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ABSTRACT 

In addition to competition for light, water, and 

nutrients there is evidence for chemical interactions 

(allelopathy) in the ponderosa pine-bunchgrass community of 

northern Arizona. 

Seeds of ponderosa pine, cultivated wheat, and 

yellow sweetclover germinated in aqueous extracts of various 

live and dead residues of Arizona fescue and mountain muhly 

demonstrated specific responses in terms of percentage 

germination, rates of germination, and radicle extension. 

The dominant effects were induced by extracts of live 

foliage of fescue and muhly, and to a lesser extent by 

newer fescue litter: percentage germination and speed of 

germination were reduced, time for 50% germination was in

creased, and radicle length and speed of elongation were 

retarded. Extract osmotic pressure was found to interact 

with the inhibitory responses to extracts of the three 

species. 

Three possible routes of release of the inhibitor 

were investigated: (1) leaching from live foliage, (2) 

root exudation, and (3) overwinter leaching from dead 

residues. Pine seeds incubated in leachates from 5-minute 

or 12-hour soakings of fescue and muhly live foliage 

germinated similarly to the controls, but percentage and 

xii 
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speed of clover seed germination were retarded. Germina

tion of pine seeds was not impaired by overwintering under 

mats of dead residues of fescue, muhly, and pine. The 

possibility of root exudation of toxic substances was 

studied in a pot experiment in which paired combinations of 

pine, fescue, and muhly plants were grown for 9 months in a 

controlled environment chamber. The grasses were superior 

competitors for available light, water, and nutrients, but 

there was no evidence for chemical interactions. The 

principal route of release of the inhibitor was not un

covered by the studies performed. 

Successful methods for isolation and purification of 

the inhibitory substance were developed, but the structural 

determination is incomplete. A bioassay confirmed the isola

tion of the inhibitor. The substance is highly polar, 

demonstrates greater affinity for water than organic sol

vents, and tends to be oxidatively unstable when purified. 

Its Rf value of 0.65 to 0.70 in absolute methanol on thin-

layer silica gel plates was verified by bioassay of eluates 

from thick-layer chromatograms. Column chromatography and 

gas chromatography were unsuccessful, owing to strong 

adsorption to the respective column media. Ultraviolet 

spectroscopy indicated the compound is not aromatic, while 

the infrared spectrum suggested it is an acid or alcohol, 

and implied the presence of a carbonyl or olefinic group. 

Proton nuclear magnetic resonance spectroscopy indicated 
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two types of proton environments in the molecule: (1) 

adjacent to an electron-withdrawing group (such as a 

hydroxy or methoxy group), and (2) adjacent to an olefinic 

group. Mass spectroscopy revealed that the compound has a 

molecular weight of 282 and basically consists of two 

components with masses of 149 and 133, connected by a weak 

bond. The structural nature and identity of each component 

were discussed. 

Relationships between findings of the experiments 

and realization of allelopathic effects under natural con

ditions were discussed. It was calculated that 43 times as 

much grass residue (by weight) can potentially be added to 

an arbitrary area of influence around one seed than was 

necessary to induce the toxic effects measured in Experi

ment I. 

It was concluded that an active growth inhibitor 

does exist in live foliage of Arizona fescue and mountain 

muhly, and to some extent in newer dead residues, and that 

upon entering the environment by some still unknown route(s) 

of release it may induce allelopathic effects, depending 

on the net influence of several conditioning factors. A 

hypothesis for the occurrence of allelopathy in the 

ponderosa pine-bunchgrass community was presented as a 

starting point for further research. 



INTRODUCTION 

The widespread pine-bunchgrass community of northern 

Arizona lies within Merriam's transition life-zone (6500-

8500') and consists of ponderosa pine (Pinus ponderosa), 

Arizona fescue (Festuca arizonica), and mountain muhly 

(Muhlenbergia montana) as principal species. Typically, 

the ponderosa pine forest supports a grass understory of 

varying density which extends through parklike landscapes. 

Grass and grasslike plants which are common but more un

equally distributed over the area include blue gramma 

(Bouteloua gracilis), mutton bluegrass (Poa fendleriana), 

squirreltail (Sitanion hystrix), black dropseed (Sporobolus 

interruptus), pine dropseed (Blepharoneuron tricholepis), 

mountain brome (Bromus marginatus), spike muhly (Muhlen

bergia rigens), prairie junegrass (Koeleria cristata), and 

little bluestem (Adropogon scoparius) (Lowe 1964). 

In parklike stands and openings the bunchgrasses 

are prompt in capturing the site and developing into dense, 

compact monospecific communities seemingly impenetrable to 

other species. Numerous examples are found near Flagstaff 

where the return to the ponderosa pine climax has not 

occurred in 50 to 100 years after fire or timber harvesting 

(Schubert 1974). Natural seed from surrounding trees 

repeatedly fall in these openings, but few tree seedlings 
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emerge. Silvicultural practices often bring pine trans

plants into direct contact with the grasses, but they 

typically fail to survive or grow poorly. Even where dense 

grass cover is mechanically removed, survival and growth of 

planted trees may be depressed. 

Jameson (1961, 1968) tested for the presence of 

growth inhibitors in Arizona fescue and other northern 

Arizona native species and found that an aqueous extract of 

fescue foliage inhibited radicle elongation of squirreltail, 

blue gramma, and ponderosa pine. Elongation of ponderosa 

pine radicles was only 40% of that in water. Larson (1968) 

overwintered small lots of ponderosa pine seed under Arizona 

fescue litter and found that germination was reduced the 

following summer. Seed subjected to fescue leachings had 

only 63% germination, compared to 90% for uncovered seed. 

An experimental plot which had been plowed to eliminate 

grass cover developed a heavy cover of yellow sweetclover 

(Melilotus officinalis) by midsummer, whereas none existed 

in the surrounding grass stand (personal observation 1968). 

Clover seed were probably distributed over the entire area, 

but only on the plowed plot did they germinate and survive. 

In a small petri dish experiment, clover seeds failed to 

germinate in aqueous extracts prepared from fescue and 

muhly foliage. These reports and observations suggest that 

phytotoxins may play an important role in plant competition 

in the pine-bunchgrass community. 



The studies reported in this dissertation were 

designed to answer the following questions: In addition 

competition for light, water, and nutrients, do chemical 

interactions occur among ponderosa pine, Arizona fescue, 

and mountain muhly? If so, how and why are phytotoxins 

released and what is their ecological significance? 



CHEMICAL ECOLOGY—A NEW DISCIPLINE 

Many plant/plant interactions can be attributed to 

such specific factors as competition for light, water, and 

nutrients; susceptibility or immunity to insects and dis

eases; and the effect of other environmental stresses. 

However, it has become increasingly apparent that there are 

some interactions involving substances released from one 

plant which have an influence upon another plant--frequently 

an inhibitory influence. The study of these interactions, 

and of the arrays of chemicals on which they are based, is 

the subject of the new and rapidly expanding field of 

chemical ecology (Sondheimer and Simeone 1970). 

Many terms have been applied to toxic chemicals and 

chemical effects of one species on another. These terms 

include ectocrine, ectoromone, toxin, teletoxic, antibiotic, 

venom, aggressin, allelopathic, phytoncide, choline, 

repellent and attractant, marasmus, and phytoalexin 

(Whittaker 1971). Of these, the term allelopathy is com

monly used in current literature. Whittaker (1970) defined 

allelopathic substances as "chemicals that are released 

from higher plants (directly or by way of decay processes) 

that inhibit the germination, growth, or occurrence of 

other plants" (p. 44). in later papers, Whittaker (1971) 

and Whittaker and Feeny (1971) suggest the term 
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"allelochemic" for the substances and distinguish between 

allomones (chemical agents of adaptive value to the organ

ism producing them) and kairomones (chemical agents of 

adaptive advantage to the receiving organism). 

Allelopathy in Higher Plants 

The concept that one plant can chemically influence 

the growth of another has long been known in plant science, 

beginning historically with the first discussion of the 

subject of allelopathy by de Candolle (1832, cited by Tukey 

1969), and the classic writing on allelopathy by Molisch 

(1939, cited by Tukey 1969). As knowledge expanded on the 

subject it became increasingly apparent that allelopathy 

plays an important role in plant ecology. 

Widespread Occurrence 

Allelopathic effects have been reported for agri

cultural and wild species of most growth forms and kinds of 

communities from rainforest trees (Webb, Tracey, and Hay-

dock 1967) to desert shrubs (Gray and Bonner 1948) . It is 

reasonable to postulate that the observed cases stand out 

from a background of more widespread, less conspicuous 

effects on plant growth and populations (Whittaker 1970). 
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Routes of Release 

There are many other observations of allelopathic 

effects which are of interest because of the variety of 

routes of release of allelopathic substances. 

Rain-wash or Leaching. The toxic effects of walnut 

trees (Juglans spp.) in Eurasia and North America was one 

of the first documented examples of allelopathy (Cook 1921, 

Massey 1925). Under walnut trees there is a distinctive 

patch—an area nearly bare of undergrowth plants. In 

central Asia, no other vegetation can survive in the ex

tensive walnut woodlands (Bode 1958). The principal allelo

pathic chemical was identified as juglone (5-hydroxy-l,4-

naphthoquinone) (Davis 1928, Bode 1958). Juglone occurs in 

a nontoxic form, hydroxyjuglone, in leaves, fruits, and 

other tissues. Rain washes it from living leaves and 

carries it into the soil. It is released also, along with 

tannins, from dead leaves and fruits to the soil. Released 

into the soil in its oxidized form, juglone, it inhibits 

the growth of many undergrowth species (Bode 1958). The 

effect is selective rather than consistent: while some 

species (broomsedge, Androposon sp., and many broad-leaved 

herbs) are largely excluded, others (black raspberry, Rubus 

sp., and Kentucky bluegrass, Poa pratensis) are tolerant 

and may form the ground cover under walnut trees (Brooks 

1951). 
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Other instances of allelopathic effects by way of 

rain-wash include Eucalyptus camaldulensis (del Moral and 

Muller 1970), Ailanthus (Mergen 1959), Kalmia angustifolia 

(Peterson 1965), Celtis laevigata (Lodhi and Rice 1971), 

and Plantanus occidentalis (Al-Naib and Rice 1971). Grummer 

(1961) found that false flax, Camelina alyssum, caused yield 

reduction in flax by phenolic acids (p-hydroxybenzoic, 

vanillic, ferulic) and other substances washed from the 

leaves. In the hard chaparral of California, a tall shrub-

land, Adenostoma fasciculatum suppresses herb growth by 

water-soluble allelopathics (Muller, Hanawalt, and McPherson 

1968). In the same community Arctostaphylos glauca and A. 

glandulosa release phytotoxic substances including arbutin 

(a glycoside of hydroquinone) and p-hydroxycinnamic acid 

(a phenolic acid) (Hanawalt 1971). Encelia farinosa a 

desert semishrub, releases a toxic material (3-acetyl-6-

methoxybenzaldehyde) which is believed to have an allelo

pathic effect by way of rain-wash from leaves (Gray and 

Bonner 1948). 

Tukey (1971) has compiled a list of 170 species of 

wide taxonomic range (including forest trees and grasses) 

from which materials can be leached. The types of materials 

commonly leached include mineral nutrients, amino and 

organic acids, carbohydrates, growth regulators, and phyto-

toxins. He stresses that not all substances liberated by 

plants are inhibitory to other plants, e.g., leaching of 
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minerals and carbohydrates can stimulate growth of under-

story vegetation or epiphytes. There are many factors 

which influence the quantity and quality of substances 

leached from foliage. For example, young actively-growing 

tissue is relatively immune to loss of materials by leach

ing, whereas more mature tissue approaching senescence is 

very susceptible to leaching (Tukey 1969). 

