabon silty clay loam obtained from the Lewis-Brown Horticultural 

Research Farm (located near Corvallis, Oregon) was mixed with 

mason/builders sand (1:1, v:v), and the mixture was placed in 7.6 L pots 

(diameter=22 cm and depth=20 cm). 
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Canada thistle roots were removed from soil at the Lewis-Brown Farm 

and cut into 5 cm segments which were sprouted by placing them between 

moistened newspaper on a bench in the greenhouse. 

Buckwheat seeds, subclover seeds, and sprouted Canada thistle root 

segments were placed in the center of the pot and covered with 2 cm of 

greenhouse soil mix (loam soil:sand:peat:pumice, 1:1:1:2, v:v:v:v). For the 

+VAM treatments, 5-10 mis of mycorrhizal fungus inoculum, Glomus 

intraradices Schenck and Smith (Native Plants Incorporated, Salt Lake City, 

Utah) in a clay carrier, was placed 1 cm below the seeds or root segments. 

Pots were placed on greenhouse benches (temperature at a constant 18 

C) under high pressure sodium vapor lights providing an intensity of 226 /tM m" 

2 s"1 PPFD at the top of the pots. Plants were irrigated as the top layer of soil 

dried. Soluble fertilizers were added to the irrigation water so the final 

nitrogen (N) concentration was 100 ppm. A 20-20-20 (N-P-K analysis) was 

used for the +P treatments and 15-0-15 was used for the -P treatments. 

Six weeks after planting, the shoots were harvested by severing all plants 

in the pot at the soil surface. The shoots were placed in paper sacks, dried at 

60 C for 2 days, and weighed to determine biomass. 

Pots containing soil and roots were stored under refrigeration (1-2 C) 

for a week. Roots were washed free of soil and cut into 1 cm segments. A 

small subsample of the roots from each pot was removed, weighed, and set 

aside. The rest of the roots were weighed fresh, then dried and weighed to 
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determine dry biomass. The subsamples of roots were cleared and stained 

according to the methodology of Phillips and Hayman (23) and the percentage 

of root segments with VAM was determined. 

An analysis of variance (ANOVA) was performed on the data. 

Logarithmic transformation was used to satisfy the ANOVA assumption of 

normahty and homogenous variance. Means were separated using contrast 

analysis. 

Replacement Series Experiment 

The treatments in the replacement series experiment were used in two 

different experiments, MYCOl and MYC02, performed under slightly 

dissimilar conditions, to be discussed later. The treatments represent a 5 X 2 

factorial set. The treatments for the first factor, proportions of buckwheat and 

Canada thistle plants in the pots, were 4:0, 3:1, 2:2, 1:3, and 0:4 

(buckwheat:Canada thistle). The treatments for the second factor were 

inoculation or not (+VAM) of the soil with VAM fungi. MYCOl had a 

completely randomized design and MYC02 had a randomized complete block 

design, both with 6 rephcations. 

In both MYCOl and MYC02, soil was prepared as in the monoculture 

experiment. In the + VAM treatments, the lower 2/3 of the 3.5 L pots (10 cm 

X 10 cm X 36 cm) was filled with the soil mixture described above. The upper 
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1/3 of the pots was filled with 1 L of soil mixed with 17 ml of Glomus 

intraradices inoculum. 

The pots and soil used in MYC02 were prepared as above and planted 

in June of 1992 and replanted in the same pots after Canada thistle roots in 

the first planting failed to grow. In MYCOl, the 60 pots were evenly spaced 

on one greenhouse table (5.3 m long X 1.2 m wide). In MYC02, the 60 pots 

were evenly placed on 3 greenhouse tables, thereby reducing the interpot 

interaction that occurred in MYCOl. 

Buckwheat seeds and sprouted Canada thistle roots were placed 

equidistant from each other and from the edge of the pot. MYCOl was 

planted November 7, 1991 and MYC02 was planted October 2, 1992. The 

plants grew in a greenhouse at a constant 18C under supplemental lights (refer 

to monoculture experiment). Plants were irrigated as the top layer of soil 

appeared to dry (generally every 1-2 days). Soluble 15-0-15 (N-P-K) fertilizer 

was added to the irrigation water so the final N concentration was 100 ppm. 

At harvest (six weeks), biomass of the plant species was determined as 

in the monoculture experiment. In MYC02, roots were prepared as in the 

monoculture experiment, and the percentage of root segments in the subsample 

with VAM was determined. 

An ANOVA was performed on the data. A logarithmic transformation 

and the weighted least squares procedure were used to satisfy ANOVA 
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assumptions (normality and homogeneous variance). Means were separated 

using contrast analysis. 

RESULTS AND DISCUSSION 

Monoculture Study 

Results from the monoculture study are presented in Tables 5.1, 5.2, and 

5.3. Canada thistle root and shoot biomass in the +P treatments were not 

affected by the +VAM treatment. In the -P treatments, Canada thistle root 

biomass, shoot biomass, and percent VAM colonization were significantly 

greater in the +VAM treatment than the -VAM treatment. Canada thistle 

root and shoot biomass were greater in the +P treatments than in the -P 

treatments (in both VAM treatments). A Bray-Pl test to estimate available P 

indicated that the soil had a low value of 13 mg/kg of P. 

Subclover, used as a standard VAM plant, showed the same trends as 

the Canada thistle except that a substantial percentage (26%) of root segments 

in the -P,-VAM treatments were colonized. Only 4% of the Canada thistle 

root segments were colonized in the -P,-VAM treatment, presumably due to 

the indigenous VAM fungi inoculum present in the Lewis-Brown Farm soil. 

An analysis (17) of VAM fungal spore numbers showed that there were 14 

VAM fungal spores/5 g soil. Also, a clover species was growing in this field 

prior to collection of the soil for this experiment. VAM fungi may have 

preferential associations with certain host species (19). 
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Buckwheat root and shoot biomass were greater in the +P treatments 

than the -P treatments (in both VAM treatments). However, the response of 

buckwheat to the +P,-VAM treatment was not as great as the response of 

Canada thistle or subclover. Buckwheat shoot biomass, with the addition of P 

fertilizer (+P,-VAM treatment) increased by only 30%, while Canada thistle 

and subclover biomass increased by 263% and 322%, respectively, with the 

additional P. Buckwheat is known to be a very efficient grain crop for 

extracting P from P-deficient soil (Robinson, 1980). Buckwheat did not 

respond to the +VAM treatments at either P level. 

Biculture Experiments 

MYCOl.  The results from MYCOl are presented in Figure 5.1. There 

was no significant difference in buckwheat biomass between the + VAM and - 

VAM treatments. There was no significant difference in Canada thistle 

biomass in any of the mixture treatments (buckwheat:Canada thistle-l:3, 2:3, 

and 3:1). However, in the monoculture treatment (buckwheat:Canada thistle- 

0:4), the +VAM treatment resulted in Canada thistle biomass that was 

significantly larger than in the -VAM treatment. The results from MYCOl 

indicate that the presence of buckwheat inhibits mycorrhiza formation on 

Canada thistle.  Some plant species may inhibit the growth and development of 

mycorrhizae on other plants (6, 9, 13, 15). However, because roots were not 
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examined for VAM colonization, there is no evidence to show that buckwheat 

inhibited growth and development of VAM on Canada thistle. 

MYC02.  Results from MYC02 are presented in Figures 5.2 and 5.3. 

Buckwheat, as in the monoculture and MYCOl experiments, did not respond 

to +VAM treatments, probably because it has many fine feeder roots. Plants 

with short or few fine feeder roots depend more on mycorrhizae than plants 

with more feeder root development (4). 

In two of the mixture treatments, 1:3 and 2:2 (buckwheat:Canada 

thistle), Canada thistle had significantly higher biomass in + VAM treatment 

than in the -VAM treatment. There was no significant difference in Canada 

thistle biomass between the + VAM and -VAM treatments in the monoculture 

and one of the mixture treatments, 0:4 and 3:1 (buckwheat:Canada thistle). 

These monoculture means may not be different because there was no 

significant difference in the percent of root segments with VAM colonization 

between the +VAM and -VAM treatments. As mentioned earlier, the pots 

and soil in MYC02 were reused from a previous attempt to conduct this 

experiment. The Canada thistle plants that did grow from the previous attempt 

may have increased indigenous VAM fungal inoculum. 