Volatilization. Release of allelopathics by vola

tilization predominates in the soft chaparral community in 

the mountainous areas of southern California, which has 

been intensively studied by C. H. Muller and his asso

ciates (Muller, Muller, and Haines 1964; C. H. Muller 1965, 

1966; Muller and del Moral 1966; W. H. Muller 1965). Ex

tensive areas of Salvia leucophylla and Artemisia califor-

nica form a soft chaparral vegetation adjacent to areas of 

natural grassland. Annual grasses such as Avena fatua, 

Bromus rigidus, B. molis, B. rubens, and Festuca megalura 

are predominant in the grasslands. The zones of contact 

where these two communities meet are frequently bare and 

may exhibit a different species composition for some 

distance into the grassland. A bare zone of 1 to 2 m may 

extend byond the crown of the shrubs. For an additional 3 

to 8 m beyond there is an exclusion of some grass species 

and stunting of others. Drought intensified the allelo

pathy and in dry years the belts surrounding the shrubs 
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were striking for their barrenness, whereas in humid years 

inhibition of certain plants in the belt was less conspic

uous. It was shown by various observations and experiments 

that the inhibition is not a matter of shade, soil drought, 

nutrient levels, root competion, or animal effects. 

Furthermore, it was found that the cause was not a water-

soluble substance washed from the leaves. With use of 

assays on seedlings, analysis of atmosphere from the field 

site with gas chromatography, and laboratory analysis of 

concentrated air, the nature of the toxins was finally 

established. In the leaves of Salvia leucophylla the 

terpenes camphor, camphene, cineole, and pinene were found. 

Cineole and camphor were the most toxic in bioassays. 

These substances were traced from the leaves, by volatiliza

tion into the atmosphere surrounding the shrubs, to the 

soil where they are adsorbed onto soil particles. They 

accumulate in the soil during the dry summer season, and in 

the spring they inhibit germination of annual plant seeds, 

even though the amount of moisture in the soil at that time 

may be adequate for germination. C. H. Muller (1965) found 

terpenes from Salvia leucophylla to be highly soluble in 

hard paraffin. Hull (1970) suggested that the mode of 

entry into other plants (and resultant toxicity) may be via 

the surface cuticle and the cuticular lining of the sub-

stomatal chambers and intercellular spaces. The terpenes, 

by inhibiting respiration and growth of the seedlings which 
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do germinate, also increase their susceptibility to other 

environmental stresses during the dry summer Muller, 

Lorber, and Haley 1968). Halligan (1973) similarly found 

that Artemisia californica inhibits annual grasses through 

allelopathics released by volatilization and rain-drip. 

Allelopathy by way of volatilization of substances 

from leaves has not as yet been established for aromatic 

plants other than those studied by Muller (Whittaker 1971) . 

It is interesting that the more arid zone of the California 

shrubland--the soft chaparral and coastal sage--is typified 

by volatile allelopathics (terpenes) while in the less arid 

zone--the hard chaparral—water-soluble allelopathics 

(including phenolics) occur. Whittaker (1971) speculates 

that if plants produce surplus compounds which must be 

excreted, then in humid climates there would be advantage 

in water-soluble forms, and in arid climates the volatile 

forms would be favored. Natural selection for plant offense 

and defense mechanisms would likely follow these trends. 

Root Exudation. Another mechanism of allelopathy 

involves release of substances from plant roots. A wide 

variety of substances are released into the soil from roots, 

some favorable and others unfavorable for the growth of 

other plants (Woods 1960). Peach root bark contains 

amygdalin, which breaks down in the soil to glucose, hydro

cyanic acid, and benzaldehyde, of which the later and 
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possibly also hydrocyanic acid have allelopathic effects 

(Borner 1960). Cereal crops--oats, wheat, and rye--release 

toxic materials from roots. A principal inhibitory sub

stance released from oat roots is scopoletin, a coumarin 

(Martin and Rademacher 1960). 

In many cases, release of allelopathic materials is 

partly or primarily through death and decay of roots, 

rather than by exudation by live roots. Quack grass 

(Agropyron repens), a widespread weed, inhibits growth of 

other plants primarily by release of phenolic acids along 

with an essential oil, agropyrene, from decaying roots 

(Welbank 1963). Bromegrass (Bromus inermis) and mustard 

(Brassica oleracea) release toxic materials from roots 

(Benedict 1941). 

Decomposition of Residues. In many cases the 

allelopathics are released by decay of both above- and 

below-ground plant parts. Helianthus annuus inhibits 

growth of itself and other species through release of 

phytotoxins by several routes, including decay of litter 

(chlorogenic acid and isochlorogenic acid), leaching from 

leaves (scopoletin and an a-naphthol derivative), and 

exudation from roots (Wilson and Rice 1968). Inhibitory 

effects of substances released from dead residues of plants 

are frequently reported in the literature. Commonly, 

phenolic acids are found in the soil from decay of plant 



parts (Winter 1961). Prominent among these in many ob

servations are p-hydroxybenzoic, vanillic, ferulic, and 

p-coumaric acids. These most common phenolic acids may be 

linked by transformations in the soil under bacterial 

action—coumaric into hydroxybenzoic into benzoquinone and 

other materials, and ferulic into vanillic (Wang, Yang, and 

Chuang 1967). Bacteria are important for the release and 

transformation of the phenolic acids. Rice (1965) has 

shown that an apparent allelopathic effect of the annual 

grass Aristida oligantha is primarily indirect, i.e., by 

way of effects on bacteria. The decay products of the 

grass inhibit nitrogen-fixing bacteria in the soil, thereby 

retarding by nitrogen deficiency the invasion of the 

community by species other than A. oligantha, which is 

tolerant of very low soil nitrogen levels. 

The farming practice of stubble mulching with oat, 

wheat, sorghum, and corn residues frequently results in 

reduced growth of succeeding crops. This type of response 

is often attributed to microbial immobilization of nitrogen; 

however, McCalla and his associates (McCalla and Army 1961, 

Guenzi and McCalla 1962, 1966) traced the effect to toxic 

decomposition products of microorganisms and substances 

from plant residues (phenolic acids). Many plants contain 

substances that adversely affect seed germination and plant 

growth (Evenari 1949, Mayer and Poljakoff-Mayber 1961), 

which eventually will be released to the soil by one means 
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or another. Injurious effects on plants attributed to 

phytotoxic decomposition products include delay or complete 

inhibition of seed germination, stunted overall growth, 

injury to the root system, impaired nutrient adsorption, 

chlorosis, wilting, and killing of plants (Bonner 1950, 

Borner 1960, McCalla and Haskins 1964). Le Tourneau, 

Failes, and Heggeness (1956) found that aqueous extracts 

of dried plant material representing 24 different species 

contained inhibitors of wheat germination and growth. 

Autoclaving the extracts did not destroy their inhibitory 

activity. Jameson (1961) prepared water and alcohol 

extracts of leaves and stems of 20 different northern 

Arizona species, and found that all species tested inhibited 

the growth of wheat radicles. In a later experiment he 

found that water extracts of Arizona fescue foliage in

hibited radicle elongation of squirreltail, blue gramma, 

and ponderosa pine. 

Environmental Effects of Phytotoxins 

Most of the substances responsible for allelopathy 

are natural components of plants and have been shown under 

experimental conditions to be inhibitory to plant germina

tion and growth. There is still considerable controversy 

as to how many of these compounds are actually formed under 

field conditions and accumulate in sufficient quantities 

in soil to produce the observed effects. Bacterial 



transformations prevent their accumulation in most soils 

beyond a steady-state level, subject to seasonal fluctua

tion. Soil toxicity due to organic constituents is most 

frequently associated with heavy, poorly-aerated, or water

logged soils (Patrick 1971). In addition, it is probable 

that phenolic acids and their derivatives may exert rela

tive allelopathic effects--chronic effects expressed in 

degrees of inhibition which vary with the concentration of 

the toxins, soil characteristics, environmental conditions, 

and sensitivity of different plant species. 

There are many possible routes of organic matter 

breakdown in soil (Greenwood 1961). Decomposition of 

complex organic materials, such as occurs in plant residues 

under both aerobic and anaerobic conditions, proceeds via 

the formation of simple organic compounds which are then 

further metabolized. Under aerobic conditions these com

pounds disappear rapidly and microbial material is syn

thesized. When oxygen is deficient and an ample supply of 

decomposable organic matter is available, volatile fatty 

acids and other organic acids accumulate and synthesis of 

microbial material is suppressed. Among the compounds 

formed under such conditions are methane; hydrogen sulphide 

ethylene; acetic, lactic, butyric, formic, and other 

organic acids; phenolic compounds; amino acids; and many 

other intermediate breakdown products (Borner 1960). 

According to Patrick (1971), saturation conditions do not 



have to be maintained throughout the decomposition period 

to give rise to phytotoxic products. Flooding the soil 

for only 3 to 5 days once decomposition had begun was 

effective. Highest levels of phototoxicity are obtained; 

during relatively early stages of the decomposition 

process. Recent studies (Greenwood 1961, 1968; McLaren and 

Skujins 1968) on soil aeration and the microecological 

relationships within the soil suggest that fluctuations 

between aerobic and anaerobic conditions occur rapidly. 

It is possible, therefore, that localized pockets of an-

aerobiosis are widespread in the soil For temporary 

periods following rain anaerobic conditions may develop for 

varying periods of time. Conditions that lead to the 

formation of high concentrations of phytotoxic decomposi

tion products may, therefore, be more common than is 

generally realized, and not necessarily confined to water

logged soils. 

Autotoxicity 

Many organisms are inhibited by excessive accumula

tion of their own waste products. A striking example of 

self-toxicity is fairy rings of sunflowers. Curtis and 

Cottam (1950) carried out experiments to show that the 

inhibition of growth in the middle of the ring, contrasted 

with its perimeter, was a consequence of allelopathic 

effects by way of decomposition of dead plant materials, 
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rather than a consequence of nutrient depletion. The 

centers of older shrub patches in the soft chaparral often 

show reduced density and decline compared with the younger 

margins of the patches, probably due to heavy accumulation 

of terpenes in the soil (Muller 1966). Substances that are 

wastes or repellents (or both) thus boomerang against the 

organism that has produced them after release to the en

vironment. Plants have evolved several inactivation 

devices to avoid internal self-toxicity from active wastes 

or repellents accumulating within their tissues (Whittaker 

1970): accumulation in the form of relatively inactive 

polymers, e.g., tannins; isolation in vacuoles and cell 

walls, e.g., calcium oxalate crystals; storage of an in

active compound that becomes toxic on oxidation, e.g., 

juglone; separation of an inactive toxin from an enzyme 

that activates it, e.g., amygdalin in Prunus; neutraliza

tion of a toxin by combining with a sugar, forming a gly

coside; and concentration of the toxic material into ducts, 

glands, and dead cells or dead tissues. Many plants 

apparently develop a balance in which enough toxin is 

accumulated for defense but not enough to cause self-

toxicity. From an evolutionary standpoint the occurrence 

of autotoxicity is puzzling, but one would suppose the 

competitive advantage of production of toxic substances 

would outweigh the disadvantages of self-inhibition. Went 

(1970) proposed that autotoxicity in an arid climate could 
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be a mechanism for a plant to restrict its own growth under 

occasional favorable conditions to avoid excess growth of 

tops that the roots cannot support during subsequent 

droughts. During longer favorable periods, with plenty of 

water to leach out the inhibitor, growth of these desert 

plants is rapid. 