In the mixture treatments (buckwheat:Canada thistle-l:3, 2:2, and 3:1), 

the greater Canada thistle biomass in the +VAM treatments correlates with a 

higher percentage of VAM colonization. 
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The buckwheat biomass curve in the mixture treatments, 1:3, 2:2, and 

3:1 (buckwheat:Canada thistle) in both-MYCOl and MYC02 diverge positively 

from a straight line connecting the buckwheat yields at treatments 0:4 and 4:0 

(buckwheat:Canada thistle) (Figure 5.1 and 5.2). In MYCOl the Canada 

thistle biomass curve of -VAM treatment does not diverge from a straight line 

connecting the Canada thistle yields of the -VAM treatment at treatments 0:4 

and 4:0 (buckwheat:Canada thistle) (Figure 5.1). The Canada thistle biomass 

curve in the + VAM treatment of the mixtures diverges negatively to a straight 

line connecting the Canada thistle yields of the + VAM treatment at treatments 

0:4 and 4:0 (buckwheat:Canada thistle) (Figure 5.1). The Canada thistle 

biomass curve in the + VAM treatment diverges negatively because Canada 

thistle biomass in the monoculture treatment, 0:4 (buckwheat:Canada thistle), 

has a significantly higher biomass in the + VAM treatment than in the -VAM 

treatment. By interpretation (26), Canada thistle in MYCOl became less 

competitive with the addition of VAM, because it did not respond to the 

+ VAM treatment in the mixtures but did in the monoculture. 

In MYC02, the Canada thistle biomass curve in the -VAM mixture 

treatments diverges negatively from a line connecting the Canada thistle yields 

in the 0:4 and 4:0 (buckwheat:Canada thistle) treatments. By interpretation 

(26), the plants appear to be competing for the same resource in the -VAM 

treatment. The Canada thistle biomass curve in the + VAM treatments 

appears to follow the straight line (or at least the divergence from the straight 
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line is less negative than the -VAM treatment). And, with the buckwheat 

biomass curve diverging positive, relative yield total (RYT) is probably greater 

than unity. An RYT greater than one indicates that the plants are not 

competing (25). These results agree with those reported in chapter 3 of this 

thesis. 

The disparity in results from MYCOl and MYC02 may be due to 

heavier shading in MYCOl than in MYC02. In MYCOl, with 60 pots on one 

greenhouse table, the buckwheat leaf canopy resulted in considerable interpot 

interaction. The shading caused by this canopy effect may have prevented 

VAM development in the Canada thistle. It is known that mycorrhizae do not 

develop as well under low light conditions (11), a fact that may have field 

implications. Normally, buckwheat develops a thick canopy (21) and VAM 

may not develop in Canada thistle roots in the low hght conditions under the 

canopy of buckwheat, even though it could form VAM. In MYC02, there was 

no interpot interaction and thus less shading. The greater hght level may have 

favored VAM formation on Canada thistle plants. In field conditions, shading, 

not allelopathy, from buckwheat would probably eliminate the positive effects 

of VAM colonization on Canada thistle roots. 
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Figure 5.1.  Effect of vesicular-arbuscular mycorrhizae (VAM) fungal 
inoculation (+VAM) or no VAM inoculation (-VAM) and the proportion of 
buckwheat (B) and Canada thistle (CT) plants on the biomass of Canada 
thistle and Buckwheat in the MYCOl (see text for explanation of MYCOl) 
experiment Dashed lines are the straight lines connecting the biomass of 
buckwheat and Canada thistle at all VAM treatments of 4:0 and 0:4 
(buckwheat plants:Canada thistle plants). Means were separated by contrast 
analysis which showed only a significant difference (a = 0.05) in Canada thistle 
biomass between the +VAM and -VAM treatments in the 0:4 treatment All 
other differences in biomass between the + VAM and -VAM treatments in 
both species were not significant 

Buckwheat: 0 
Canada Thistle: 4 2 

Plants/Pot 

CT-VAM -CT+VAM-W-B-VAM B+VAM 
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Figure 5.2.  Effect of vesicular-arbuscular mycorrhizae (VAM) fungal 
inoculation (+VAM) or no VAM inoculation (-VAM) and the proportion of 
buckwheat (B) and Canada thistle (CT) plants on the biomass of Canada 
thistle and buckwheat in the MYC02 (see Materials and Methods text for 
explanation of MYC02) experiment. Dashed lines are the straight lines 
connecting the biomass of buckwheat and Canada thistle at both VAM 
treatments of 4:0 and 0:4 (buckwheat plants:Canada thistle plants). Means 
were separated by contrast analysis which showed only a significant (a = 0.05) 
difference between the + VAM and -VAM treatments in 2:2 and 1:3 
treatments. All other differences in biomass between the +VAM and -VAM 
treatments in both species were not significant. 