Role of Allelopathy in Plant 
Succession 

While the larger groupings and associations of 

plants are climatically and edaphically conditioned, the 

smaller and more intimate groupings of communities must be 

based on another type of control (Went 1970). The familiar 

bases for the replacement of one individual species or 

plant population by another in plant succession are soil 

development, overtopping and shading, root competition, 

and microclimatic change. Allelopathic effects also may be 

a significant influence in the sequence and timing of suc

cession of plant communities (Whittaker 1971). In plant 

succession a dominant species may, by allelopathic suppres

sion, speed its invasion of a community and delay its re

placement by other species. In both successional and 

climax communities strongly dominated by a single species, 

chemical effects of that species on the soil may limit the 

numbers of other species able to associate with it. In 

stratified communities where the overstory consists of a 

number of species, a mosaic of differing chemical effects 
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may occur in the soil which regulates (along with micro-

relief, light differences, etc.) the patterning and species 

diversity of the undergrowth. 

The grasses Aristida oligantha and Sorghum halepense 

involved in old-field succession in Oklahoma produce 

phenolic substances, inhibitory to nitrogen bacteria and 

to seedlings of other plants, which consequently tend to 

retard invasion of grass stages by other species. Helian-

thus annuus, one of the dominants of the first stage of 

succession, releases substances toxic to other successional 

species; but A. oligantha, relatively tolerant to these 

substances, is able to replace Helianthus as dominant of a 

second stage (Wilson and Rice 1968). Of 20 species from 

the old-field successions, 16 species had some, and 10 con

siderable inhibitory activity against nitrogen-fixing and 

nitrifying bacteria (Rice 1964, 1965; Abdul-Wahab and Rice 

1967; Rice and Parenti 1967). Considerable potential 

exists, therefore, for chronic or indirect allelopathic 

effects. 

According to Whittaker (1970, 1971), allelopathy 

may influence timing and sequence of succession in a number 

of ways: (1) by speeding replacement of one species by a 

successor, by allelopathic self-toxicity of the first 

species; (2) by allelopathic suppression of the first 

species by the second; (3) by accelerating species replace

ment by direct allelopathic effects of the dominant on 
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potential invaders; (4) by indirect effects through decay 

products or inhibition of soil organisms; and (5) by in

fluence on the sequence of species, through allelopathic 

effects of one species which determine what other species 

can invade its community and replace it. 

Chemistry of Allelopathic Secondary 
Substances 

The chemicals responsible for these interactions 

among plants generally belong among the secondary plant 

substances (Muller 1966). They are contrasted with the 

primary substances, such as proteins, carbohydrates, 

nucleic acids, and fats, which are of general occurrence 

and metabolic importance. So far as is known, secondary 

substances are not essential to the basic metabolism of the 

plant, and in fact there is no evident reason why the plant 

should produce them at all (Whittaker 1970). They are of 

irregular or sporadic occurrence, appearing in some plants 

or plant families in varying amounts and not in others. 

This fact reinforces the view that they are not essential 

to plant metabolism, but simply wastes, some of which have 

been secondarily adapted to chemcial defense or offense. 

Secondary chemicals can be classified on biosynthetic 

grounds into four major groups: phenolics, terpenoids, 

alkaloids and nitriles, and other compounds (Whittaker 

1970). Generally speaking, these compounds are offshoots 

from metabolic pathways involved in primary metabolism. 
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Phenolics 

Phenolic acids frequently develop during decomposi

tion of plant residues. Some are derived from the aromatic 

amino acids (phenylalanine, tyrosine, tryptophan), which in 

turn are synthesized from simple carbohydrates via the 

shikimic acid pathway. Others are produced by condensation 

of acetate units (Birch 1963). The shikimic acid pathway 

also gives rise to a wide variety of simple phenols such as 

protocatechuic and gallic acids (Bu'Lock 1965). Arbutin is 

a glycoside of hydroquinone, a six-carbon phenolic compound. 

Nine-carbon phenols such as the cinnamic acids (trans-

cinnamic, p-coumaric, caffeic, ferulic, sinapic) and the 

coumarins (coumarin, scopoletin, lactones of trans-cinnamic 

and ferulic acids) are released from lignin in the decomposi

tion of plant residues. The lignins are high polymers of 

single benzene ring phenolic alcohols. Juglone is a ten-

carbon phenolic quinone (Whittaker 1970). Tannins are poly

meric phenolic compounds, which upon hydrolysis yield 

gallic acid, ellagic acid, or other phenolic acids. 

Terpenoids 

The synthetic pathway for this group is believed to 

lead, not through isoprene (which has not been isolated 

from plants), but from acetate through mevalonic acid to 

the terpenes and their many derivatives (Whittaker 1970). 

Camphor and cineole, the volatile allelopathics occurring in 



the soft chaparral of southern California, are derived by 

cyclization of monoterpenes (C^q) • Other non-toxic terpenes 

occur as major components of essential oils, resins, and 

scents of many plants. 

Alkaloids and Nitriles 

The alkaloids are a heterogeneous grouping of 

nitrogenous bases. Those with benzene rings may be synthe

sized by a metabolic pathway from the aromatic amino acid 

tryptophan, to the plant hormone indoleacetic acid, the 

vitamin nicotinic acid, and certain alkaloids (nicotine and 

indole alkaloids) (Whittaker 1970) . Some of the alkaloids 

are synthesized in the roots, from which they may be re

leased to the soil or translocated to stems and leaves 

(Mothes 1960). Many of the alkaloids occur in plants as 

glycosides. 

The nitriles or organic cyanides are of ecological 

importance. They are glycosides of which those having 

ecological roles might be grouped with both the alkaloids 

for occurrence of nitrogen and with phenolics for the 

benzene ring (Whittaker 1970). The two which are most 

common and known for allelopathic effects are amygdalin and 

dhurrin from peach and apple. Some plants contain nitriles 

at concentrations toxic to animals. 
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Other Compounds 

Another group consists of a miscellany of sub

stances of considerable interest, but less widespread occur

rence. Cyanogenic glycosides are common in the Rosaceae. 

On hydrolysis many do not yield the aglycon as such, but 

after a secondary reaction release hydrogen cyanide 

(Whittaker 1971). Many simple organic acids probably arise 

from acetate, by way of the acids that make up the citric 

acid cycle (Ranson 1965). They include formic, acetic, 

butyric, oxalic, and malonic acids occurring free or as 

esters or salts. Some hydroxy acids occur only as their 

lactones, often in the form of glycosides (Robinson 1967). 

Mechanisms of Phytotoxin Action 

Until recently, little work has been done to deter

mine the mechanisms through which toxic substances exert 

their effects. Evidence that a phytotoxin can interfere 

with mineral nutrition is found in the work of Buchholtz 

(1971) who reported that corn grown in association with 

quack grass (Agropyron repens) suffered from severe nitrogen 

and potassium deficiency, even when fertilized. This was 

due to impaired ability to absorb nutrients when roots are 

in contact with quack grass-infected soil. Reduced respira

tion and interference with ion absorption mechanisms were 

suggested as possible causes. Reifer, Muszynska, and Ber 

(1968) reported 26 natural inhibitors in raw extracts from 



higher plants which caused specific inhibition of various 

enzymes. Samaddar and Scheffer (1970) found that oat seeds 

susceptible to a toxin produced by the pathogen Helmintho-

sporium victoriae failed to germinate because the toxin 

blocked synthesis and secretion of a-amylase by aleurone 

cells. Blaim (1960) studied the effect of coumarin, a 

fairly common germination inhibitor, on uptake of water of 

wheat seed. Blaim's observation that water is absorbed by 

the embryo, but not the endosperm, led him to suggest that 

the inhibitory effect of coumarin on germination results in 

this selective water uptake. 

Numerous cases are known where allelopathics pro

duced by a given species act selectively; that is, they 

affect one species more than another. The phytotoxins of 

Salvia (Grodzinsky 1971), Ailanthus (Mergen 1959), and 

Juglans (Massey 1925) have been shown to affect certain 

species more than others. Although no literature is avail

able on causes for selective action of phytotoxins, such 

selectivity could be caused by differences in uptake, 

translocation, and metabolism of the substance in acceptor 

species. Such differences in response are known to be 

associated with the selective action of synthetic herbi

cides (Audus 1964). 
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Chemical Evolution 

The quantities of secondary substances produced by 

many plants and isolated from protoplasmic function tends to 

defeat the view that they are generally needed for unknown 

metabolic functions, and to suggest that they are primarily 

by-products of metabolic systems producing other substances 

(Whittaker 1970). Interpretation of secondary substances 

as by-products or wastes would suggest a considerable degree 

of disorganization in the evolution of plant metabolism. 

Little chemical similarity is apparent among plant groups. 

There is evident advantage to plants in secreting waste 

substances in forms that will reduce animal consumption, 

attract insects for pollination or repell enemies. Selec

tion would tend to increase concentration in the plant of 

these materials (resins, gums, rubbers, tannins, volatile 

terpenes, etc.) that reduce palatability to animals and 

vulnerability to enemies. Metabolic accidents—mutations 

by which new substances are produced—occur and are selected 

for if they afford protection. Selection may result in in

creased concentration of these new substances until, 

despite inactivation and isolation devices, they must be 

excreted. 

There is little doubt that selection tends to 

direct plant metabolism toward production of secondary sub

stances that are repellent to the plant's enemies (Whittaker 

1971). As the plant evolves its chemical defenses under 



selective pressure from its enemies, the enemies evolve 

accommodation to the defenses. There is thus a tendency 

toward evolutionary intensification of the chemical dis

tinctiveness of the secondary substances. Evolution leads 

toward a balanced accommodation of the plant and its 

enemies, made relatively stable by genetic feedback 

(Pimentel 19 68). Evolutionary accommodation leads toward 

formation of complexes of species adapted to interaction. 

Such a complex may include a plant with its secondary 

chemistry, a number of animals, fungi, and bacteria adapted 

to it (and in some cases using its chemistry to its own 

adaptive advantages), and predators and parasites adapted 

in turn, to interaction with the species adapted to the 

plant. 



EXPERIMENTAL 

The study consisted of five separate experiments 

(Table 1), each aimed at elucidating a particular facet of 

the problem. The experiments will be reported individually, 

followed by overall discussion of results and ecological 

significance in subsequent chapters. 

Table 1. List of Experiments Performed 

Experiment Descriptive Title 

I Germination of seeds and growth of 
seedlings in aqueous extracts of grass 
residues 

II Seed germination in leachates of grass 
residues 

III Overwintering of pine seeds under 
various plant residues 

IV Growth of various species associations 
in sand culture 

V Isolation and characterization of the 
inhibitory substance 

26 
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Experiment I: Germination of Seeds and 
Growth of Seedlings in Aqueous 
Extracts of Grass Residues 

Objectives 

Experiment I was designed to determine if phytotoxic 

substances are contained in grass residues and to measure 

relative toxicity of the substances. Three species of seed 

were employed to compare sensitivity. Several measures of 

response were used to determine the nature of the inhibitory 

effects on seed germination and initial development. 

Methods 

Design. The experiment was designed as a three-

factor factorial in a completely randomized arrangement 

with four replications (Table 2). There were nine levels 

of factor A (type of residue), two levels of factor B 

(method of extraction), and three levels of factor C 

(species of seed). The results of 100 seeds in one petri 

dish constituted a single observation. 

Controlled Environment Chamber. A Sherer model 

CEL-37-14 plant growth chamber located at the U.S. Forest 

Service Forestry Sciences Laboratory at Flagstaff, Arizona, 

was employed for the germination tests. The environment 

consisted of a constant temperature of 23 C and a photo-

period of 16 hours of combined fluorescent and incandescent 

lighting (intensity approximately 500 foot-candles) daily. 
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Table 2. Design and List of Treatments in Experiment I 

Level 
Type of Residue 
(Factor A) 

Method of 
Extraction 
(Factor B) 

Species of Seed 
(Factor C) 

1 Fescue foliage (FF) Autoclave Ponderosa pine 

2 Fescue new litter 
(FNL) 

Blender Wheat 

3 Fescue old litter 
(FOL) 

Yellow sweetclover 

4 Fescue roots (FR) 

5 Muhly foliage (MF) 

6 Muhly new litter (MNL) 

7 Muhly old litter (MOL) 

8 Muhly roots (MR) 

9 Control (C) 



Larson (1967) reported that germination of ponderosa pine 

seeds was better at a constant temperature of 23 C than any 

alternating temperature. The requirement for light during 

germination of the species employed in this experiment is 

unknown. The incandescent lights were turned off 15 

minutes after the fluorescent lights to expose the seeds to 

light in both the red and far-red regions at the end of 

each day, as in the natural condition. Relative humidity 

was maintained as high as possible by running the humidifier 

constantly and setting pans of water on the floor of the 

growth chamber. 

Collection and Care of Grass Residues. Samples of 

fresh green foliage (including seed stalks), new litter 

(standing dead grass foliage from the previous summer), old 

litter (matted dead litter accumulated in the center of the 

clump), and roots (live roots clipped from growing grass 

plants) (Table 2) were collected in mid-September, 1969, on 

the Fort Valley Experimental Forest near Flagstaff, 

Arizona. Excess soil was shaken from the grass roots, but 

they were left unwashed to avoid losing any excreted phyto-

toxins. The residues were air-dried for 26 days, then 

ground in a mill to pass a 20-mesh screen. Powdered resi

dues were stored in sealed metal cans and refrigerated. 

Preparation of Extracts. Extracts were prepared 

from the powdered residues by two methods: autoclaving and 



blending. The two methods represented degrees of severity 

of extraction. The blended extracts were prepared by 

homogenizing 20 g of residue with 200 ml of sterile dis

tilled water in a blender at low speed for 15 minutes. 

Autoclaved extracts were prepared by autoclaving the same 

ratio of residue and water in a 500 ml flask stoppered with 

cotton for 15 minutes at 15 psi. The extracts were centri-

fuged (5600 rpm for 10 minutes) and filtered using suction 

to remove the brei. After cooling to room temperature, the 

pH of each extract was measured using a Fisher expanded 

scale pH meter. A 25 ml aliquot of each extract was re

moved for determination of osmotic pressure by cryoscopy. 

Details of the cryoscopic method (Harris and Gortner 1914) 

are presented in Appendix A. 

Initiation of Germination Tests. Seeds of ponderosa 

pine, cultivated wheat (Triticum aestivum), and yellow 

sweetclover were surface-sterilized by soaking in 30% 

hydrogen peroxide for 15 minutes and rinsing with sterile 

distilled water. All glassware, including the petri dishes 

and filter disks, were sterilized by autoclaving. Glass 

filter disks were used in preference to paper because of 

phenolic residues remaining in paper from manufacturing. 

To 100 seeds in each 9 cm covered petri dish, 5 ml of 

extract were added. Control dishes were wetted with 5 ml 

of sterile distilled water. The locations of petri dishes 
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in the growth chamber were shifted daily to distribute the 

effects of microclimate variation. Seeds were considered 

germinated when the radicle length equalled the length of 

the seed. 

Collection and Analysis of Data. The number of 

germinated seeds was recorded daily for 25 days. Radicle 

length (in millimeters) from the seed coat or cotyledons to 

radicle tip, of the first 10 seeds to germinate in each 

petri dish was measured daily until the seedlings began to 

decline due to lack of nutrients. Effects of extracts on 

seedling morphology were noted. 

From the data collected, percentage germination, 

speed of germination, time for 50% germination, mean radicle 

length, and speed of elongation were calculated and tested 

for significant differences by analysis of variance. Speed 

of germination (SG) and speed of elongation (SE) are param

eters developed by Maguire (1962) to estimate seedling 

vigor. Speed of germination is defined as follows: 

__, . no. germinated seeds , SG(no./days) = -5 ^ t r— + .... + ' 1 ' days to first count 

s 
no. germinated seeds since previous count 

days to final count 
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Speed of elongation is defined as follows: 

, ,, « Mean seedling length 
(mm/ ays) Days to first measurement 

Mean increase in length from 
previous measurement 

Days to final measurement 

Results 

The findings of Experiment I will be reported by 

factors in the analysis, i.e., effects of extraction 

method, species responses, and responses to individual 

extracts. Some interrelationships among the data will be 

pointed out as the results are presented. Some follow-up 

experiments, to substantiate the more outstanding results, 

are presented at the end of this chapter. 

pH of Extracts. The control "extract" consisted of 

distilled water that had been similarly autoclaved or 

blended. In each case the extract prepared in the blender 

had a higher pH (Table 3), indicating fewer substances of 

an acidic nature were extracted by blending. The control 

pH values were not the same because the autoclave treatment 

tended to expell gases from the solution, whereas the 

blender tended to incorporate gases (including carbon 

dioxide) thereby lowering the pH. Although no tests were 

run, pH values were not considered to be low enough to sig

nificantly affect seed germination and seedling growth. 
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Table 3. pH of Aqueous Extracts of Grass Residues Extracted 
by Two Methods 

Source of Extract 

Method 

Autoclave 

of Extraction 

Blender 

pH 

PF 5. 42 5.70 

FNL 4.30 4.58 

FOL 5.33 5.80 

FR 5.70 6.14 

MF 5.34 5. 67 

MNL 4.44 4.87 

MOL 5.17 5.59 

MR 5.44 5.80 

Control 6.13 5.49 
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Osmotic Pressure of Extracts. Deionized water was 

used as a standard with zero osmotic pressure in calculating 

the osmotic pressures of the extracts. The autoclaved 

extracts had higher osmotic pressure than blended extracts 

(Table 4), indicating they contained a greater solute con

tent, especially substances of an ionic nature. Osmotic 

pressure decreased with increasing age and decomposition of 

residues. The higher osmotic pressure values (approaching 

3 bars) do not retard germination or initial development of 

pine seed (Larson 1969), but may affect wheat or clover. 

This possibility was tested in a followup experiment, which 

is reported later in this chapter. 

Analysis of Variance Calculations. Analysis of 

variance tables for the data collected in Experiment I are 

presented in Appendix B. There were five overall analyses 

for the five parameters measured; within each overall 

analysis separate analyses were performed to determine 

responses and error variance within each species. The 

analyses show replication (R) and R-interaction mean 

squares, which are not used individually but are combined 

to compute error mean square, which is a pooled variance. 

Each of the species could have a unique variance 

and therefore contribute disproportionately to the overall 

variance. A test to determine this is to compare the ratio 

of extreme values (Table 5). The overall mean square 
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Table 4. Osmotic Pressure of Aqueous Extracts of Grass 
Residues Extracted by Two Methods — Deionized 
water was used as a standard with zero osmotic 
pressure. 

Source of Extract 

Method of 

Autoclave 

Extraction 

Blender 

Bars 

FF 2.84 2. 63 

FNL 0.81 0.51 

FOL 0. 51 0.30 

FR 0. 81 0.61 

MF 2.43 1.62 

MNL 0.81 0.61 

MOL 0.51 0.30 

MR 1.01 0.61 

Table 5. Statistical Information for Test of Homogeneity 
of Species Variances for Untransformed Percentage 
Germination Data 

Species 
Degrees of 
Freedom 

Sum of 
Squares 

Mean 
Square 

Pine 54 1.0704 0.0198 

Wheat 54 0.6303 0.0117 

Clover 54 1.0352 0.0192 

Pooled Values 162 2.7359 0.0169 
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variance is obtained by pooling the variances for the three 

species, as shown. To test for homogeneity of species 

variances, the ratio of extreme values is compared: 

= Mean square (pine) = 0.0198 = „ . 4/ 4 

Mean square (wheat) 0.0117 

degrees of freedom. 

The critical value at a = 0.05 is 1.72 and at a = 0.01 it 

is 2.05. Therefore, since the mean squares are not sig

nificantly different the species variances must be con

sidered homogeneous. This was found to be the case for 

each of the five parameters analyzed. Thus, individual 

treatment effects can be tested by either the individual 

species mean square or the pooled mean square for that 

parameter. Individual species variances were used be

cause of the specificity they provide. 

Percentage germination data were analyzed untrans-

formed and with arc sin /p transformation, and were found 

2 to have lower error variance when untransformed (s = 

0.0169 vs. 0.0228). Therefore, the arc sin /p transforma

tion is not appropriate for the data. 

The analyses of variance in Appendix B show highly 

significant species times extract (SE) interactions for 

each of the five parameters. Therefore since the species 

responded dissimilarly to the extracts, it was important 

to analyze the effects of extract within each species for 

each parameter. This was accomplished by the method of 
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least significant difference (LSD). In this case the method 

is valid if extract treatment means are compared only to 

control means, as follows: 

then the treatment is significant. 

Effect of Extraction Method. As shown in the 

analysis of variance tables in Appendix B, extraction method 

(M) was a significant factor in percentage germination (a = 

0.025) and time for 50% germination (a = 0.05) data, but not 

in SG, SE, and mean radicle length data. The effect of 

extraction method was in degree of response, the autoclaved 

extracts being more toxic. This is supported by the pH and 

osmotic pressure data (Tables 3 and 4) which indicate that 

the autoclave extraction method resulted in a greater con

centration of extracted substances. The three species 

responded dissimilarly to the two methods of extraction, as 

indicated by the significant species times method (SM) 

interaction in the combined analyses of variance tables 

(except SG and mean radicle length). Overall, the extrac

tion method factor is considered to be an unnecessary 

variable which complicates the interpretation of the 

analyses. 
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To simplify presentation and interpretation of the 

extract and species effects in the following section, the 

data for the two extraction methods were combined in Tables 

6, 7, and 8. The LSD values were then calculated on the 

basis of n = 8 for each source of extract to give a 

stronger test of significance. 

Effects of Extracts on Germination and Initial 

Development of Each Species. The combined analyses of 

variance in Appendix B indicate that species (S) and 

extract (E) factors and the species times extract inter

action (SE) are highly significant for all of the five 

parameters measured. The differences of species in sensi

tivity to the extracts are expected and obvious by comparing 

the control data in Tables 6, 7, and 8 which present the 

germination and growth responses of pine, wheat, and clover, 

respectively. Clover exhibited the quickest germination, 

but wheat had more complete germination and its radicles 

grew faster and longer during the measurement period, and 

pine was generally slower in both germination and initial 

growth. 

Extracts prepared from live foliage, FF and MF, by 

far produced the dominant effects. With few exceptions, 

FF and MF extracts significantly (a = 0.01) reduced per

centage germination and SG, increased time for 50% germina

tion, and reduced mean radicle length and SE. Mean lengths 



Table 6. Germination and Growth Responses of Ponderosa Pine to Extracts Prepared 
from Grass Residues — Data are averaged over extraction method. 

Mean Mean Speed Mean Time Mean Mean Speed 
Source of Percentage of Germina for 50% Radicle of Elonga
Extract Germination tion (SG) Germination Length tion (SE) 

Q. 
"O no./days Days mm mm/days 

FF 27.5** 3.5** 7.6* 26.0** 3.2** 
FNL 31. 9* 4.2** 7.4 27.1** 3.7* 
FOL 66. 0* 9.2* 6.4 36.6 5.3 
FR 56.3 7.6 6.8 33.4 4.8 
MF 29.2** 3.6** 8.5** 24.1** 3.2** 
MNL 62.3 8.2 7.1 35.3 4.9 
MOL 62.2 8.5 6.9 38.4 5.2 
MR 51,4 6.5 7.3 30.8* 4.2 

C 49.3 7.0 6.1 37.7 5.0 

2 s 0,0198 4.1418 1.0805 38.0467 1.0805 
LSD (5%) 14.0 2.0 1.4 6.2 1.0 
LSD (1%) 18,7 2.7 1,8 8.2 1.4 

*Differs significantly from control at 5 per cent level. 