1            „                                                 „     1 
£.Z> < 

1 
["v ^L \W.        ^^t w-^ / ^--^ '5 S 3*r       /•   _-—---^•" 

B 20- 

% CO \ \\ 

(0 w 
CO 

E 
E 
S   15; 
o o V^ %0/ -4  .2 

CQ 

o o 
-3 a, 

CO 
co   10- /\ y^^S^ To 
a> / "v -2iE 

o 
5     5- /j^ 

>^^5vv CO 
T3 
CO c 

■1 & 
/ y^^ ^*^^^   ^K^     **;::!:. 

O 

AS 
o« fr •0 

Buckwheat: 0                  1 2                       3                       4 
Canada Thistle: 4                  3 2                      1                       0 

Plants/Pot 

-•HCT-VAM   -l-CT+VAMHte-B-VAM     -B-B+VAM 

1 



98 

Figure 5.3.  Effect of vesicular-arbuscular mycorrhizae (VAM) fungal 
inoculation (+VAM) or no inoculation (-VAM) and proportion of buckwheat 
and Canada thistle plants on the percent colonization of root segments by the 
VAM fungus Glomus intraradices in Canada thistle roots in MYC02 (see 
Materials and Methods text for explanation of MYC02). Means were 
separated using contrast analysis on logarithmic transformed data. All % 
colonization means between the +VAM and -VAM in the mixture treatments, 
1:3, 2:2, and 3:1 (buckwheat plants:Canada thistle plants) treatments, are 
significantly different (a = 0.05). The % colonization mean between the 
+ VAM and -VAM in Canada thistle monoculture treatment, 0:4 (buckwheat 
plants:Canada thistle plants), is not significantly different. 
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Table 5.1. Effect of phosphorous (P) fertilizer (+P) and no P fertilizer (-P) and 
vesicular-arbuscular mycorrhizal (VAM) fungus inoculation ( + VAM) or no 
inoculation (-VAM) on the shoot biomass of buckwheat, Canada thistle, and 
subclover. The p-values were generated by contrast analysis of the logarithmic 
transformed data. 

Inoculated 

Shoot Biomass 

Species + P -P p-value 

Buckwheat ^__ it — 

-VAM 16.5 

— g- 

12.9 .0234 

+ VAM 17.3 13 .0112 

p-value 0.6941 0.9494 

Canada Thistle 

-VAM 12.7 3.5 .0001 

+ VAM 12.6 5.0 .0001 

p-value 0.9458 .0007 

Subclover 

-VAM 13.5 3.2 .0001 

+ VAM 14.0 6.1 .0001 

p-value 0.7413 .0001 
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Table 5.2. Effect of phosphorous (P) fertilizer (+P) and no P fertilizer (-P) and 
vesicular-arbuscular mycorrhizal (VAM) fungus inoculation (+VAM) or no 
inoculation (-VAM) on the root biomass of buckwheat, Canada thistle, and 
subclover. The p-values were generated by contrast analysis of the logarithmic 
transformed data. 

Inoculated 

Root Biomass 

Species +P -P p-value 

Buckwheat - _   CT   . — g 

-VAM 15.5 10.8 0.0987 

+ VAM 15.2 9.4 0.0313 

p-value 0.9319 0.5017 

Canada Thistle 

-VAM 3.4 0.8 0.0001 

+ VAM 3.7 1.2 0.0001 

p-value 0.6759 0.0657 

Subclover 

-VAM 2.7 0.5 0.0001 

+ VAM 2.8 1.2 0.0002 

p-value 0.8113 0.0001 
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Table 5.3. Effect of phosphorous (P) fertilizer ( + P) and no P fertilizer (-P) and 
vesicular-arbuscular mycorrhizal (VAM) fungal inoculation ( + VAM) or no 
inoculation (-VAM) on the percent VAM root colonization of buckwheat, Canada 
thistle, and subclover. The p-values were generated by contrast analysis of the 
logarithmic transformed data. 

Inoculated 

% VAM colonization 

Species +P -P p-value 

Buckwheat -%■ 

-VAM 0 0 1.0000 

+ VAM 0 0 1.0000 

p-value 1.0000 1.0000 

Canada Thistle 

-VAM 0 4 0.0032 

+ VAM 0 47 0.0001 

p-value 1.0000 0.0001 

Subclover 

-VAM 2 26 0.0001 

+ VAM 1 44 0.0002 

p-value 0.3564 0.0004 
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