**Differs significantly from control at 1 per cent level, 



Table 7. Germination and Growth Responses of Wheat to Extracts Prepared from 
Grass Residues — Data are averaged over extraction method. 

Source of 
Extract 

Mean 
Percentage 
Germination 

Mean Speed 
of Germina
tion (SG) 

Mean Time 
for 50% 

Germination 

Mean 
Radicle 
Length 

Mean Speed 
of Elonga
tion (SE) 

% no./days Days mm mm/days 

FF 60,0** 10,1** 4.7** 69. 5 11.9** 
FNL 50.4** 14,4** 3.2 78.1 15.8 
FOL 79.0 21.2 3.4 92.8* 19.5** 
FR 69, 9 21.1 2.9 85.8 16.8 
MF 41.5** 9,8** 4.0* 62. 0 10.8** 
MNL 71.3 21,8 3,0 60.4 11.8** 
MOL 72.8 21,8 3.1 91.9* 18.2* 
MR 61.1* 19.5* 2.5 83.6 16.6 

C 75,3 23,3 2.8 73.3 15.7 

2 s 0,01167 14,5797 1,1564 284.5884 6.3439 
LSD C5%) 10.8 3.8 1.1 16. 9 2.5 
LSD Cl%) 14,4 5,1 1.4 22.5 3.4 

*Differs significantly from control at 5 per cent level. 

**Differs significantly from control at 1 per cent level. 



Table 8. Germination and Growth Responses of Clover to Extracts Prepared from 
Grass Residues — Data are averaged over extraction method. 

Source of 
Extract 

Mean 
Percentage 
Germination 

Mean Speed 
of Germina
tion (SG) 

Mean Time 
for 50% 

Germination 

Mean 
Radicle 
Length 

Mean Speed 
of Elonga
tion (SE) 

% no./days Days mm mm/days 

FF 32.1** 4.7** 6.5** 4.5** 1.1** 
FNL 68.8 13.8** 4.9** 11.0 4.0 
FOL 70.3 25.6 3.0 13.4 5.1 
FR 66, 9 26.6 1.9 15.3* 5.2 
MF 26,0** 6.3** < 3.0 1.3** 0.7** 
MNL 73,6 23. 5 2.6 15.0* 3.6 
MOL 69.4 29,0 2.0 15.8* 6.1 
MR 71.8 26.7 2.2 12.3 4.0 

C 

o
 

00 KO 

29.7 2.6 10.7 5.1 

2 s 0.0192 46.7937 2.3016 17.6341 2.6083 
LSD C5%) 13, 9 6.9 1.5 4.2 1.6 
LSD (1%) 18.5 9.1 2.0 5.6 2.2 

*Differs significantly from control at 5 per cent level. 

**Differs significantly from control at 1 per cent level. 
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of wheat radicles in FF and MF extracts were not signifi

cantly different from the control (Table 7), but variation 

was high as indicated by the large error mean square. FNL 

similarly inhibited germination of the three species, and 

radicle elongation of pine, but to a lesser degree than 

extracts from live foliage. Extract prepared from muhly 

roots (MR) significantly (a = 0.05) inhibited mean radicle 

length of pine and percentage germination and SG of wheat. 

These inconsistent, weakly significant effects often appear 

in data where a large number of treatment combinations are 

analyzed and may represent weak toxic effects or simply 

chance events. 

There were eight instances in which an extract 

resulted in stimulated germination or elongation: FOL 

increased percentage germination and SG of pine; FOL and 

MOL both increased mean radicle length and SE of wheat; and 

FR, MNL, and MOL increased mean radicle length of clover. 

There is some consistency here; except for the effects on 

pine germination, all of the responses were stimulations 

of root growth. Since roots are generally believed to be 

more sensitive to growth regulatory substances than shoots 

and the effects are frequently reversed at very low con

centrations, the results may be indicative of low concentra

tions of the toxic substance. Alternatively, the stimula

tions may be due to specifically favorable growing condi

tions, e.g., aeration, pH, or osmotic pressure. 
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In Figures 1 and 2, SG and SE for each species in 

the various extracts are expressed as a percentage of their 

respective control values so that the response can more 

easily be seen in relation to type of residue and species 

of seed. Significant differences from control values are 

indicated with asterisks. The retardation of germination 

and radicle elongation, especially of clover, by extracts 

of live foliage is particularly evident. 

Effects of Extracts on Seedling Appearance. Ger

minated pine seeds retarded by the extracts exhibited an 

enlarged root collar and a dark brown sheath covering both 

the root collar and the radicle tip. Removal of these 

sheaths revealed a normal-appearing radicle, similar to 

germinated seeds unaffected by the extracts. Retarded pine 

and clover germinants tended to have a stocky appearance 

with a shortened, stubby radicle and short hypocotyl. 

Follow-up Experiments 

Follow-up experiments were run to verify the sig

nificant effects of extracts found in Experiment I. No 

experiment was done on the effects of pH alone on the 

measured parameters because none of tho measured pH values 

were considered adverse to germination and initial develop

ment. Other factors, such as osmotic pressure, fungal 

contamination, and amount of solution were considered to be 



Figure 1. Speed of Germination (SG) of Pine, Wheat, and Clover Seeds Expressed as 
Per Cents of Control Values -- Data are averaged over extraction 
method. One asterisk indicates the difference from the corresponding 
control value is significant at the .05 probability level; two 
asterisks indicate significance at the .01 probability level. 
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Figure 2. Speed of Elongation (SE) of Pine, Wheat, and Clover Radicles Expressed 
as Per Cents of Control Values — Data are averaged over extraction 
method. One asterisk indicates the difference from the corresponding 
control value is significant at the .05 probability level; two 
asterisks indicate significance at the .01 probability level. 
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worthy of follow-up experiments before continuing with 

Experiment II. 

Effect of Osmotic Pressure on Germination and 

Initial Development. Because the extracts which signifi

cantly inhibited germination and initial development also 

had the highest osmotic pressures, especially FF and MF, it 

was necessary to test the effects of osmotic pressure alone. 

Solutions of polyethylene glycol (PEG, molecular weight 

20,000) determined by cryoscopy to give osmotic pressures 

of 1, 2, 4, and 8 atmospheres (1.01, 2.03, 4.05, and 8.11 

bars) were used to germinate seeds of pine, wheat, and 

clover under the same experimental conditions as Experiment 

I. The PEG solutions and distilled water control were 

changed daily because inhibition of water by seeds con

centrated the solutions. Only 3 ml of solution was added 

to each petri dish, rather than the 5 ml used in the 

original experiment. 

Figures 3, 4, and 5 present the comparative effects 

of osmotic pressure on percentage germination, SG, and SE, 

respectively, of pine, wheat, and clover seeds. Total per

centage germination of pine and wheat seeds appears to be 

benefited by a low level of osmotic pressure, beyond which 

germination drops off gradually for pine and wheat and 

rapidly for clover. These results for pine agree with those 

of Larson (1969), who reported that pine seeds germinated 
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Figure 5. Effects of Osmotic Pressure on Speed of Elonga
tion (SE) of Pine, Wheat, and Clover Radicles 
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better at 3 bars of osmotic pressure than at 0 bars. Speed 

of germination of pine and wheat is largely unaffected by 

osmotic pressure (Figure 4), but clover appears to be quite 

sensitive. Speed of elongation (Figure 5) of all three 

species is sensitive to osmotic pressure. Overall, in the 

range 0 to 3 bars, which includes the osmotic pressure of 

the extracts, osmotic pressure should not interfere sig

nificantly with percentage germination of the three species 

and SG of pine and wheat. Speed of germination of clover 

and SE of all three species are sensitive to osmotic 

pressure. 

In Figures 6, 7, and 8 the comparative percentage 

germination, SG, and SE, respectively, of pine in grass 

residue extracts and PEG solutions are presented. The per

centage germination, SG, and SE data are averaged over 

extraction method, and are taken from Table 6; osmotic 

pressure data are for autoclaved extracts (which are 

slightly higher than blended extracts) from Table 4. Per

centage germination and SG (Figures 6 and 7) of pine seeds 

in FF, FNL, and MF extracts differed even more widely from 

that of pine seeds in PEG solutions of corresponding 

osmotic pressure, than from the controls. Therefore, when 

extract osmotic pressure is considered, the inhibiting 

effects of the above extracts on percentage germination and 

SG of pine would be greater, rather than lesser, when 

compared to the control values. Speed of elongation of 
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Figure 6. Percentage Germination of Pine Seed in Grass 
Residue Extracts and Polyethylene Glycol (PEG) 
Solutions -- One asterisk indicates the differ
ence between extract and control values is 
significant at the .05 probability level; two 
asterisks indicate significance at the .01 
probability level. 
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Figure 7. Speed of Germination (SG) of Pine Seeds in Grass 
Residue Extracts and Polyethylene Glycol (PEG) 
Solutions — One asterisk indicates the differ
ence between extract and control values is 
significant at the .05 probability level; two 
asterisks indicate significance at the .01 
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Speed of Elongation (SE) of Pine Radicles in 
Grass Residue Extracts and Polyethylene Glycol 
(PEG) Solutions -- One asterisk indicates the 
difference between extract and control values is 
significant at the .05 probability level; two 
asterisks indicate significance at the ,01 
probability level. 
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pine radicles (Figure 8) appears to be more sensitive to 

osmotic pressure. Here the effect of osmotic pressure 

tends to cancel part of the response to the extracts. If 

osmotic pressure were considered to be a covariable, the 

effects of the extracts on SE of pine radicles would likely 

not be significant. 

Response of wheat to osmotic pressure was similar 

to pine. In clover, however, the effect of osmotic pres

sure in each case cancelled much of the total response to 

FF and MF extracts (Figures 9, 10, and 11), and only for 

percentage germination and SE a fairly wide margin still 

remained between the extract values and the respective 

values for osmotic pressure alone. 

Effects of Fungal Contamination, Amount of Solution, 

and Humidity on Germination and Initial Development. Per

centage germination of only 4 9.3 for the pine control treat

ment in Table 6 is fairly low. It was discovered later 

that pine seeds germinate better in a minimum of water, 

i.e., 3 ml per dish rather than 5. Apparently the improved 

aeration and small negative water potential afforded by 

minimal wetting stimulates germination. Fungal contamina

tion, which eventually occurred after about 10 days of in

cubation, and the medium to low humidity of the growth 

chamber undoubtedly were partially responsible for low 

germination. To test these interfering factors a small 
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Figure 9. Percentage Germination of Clover Seeds in Grass 
Residue Extracts and Polyethylene Glycol (PEG) 
Solutions — Two asterisks indicate the differ
ence between extract and control values is 
significant at the .01 probability level. 
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Grass Residue Extracts and Polyethylene Glycol 
(PEG) Solutions -- Two asterisks indicate the 
difference between extract and control values 
is significant at the .01 probability level. 
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Figure 11, Speed of Elongation (SE) of Clover Radicles in 
Grass Residue Extracts and Polyethylene Glycol 
(PEG) Solutions — Two asterisks indicate the 
difference between extract and control values is 
significant at the .01 probability level. 



58 

experiment was performed which employed very sterile con

ditions, high humidity, and only 3 ml of extract per dish. 

Only autoclaved extracts of FF and MF, plus a sterile 

distilled water control, were tested. 

Germination in the control treatment (Table 9) was 

much higher, 84.8%, than in Experiment I but the differences 

between the extracts and the control persisted. SG was 

correspondingly higher than in the original experiment, but 

the treatment differences are consistent. 

Table 9. Effects of Autoclaved Extracts of Fescue Foliage 
and Muhly Foliage on Germination of Pine Seeds 
Under Sterile Conditions, Minimal Wetting, and 
High Humidity 

Source of 
Extract 

Percentage 
Germination 

Speed of 
Germination (SG) 

o 
o no/days 

FF 62.3 11.9 

MF 60.8 11.8 

CONTROL 84.8 17. 9 
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Tests were also run with preservative chemicals to 

prevent fungal contamination, but the chemicals were found 

to be toxic to pine and clover seed germination. Sodium 

benzoate (1.0, 0.1, and 0.01%) and sodium hypochlorite 

(5.0%) were either ineffective or toxic. 

Effect of Extract Added After Germination. Auto-

claved FF extract, 1 or 2 ml per 7 cm petri dish, was added 

to pine germinants with radicles 1/2 or 1 inch (1.3 or 2.5 

cm) long. Response was evaluated in terms of increment 

during a 3 day incubation period. The results (Table 10) 

were similar regardless of initial radicle length; 2 ml of 

extract per dish retarded radicle elongation by 30% during 

the 3 day period. 

Table 10, Response of Elongating Pine Radicles to Added 
Fescue Foliage Extract 

Initial Radicle 
Length 

Volume of 
Extract Added 

Increment During 3 
Day Incubation 

cm ml mm 

1.27 0 29.5 

1.27 1 26.8 

1.27 2 20.9 

2. 54 0 28.4 

2. 54 1 22. 0 

2.54 2 19.3 



Experiment II: Seed Germination in 
Leachates From Grass Residues 
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Objectives 

The results of Experiment I indicate that a phyto-

toxic substance is contained in the residues of grass 

plants, and is particularly concentrated in live foliage. 

The route of release of the substance was explored in 

Experiments II, III, and IV. In Experiment II, leaching as 

a possible route of release was investigated. 

Methods 

Design. Experiment II was designed as a two-factor 

factorial in a completely randomized arrangement with three 

replications. Nine sources of leachate and two species of 

seed were tested. An observation consisted of a petri dish 

containing 100 seeds. 

Collection of Grass Residues and Preparation of 

Leachates. Samples of fescue and muhly live foliage were 

collected on September 11, 1973, on the Fort Valley Experi

mental Forest. Both seed stalks and grass blades of each 

species were collected. Fescue stalks had begun to dry 

when collected, whereas muhly stalks were still green. 

Blades of both species were green. At the laboratory, the 

samples were separated into seed stalks (fescue stalks [FS] 

and muhly stalks [MS]) and blades (fescue foliage [FF] and 



muhly foliage [MF]). A 50 g sample (green weight) of each 

residue type was soaked in 100 ml of distilled water in a 

large beaker for either 5 minutes or 12 hours. Each was 

agitated for 5 minutes. At the end of the soaking periods 

the eight leachates were drained off and refrigerated. The 

pH and osmotic pressure of the leachates were not measured. 

Germination Tests. Surface-sterilized pine and 

clover seed were used to test the leachates for photo

toxicity. Ten ml of leachate were transferred to each 9 cm 

petri dish, allowed to evaporate to dryness, autoclaved, 

and cooled. Then 3 ml of sterile distilled water and 100 

seeds were added. AutOclaving, which was necessary to 

avoid problems with fungal contamination, should not 

damage the integrity of the inhibitory substance since it 

proved to be heat-stable in Experiment I. Germination 

tests were conducted in darkness in a small Mangelsdorf 

germinator with temperature set at 7 5 F (23.9 C) and high 

humidity. Other procedures and germination criteria were 

the same as in Experiment I. The number of germinated seeds 

was recorded daily for 11 days. From these data, percentage 

germination and speed of germination (SG) were calculated 

and tested for significant differences by analysis of 

variance. The germination parameters were selected for 

measurement of response because of their sensitivity and 
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lack of interference from extract osmotic pressure demon

strated in Experiment I. 

Results 

Results of the germination tests are presented in 

Table 11; the analyses of variance are found in Appendix B. 

None of the leachates affected percentage germination or SG 

of pine seeds. For clover, however, all 12-hour leachates 

except MS significantly (a = 0.01) inhibited both response 

parameters. Although the 12-hour MS leachate did not sig

nificantly reduce percentage germination, SG was inhibited. 

Muhly stalks did not appear to leach as much as the other 

residues, possibly because of hydrophoby due to the thicker 

cuticle of the less mature tissue. The 5-minute soak of 

fescue stalks significantly (a = 0.05) inhibited SG of 

clover, but not percentage germination. 

It is unfortunate that the osmotic pressures of the 

leachates were not determined, since the strong response of 

clover compared to the lack of response of pine may be 

largely attributable to difference in sensitivity to 

leachate osmotic pressure. 

Although pine germination was not inhibited by the 

leachates, seeds germinating in the 12-hour leachates ex

hibited the same appearance symptoms as in Experiment I. 

The dark brown sheaths at the root collar and radicle tip 

may simply be the result of staining by the extract or 
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Table 11. Effects of Leachates of Grass Foliage on Per
centage Germination (arc sin /p Transformation) 
and Speed of Germination (SG) of Pine and 
Clover Seeds 

Pine Clover 

Source 
of 

Leachate 
Soaking 
Time 

Mean 
Percentage 
Germination 

Mean 
SG 

Mean 
Percentage 
Germination 

Mean 
SG 

Minutes o. x> no/days o 
o no/days 

FF 5 69.1 17.5 51.8 18. 9 

FS 5 69.5 17.8 46.6 14. 9* 

MF 5 66.7 17.1 51.4 17.0 

MS 5 

Hours 

67.1 17.4 48.9 15.4 

FF 12 67. 6 15.6 20.8** 2.1** 

FS 12 64. 9 14. 2 19,8** 2 . 0** 

MF 12 69.4 15.3 20.6** 2.0** 

MS 12 70.2 16. 9 43.8 11.3** 

Control 66. 4 16. 8 52.0 18.6 

2 
s 27.830 4.468 27.830 4.468 

LSD (5%) 8.7 3.5 8.7 3.5 

LSD Cl%) 11.7 4.7 11.7 4.7 

*Differs significantly from control at 5% level. 

**Differs significantly from control at 1% level. 
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leachate. Clover germinates had distinctly stunted 

radicles and hypocotyls. 

Experiment III: Overwintering of Pine Seeds 
Under Various Plant Residues 

Objectives 

Newly-fallen pine seeds normally lay on the ground 

in the presence of grass and pine residues until the fol

lowing July, 8 months or more, before environmental condi

tions are right for germination. In Experiment III samples 

of ponderosa pine seed were overwintered under various 

plant residues in different stages of decomposition to 

determine if continuous exposure to leachates of plant 

residues over the natural period would adversely affect 

seed viability 

Methods 

Design. Experiment III was designed for a one-way 

analysis of variance, with complete randomization of nine 

treatments and four replications. The results from 225 

seeds covered with plant residue in a 1-foot (30.5 cm) 

circular spot constituted a single observation. 

Collection and Preparation of Plant Residues. 

Fescue, muhly, and pine residues were collected on the Fort 

Valley Experimental Forest in mid-November, 1969. The 

grasses had entered dormancy by that time, so the residues 



collected were FNL, FOL, FR, MNL, MOL, MR (all defined in 

Experiment I), plus freshly-fallen pine needles (PNL) and 

partially decomposed pine needles (POL). All of the resi

dues were chopped into smaller pieces so they would form a 

dense mat over the seeds. 

Installation of Experiment. Theeexperiment was 

conducted at the Fort Valley Experimental Nursery, which 

is surrounded by a rodent-proof fence. The area utilized 

had been kept free of vegetation, including conifers, for 

several years. The soil surface was leveled and covered 

with approximately 2 inches (5.1 cm) of washed sand to 

eliminate interference from substances in the soil. 

Thirty-six metal retaining rings measuring 12 inches (30.5 

cm) in diameter and 2 inches (5.1 cm) deep were arranged 

in a grid pattern on the sand with 2 feet (0.6 m) between 

rings. The rings were randomly assigned to treatment. 

Approximately 225 ponderosa pine seeds, measured by 

weight (source: Blue Ridge Ranger District, Coconino N.F.) 

were evenly distributed on top of the sand in the retaining 

rings and covered with the predetermined type of residue to 

the top of the ring. The control treatment consisted of 

rings filled with washed sand. Each ring was covered with 

a square of 1/2 inch (1.3 cm) hardware cloth for further 

protection. 
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Germination Tests. On June 5, 1970, the seeds were 

recovered from the individual retaining rings. They were 

not washed before the germination test, rather they were 

shaken on a screen to remove extraneous materials. One 

hundred seeds from each replication were germinated in a 9 

cm petri dish under the same conditions as Experiment I. 

The seeds were wetted with a minimum amount of sterile 

distilled water. Germination was recorded daily; seeds 

were considered germinated when radicle length equalled 

length of the seed. Locations of dishes in the growth 

chamber were randomized after each germination count. 

After 18 days the ungerminated seeds were cut to determine 

soundness. Percentage germination data, based on sound 

seed, were tested for significant differences by one-way 

analysis of variance. 

Results 

The winter of 1969-70 was an "open winter" with 

only 9.74 inches (24.7 cm) of precipitation occurring 

during the period November 20 to June 5; 7.14 inches (18.1 

cm) of this total occurred during March. Consequently, 

during most of the winter there was only minimal moisture 

available for leaching. 

The results of the germination tests are presented 

in Table 12. The analysis of variance (Appendix B) indi

cates that there are no significant differences in 
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Table 12. Percentage Germination of Ponderosa Pine Seeds 
Overwintered Under Various Plant Residues 

Type of Residue Percentage Germination 

% 

FNL 89.0 

FOL 85.4 

FR 85.7 

MNL 88.5 

MOL 8 9.1 

MR 79.7 

PNL 90.5 

POL 88.4 

Control 92.6 



68 

percentage germination of pine seeds overwintered under the 

different plant residues. The germination in each case was 

quite high, indicating no general loss of viability due to 

the treatments. 

These results do not agree with Larson's (1968) 

findings from an informal study he conducted in the winter 

of 1956-57. Pine seeds overwintered under Arizona fescue 

litter yielded 63% germination the following spring, com

pared to 85% for pine needle litter and 87% for no cover. 

Leaching conditions were somewhat better during the period 

November to June 1956-57, with 12.27 inches (31.2 cm) of 

precipitation; 6.17 inches (15.7 cm) occurring during 

January. Furthermore, Larson placed his seeds directly on 

the surface of a clay soil, which potentially would allow 

some accumulation of leached substances. Such accumulation 

is unlikely in the sand layer employed in the present 

experiment. 

Experiment IV: Growth of Various Species 
Associations in Sand Culture 

Objectives 

Experiment IV was designed to investigate the 

possibility of inhibitory substances excreted by grass 

roots, and measure their relative toxicity to the growth of 

a second plant grown in intimate contact. 
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Methods 

Design. The experiment was designed as a two-

factor factorial, with nine species combinations, two 

planting times, and four replications, in a completely 

randomized arrangement. A sample unit consisted of a pot 

containing two plants of varying species combinations. 

The design and treatment combinations are outlined in 

Table 13. 

Materials. Pairs of plants were grown in 4-1/2 

inch (11.4 cm) diameter by 10 inch (25.4 cm) deep metal 

pots provided with drainage holes plugged with glass wool. 

The weights of 72 pots were adjusted to equal weight by 

adding solder to the bottoms. The pots were filled with an 

equal weight of number 60 silica sand and a 1 inch (2.5 cm) 

layer of Perlite spread on the surface to reduce evapora

tion. 

Controlled Environment Chamber. The experiment was 

conducted in the controlled environment chamber described 

under Experiment I. The environment consisted of a 

temperature regime of 75 F (23.9 C) during the day (16 

hours) and 60 F (15.6 C) during the night. The transition 

period of temperature changes coincided with light changes, 

and a 15-minute period of twilight provided at day end as 

in Experiment I. Relative humidity was low during the day 
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Table 13. Design and List of Treatments for Experiment 
IV — Each treatment combination was represented 
by four pots 

Factor A Factor B 
Species Combination Time of Planting of Second Species 

Pine/Pine (P/P) Group A: At time of first species 

Fescue/Pine (F/P) Group B: Three months after first 
species 

Muhly/Pine (M/P) 

Fescue/Fescue (F/F) 

Muhly/Fescue (M/F) 

Pine/Fescue (P/F) 

Muhly/Muhly (M/M) 

Pine/Muhly (P/M) 

Fescue/Muhly (F/M) 
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and higher at night because of temperature changes. After 

4 months under the warm environment, the growth chamber 

was programmed for a cool environment of 10 weeks duration 

consisting of a temperature regime of 50 F (10 C) during 

the day (8 hours) and 35 F (1.7 C) at night. The purpose 

of the cool environment was to stimulate flowering of the 

grasses and satisfy the cold requirement of the plants so 

they would renew growth when the warm environment was re

sumed . 

Planting. Pine, fescue, and muhly seeds were 

germinated on moist filter paper in petri dishes in the 

growth chamber. Germinants with radicles about 1 inch 

(2.5 cm) long were planted in the pots in the combinations 

and times called for in Table 13. The pots were kept 

continuously wet and mortality promptly replaced until the 

population was established. 

Watering. The moisture content of the potting sand 

was determined when the pots were filled. A soil matric 

potential-soil moisture percentage curve was developed from 

samples of the sand using a pressure membrane apparatus. 

With this information and assuming that matric potential of 

sand approximately equals the water potential, a watering 

system which regulated soil moisture potential within the 

range of -0.3 atmosphere (field capacity) and -3.0 atmos

pheres by pot weight was developed (Appendix A). 
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The plants were watered with one-half strength 

Hoagland solution (Miller 1953) at 2 to 4 day intervals 

during the entire experiment. No corrections were made for 

increases in pot weight due to plant growth. The locations 

of pots in the growth chamber were systematically rotated 

at each watering. 

It was originally hoped that the experiment could 

be conducted without having to leach excess salts (and 

possibly also excreted toxins) from the pots. But after 

2-1/2 months symptoms of salt toxicity and nutrient defi

ciency began to appear. The pots were leached then, and 

at 1 month intervals for the remainder of the experiment, 

with 2000 ml of water per pot to remove excess salts. The 

first 250 ml of leachate from each pot in Group A was 

collected and tested for phytotoxicity to clover seed 

germination. This was accomplished by taking a 25 ml 

aliquot of leachate from each pot, evaporating to dryness, 

then rewetting with 3 ml of distilled water and adding 100 

clover seeds. Distilled water only was used as a control. 

Collection and Analysis of Data. Monthly measure

ments of foliage height (distance from cotyledons to shoot 

tip) of pine, total height of all three species, and basal 

diameter of grasses were made for the 9 month duration of 

the experiment. At the end of the experiment, dry weight 

of the top and roots of individual plants was determined. 



These data and calculated top/root weight ratios and plant 

volumes (grasses) were analyzed for significant differences 

in two groups. Group A consisted of 36 pots of plants with 

simultaneous planting times and was tested by a series of 

one-way analyses of variance. Group B contained 36 pots of 

plants with age differing by 3 months, and was tested by a 

series of analyses of variance and othogonal comparisons. 

Results 

Even though the experiment was designed to test for 

toxic root excretions in the absence of competition for 

light, water, and nutrients, strong plant competition 

developed as early as 3 months into the experiment and in

tensified as the experiment progressed. Because of competi

tion, it was very difficult to establish the second species 

in the later planting, especially where large fescue or 

muhly plants were present. Toward the end of the experiment 

the pots were distinctly crowded by large grass plants, and 

most seedlings planted 3 months later were suppressed or 

dead. Seedlings which died were assigned a value of zero 

for their corresponding data. 

The data presented in Table 14 for Group A show 

mainly the effects of plant competition, or lack of it, on 

various growth parameters. Fescue plants made superior 

growth in terms of top and root dry weight and top volume 

when associated with pine compared to another fescue or 



Table 14. Comparative Growth of Pine, Fescue, and Muhly Planted Simultaneously 
(Group A) in Various Combinations — Plants were grown for nine months 
in a controlled environment chamber. 

Mean Top/ 
Species Mean Mean Mean Root Pine Mean 

Species Combina Total Top Dry Root Dry Weight Foliage Grass Mean 
Evaluated tion Height Weight Weight Ratio Height Top Volume 

cm 9 g cm 3 cm 

Pine P/P 20.0 0.75 0.26 3. 96 17. 5 
P/F 16.8 0.49 0.14 3.79 14.3 
P/M 16,7 0.55 0.24 3.27 14.2 

Fescue F/F 67.8 8.82 7.07 1.52 259.5 
F/P 64. 0 13,60* 11.09* 1.56 376.9* 
F/M 61.2 7.79 4.18 1.98 216.2 

Muhly M/M 57.0** 18.38 7.31 4.43 275.1 
M/P 69.3 35.47 9. 93 3. 95 585.0* 
M/F 68.2 32.73 7.14 5.25 460.5 

*Differs significantly from other two members of group at 5% level. 

**Differs significantly from other two members of group at 2.5% level. 
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muhly plant. The lack of competition from the associated 

pine is undoubtedly related to the difference in growth. 

Muhly plants were significantly shorter when associated with 

another muhly and had only half as much top volume after 9 

months compared to muhly plants associated with pines. 

Data for Group B and interpretation of significant 

orthogonal comparisons are presented in Table 15; statistical 

analyses are found in Appendix B. Generally, the responses 

are the same as in Group A. In all cases, except mean 

top/root weight ratio of pine, plants of the species 

evaluated established early (a,a,a) collectively differed 

significantly from plants established 3 months later (b,b,b). 

This is an expected difference due to the difference in age 

of the plants. The top/root weight ratio of the grasses 

apparently changes with age of the plants, as indicated by 

the difference between early- (a,a,a) and late-planted 

(b,b,b) seedlings. Pine or grass seedlings established late 

with an existing pine seedling (e) demonstrated superior 

height growth compared to seedlings planted late with the 

two grasses considered collectively (f,f). Considering the 

grasses independently, fescue or muhly seedlings planted 

late with an existing pine (g) grew taller than when planted 

late with the other grass species (h). The significant (e) 

vs (f/f) and (g) vs (h) comparisons may be considered mean

ingless because of almost complete mortality of seedlings 

planted late with an existing grass plant. On the other 



Table 15. Comparative Growth of Pine, Fescue, and Muhly Planted at Different 
Times (Group B) in Various Combinations — Second species was planted 
three months after first species. 

Species 
Combination 

Planting 
Time 

Evaluated 
Mean Total 
Height 

Mean 
Top Dry 
Weight 

Mean 
Root Dry 
Weight 

Mean Top/ 
Root 

Weight 
Ratio 

Pine Mean 
Foliage 
Height 

Species evaluated is underlined. 

Orthogonal comparison 

a,a,a vs. b,b,b 

Interpretation 

Grass Mean 
Top Volume 

Planted Early/ •-
7  

Planted Late cm g  g  cm cm 

Pine/Pine Early 19. , 5 a 1 ,  ,34 a 0 .  60 a 2. ,26 17. , 0 a 
Pine/Fescue Early 19.6 a 1 .  ,55 a 0 .  68 a 2. ,30 17, .1 aj 
Pirie/Muhly Early 24, , 2 a 1 .  ,80 a 0 .  94 a 1 .  .99 21, .7 ai 
Pine/Pine Late 7. ,26 e 0. ,12 b 0 .  06 b 3. ,13 e 5. .3 be 
Fescue/Pine Late 4 . ,2 bf 0. , 02 b 0 .  01 b 1 .  ,75 f 2. . 9 bf 
Muhly/Pine Late 0. . 0 bf 0 ,  , 00 b 0 .  00 b 0 .  , 00 f- 0 .  . 0 bf 

Fescue/Pine Early 67, , 8 a  18, ,86 a 21. 65 a 0 .  ,98 a 447 . 5 a 
Fescue/Fescue Early 63, , 0 a  20, .35 a 25. 63 a 0 .  .89 a 526 . 5 a 
Fescue/Muhly Early 68. . 2 a 20, ,78 a 18. 70 a 1 .  .46 a 503 .9 a 
Pine/Fescue Late 37. , 7 beg 0 ,  .39 b 0 .  66 b 0 .  ,63 b 3 .4 b 
Fescue/Fescue Late 0. , 0 bf 0, , 00 b 0 .  00 b 0 .  ,00 b 0  .  0  b 
Muhly/Fescue Late 0 ,  , 0 bf h 0, , 00 b 0 .  00 b 0. , 00 b 0  .  0  b 

Muhly/Pine Early 71. ,4 a 40, ,42 a 11. 42 a 3. ,67 a 695 .5 a 
Muhly/Fescue Early 73. ,9 a 43, ,80 a 13. 66 a 3. . 52 a 713 . 5 a 
Muhly/Muhly Early 75. , 6 a 42, .71 a 13. 66 a 3. . 91 a 709 .2 a 
Pine/Muhly Late 23. , 4 beg 0. .80 b 0 .  35 b 2. , 00 bg 8 .4 b 
Fescue/Muhly Late 0 .  . 0 bf h 0. . 00 b 0 .  00 b 0 .  , 00 bh 0 .  0 b 
Muhly/Muhly Late 0 .  , 0 bf 0 .  , 00 b 0 .  00 b 0. .00 b 0  .  0 b 

Early planting differs significantly (a 
planting (Ib^/3). 

0.05) from late 

e vs. f,f 

g vs. 

Species planted late with an existing pine (e) differs signifi
cantly from planted late with the two grasses, considered 
collectively (Ef^/2), 

Fescue or muhly planted late with an existing pine (g) differs 
significantly (a = 0.05) from planted late with the other grass 
species (h). 

Pine planted early with muhly (i) differs significantly (a = 0.05) 
from pine planted early with fescue (j). 

-J 
0\ 
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hand, the comparisons are meaningful in that they depict the 

intense vegetative competition expressed by an established 

grass plant. Finally, pines planted early with muhly (i) 

had significantly greater foliage height than when planted 

early with fescue (j). A similar difference exists in mean 

total height of pines, but is not significant due to high 

background variation. In all cases, the observed effects 

can be ascribed to the lack of competition because of the 

presence of a pine seedling, or conversely, due to intense 

competition from an existing grass plant. Muhly appears to 

be slightly less competitive toward the pines than fescue. 

There were no significant differences in germination 

of clover seeds incubated either in leachate from pots 

representing the species combinations in Group A or dis

tilled water, indicating no detectable amount of inhibitory 

substance arising from grass roots was leached from the 

pots. 

Experiment V: Isolation and Characterization 
of the Inhibitory Substance 

Objectives 

The objectives of Experiment V were the isolation, 

purification, and chemical characterization of the inhibi

tory substance demonstrated by Experiment I to be present in 

grass foliage. Arizona fescue was selected for intensive 

study because of the comparative abundance of the inhibitory 
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substance in its foliage, and the need to limit the size of 

the experiment. 

Methods of Extraction, Isolation, 
and Purification 

Preliminary Work. Many different extraction and 

purification methods were tried unsuccessfully before a 

suitable technique was developed. The initial approach was 

to extract the inhibitory substance from grass residue with 

water, as in Experiment I, and then extract the inhibitor 

into a non-miscible organic solvent. Several solvents were 

tried, e.g., diethyl ether, chloroform, methylisobutyl 

ketone, and hexane, but in each case the inhibitory sub

stance was held tenaciously in the aqueous phase according 

to bioassays of the various fractions. The ether fraction 

was found to contain phenolic compounds which were tenta

tively identified by thin-layer chromatography to be p-

coumaric acid and sinapic acid, but bioassays indicated they 

were not inhibitory to germination of clover seed in the 

concentrations present. 

Since the inhibitory substance could not be 

extracted from water, the next approach was to remove un

wanted substances from the aqueous extract, leaving the 

desired substance behind. This developed into a multi-step 

procedure involving several of the above-mentioned solvents, 

pH adjustments, and bioassay of various fractions, but was 



79 

eventually abandoned because of problems with emulsions, 

loss of some inhibitory activity with each step and there

fore low yield, and an impure final product. More severe 

extracting conditions were tried, such as 0.1 N HC1-

butanol/autoclave, 1.0 N HCl/autoclave, 2N HCl/reflux, 2N 

NaOH/room temperature, and 80% ethanol/continuous extrac

tion for 12 hours, but none were adopted because of repeti

tion of the above-mentioned problems and fear that these 

treatments may alter the integrity of the inhibitory sub

stance. 

The basic problems were, therefore, that extraction 

of the inhibitory substance with water also extracted a 

multitude of other unwanted substances; no organic solvent 

could be found that had greater specific affinity for the 

inhibitory substance than water; and the extraneous 

materials could not be satisfactorily extracted from the 

aqueous solution. 

Extraction and Isolation Methods. The eventual 

successful isolation of the inhibitor capitalized on the 

highly polar nature of the substance and its preference for 

polar solvents. Methanol, a slightly less polar solvent 

than water, was tried as the extracting solvent. The re

sulting extract did not contain as much of the inhibitor as 

the aqueous extract, but contained much less extraneous 

material. Activated charcoal was found to be an ideal 
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material for separating larger molecules and other polar 

compounds, especially tannins and gums, from the extracts. 

The successful isolation method is based on this use of 

activated charcoal to remove most of the impurities from 

aqueous extracts. The isolation method in outline form is 

as follows: 

1. Homogenize 100 g of finely ground residue in 600 ml 

of sterile distilled water in a blender at low 

speed for 5 minutes. Transfer to a stoppered flask 

and allow to stand in a refrigerator for 24 hours. 

2. Centrifuge the mixture at 6000 rpm 10 minutes to 

remove the brei. 

3. Filter the extract through GF/C glass paper with 

suction; yield is 300 to 350 ml. 

4. Extract with five 60 ml aliquots of chloroform, 

shaking for 5 minutes each time. Transfer the 

mixture to separatory funnels and centrifuge on a 

trunion carrier 15 to 20 minutes at 1000 rpm for 

complete separation of layers. Discard chloroform 

fraction. 

5. Filter the aqueous solution with suction through a 

bed of activated charcoal (Norite A). The bed con

sists of a disk of GF/C glass paper and 3/4-inch of 

charcoal in a biichner funnel. 

6. Reduce the solution volume approximately 90% in a 

rotary evaporator. Stop when solute starts 
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depositing on the continuously wet area of the 

flask. Final volume is approximately 30 to 35 ml. 

Purification Method. Initial attempts to purify the 

inhibitory substance by crystallization from ethanol were 

only partially successful; recrystallization was completely 

unsuccessful, owing to loss of solubility. Drying a sample 

of the isolated substance and exposure to air resulted in a 

rapid loss of solubility. It redissolved with difficulty in 

hot ethanol, and eventually was insoluble even in water. 

Purification by precipitation of the inhibitor from 

a saturated solution was found to be a simpler method. An 

equal volume of acetone was added to the saturated solution 

from step six of the isolation procedure, the mixture shaken 

thoroughly, and placed in a refrigerator overnight. The 

white precipitate was collected on a fritted glass filter 

using suction, rinsed with cold acetone, and dried in a bell 

jar over powdered calcium sulfate with an atmosphere of 

nitrogen. 

The precipitation technique avoids the problems with 

loss of solubility, but results in a relatively impure 

product because of coprecipitation of other substances, 

occlusion of impurities, and adsorption of ions. Futher 

purification would be desirable for serious structural and 

elemental analyses, but was not attempted. The yield from 

the isolation and purification techniques was not determined. 
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Bioassay of Isolated Substance. The concentrated 

solution from step six of the isolation procedure was bio-

assayed for phytotoxic effects on gemination of pine and 

clover seeds. Two petri dishes of 100 clover seeds and one 

dish of 100 pine seeds each received 3 ml of the concen

trated solution. The control consisted of three dishes for 

each species receiving 3 ml of distilled water and 100 seeds 

each. The germination test was run for 7 days in a small 

Mangelsdorf germinator under the environmental conditions 

described previously. The results (Table 6) show strong 

inhibition of germination of both species induced by the 

isolated substance. The nature of the inhibition appeared 

to be the same in all respects, but more intense, as that 

observed in Experiment I. 

Table 16. Results of Bioassay of Isolated Growth 
Inhibitory Substance on Germination of Pine and 
Clover Seeds 

Treatment Species of Seed Percentage Germination 

% 

Inhibitor Pine 3.0 

Clover 0 . 0  

Control Pine 66.3 

Clover 39.6 
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Characterization of Inhibitory Substance 

Identification of the inhibitor was attempted by 

employing a variety of qualitative analytical instruments 

and techniques. A large volume of data was collected which 

characterized many of the physical and chemical properties 

of the substance and provided some structural information, 

but the exact identity of the inhibitory substance remains 

uncertain. The results of individual analyses will first be 

reported, then their interrelationships will be discussed in 

a later section. 

Basic Physical and Chemical Properties. The in

hibitory substance was isolated as a white powdery compound 

which apparently is oxidatively unstable, resulting in rapid 

loss of solubility upon exposure to air. Exposure to 

temperatures above 50 C during the extraction and isolation 

procedures appeared to accelerate the process. However, the 

inhibitor is apparently heat stable in dilute aqueous solu

tion since the autoclaved extracts in Experiment I were in

hibitory. The loss of solubility may possibly be caused by 

oxidatively-initiated autocatalytic polymerization, which 

results in the rapid formation of polymers of considerable 

molecular weight and corresponding reduction in solubility. 

Upon purification, natural anti-oxidants are eliminated and 

polymerization may occur rapidly, causing the substance to 

become insoluble in water, and altering chromatographic 
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behavior. It is fairly normal for natural products to 

polymerize when separated from their natural anti-oxidants 

(Geissman and Crout 1969). Alternatively, the loss of 

solubility may simply be due to oxidative degradation. 

However, oxidative degradation results in fragments of 

smaller molecular weight, which would probably increase 

solubility. Since there is no explicit evidence for either 

polymerization or oxidation, it must suffice to say that 

some process occurs with time on the isolated material that 

renders it insoluble in water and methanol. 

When first extracted, the inhibitor exhibits a 

highly polar nature with greatest solubility in polar 

solvents, especially methanol and water. These character

istics suggest that the inhibitory compound is rich in 

hydroxy, methoxy, and carboxyl groupings. 

Thin-Layer Chromatography. A fresh sample of the 

concentrated inhibitor was spotted in various amounts on 

2 pre-run 20 cm aluminum-backed thm-layer sheets with a 

0.25 mm coating of silica gel F-254 (contains short wave

length ultraviolet indicator). The chromatogram was 

developed in absolute methanol using an Eastman sandwich 

chamber. 

The substance did not fluoresce under either long or 

short wavelength ultraviolet light, indicating it is not 

aromatic. There was no color reaction with the detecting 
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reagents diazotized sulfanilic acid, diazotized p-nitro-

aniline, and ferric chloride, indicating that the compound 

is not a phenol. The location of the inhibitory substance 

on the chromatogram was finally detected by charring with 

concentrated sulfuric acid. A sketch of the chromatogram 

(Figure 12) shows that the substance developed as a streak, 

with a concentrated spot at the head of the streak. This 

was possibly caused by polymerization of the substance prior 

to or during chromatography, where polymers of increasing 

length had correspondingly lower Rf values. The darker area 

at the head of the streak (Rf = 0.65 to 0.70) would 

correspond to the monomer form. The inhibitory substance 

may possibly be an acid, since organic acids streak because 

of ionization when an acidic component is omitted from the 

solvent. Chromatograms of fresh samples of the inhibitory 

substance from previous isolations support this Rf range, 

while chromatograms of older samples show lowering Rf 

values with increasing age of the material because of poly

merization and/or oxidative degradation. 

Thick-Layer Chromatography. This technique was used 

to verify the inhibitory activity of the substance shown by 

thin-layer chromatography to have an Rf value in absolute 

2 methanol of 0.65 to 0.70. Two 20 cm glass plates precoated 

with a 2 mm thickness of silica gel F-254 were prerun in 

absolute methanol, then loaded with 2.5 ml of the freshly 
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Figure 12. Thin-Layer Chromatogram of Isolated Growth 
Inhibitory Substance -- Concentrated solution 
from step six of the isolation procedure was 
spotted in varying amounts and developed in 
absolute methanol. Spots were located by 
charring with concentrated sulfuric acid. 
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isolated inhibitory substance from step six of the isolation 

procedure. Both plates were run in absolute methanol in a 

Camag sandwich chamber and thoroughly dried. One was 

charred with concentrated sulfuric acid to locate the sub

stance, which was found to occupy a fairly broad band of 

Rf 0.55 to 0.75. The sorbent on the second plate was 

divided into three regions corresponding to Rf ranges of 

0.0 to 0.55, 0.55 to 0.75, and 0.7 5 to 1.00, and each region 

was scraped from the plate and extracted with 100 ml of 

absolute methanol for 1 hour. After filtering, each was 

concentrated to 5 ml. Bioassays were run on the extracts 

from the three Rf regions to locate the inhibitor. Two 

square centimeter pieces of glass filter paper were satu

rated with each solution, allowed to dry, then were re-

wetted with distilled water, and topped with 10 clover 

seeds. Distilled water only was used in the control. 

The bioassay showed that germination was high in the 

extract from the 0.0 to 0.55 Rf region and the control, 

moderate in the extract from the 0.7 5 to 1.00 Rf region, and 

very low in the extract from the 0.55 to 0.7 5 Rf region. 

This indicates that the inhibitor was concentrated in the 

0.55 to 0.7 5 Rf region, and perhaps also was present in the 

0.75 to 1.00 Rf region. 
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Column Chromatography. When problems were en

countered in crystallizing the inhibitory substance after 

extraction and charcoal filtration, vide supra, column 

chromatography on activated alumina was tested as a method 

to produce a highly pure product. A saturated solution con

taining 1/2 g of the semi-pure substance in 90% methanol was 

prepared and placed on a column containing 50 g of activated 

alumina (MCB 9296) with 90% methanol used as the packing 

solvent. The sample was run with solvents ranging from 90% 

methanol to pure water, and a total of 42 ten ml aliquots 

were collected and tested for the presence of the inhibitor 

by measuring the change in index of refraction. 

The substance could not be detected in any of the 

aliquots collected from the column, even when pure water was 

used as the solvent, indicating that the compound was re

tained in the column. This result is further evidence for 

the polar nature of the compound. 

Column chromatography was also attempted using an 

aged sample of the compound on a column of silica gel (Baker 

3405) with absolute methanol as solvent. Bioassay of 

several aliquots collected from the column indicated that 

the inhibitory substance did not pass through the column, 

probably due to loss of solubility. 
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Gas Chromatography. A sample of the concentrated 

inhibitor in absolute methanol was introduced into a Varian 

model 90-P gas chromatograph, employing a 5-foot-long by 

1/4-inch diameter (152-4 cm by 0.64 cm) column of SE-30 on 

100-120 mesh Veraport 30. The detector temperature was 350 

C, oven temperature settings ranged from 30 to 300 C, in

jection port temperature settings ranged from 250 to 300 C, 

and the carrier gas flow rate was varied in the range of 5 

to 60 ml/min. The methanol solvent was the only compound 

detected as having passed through the column after 4 5 minute 

minutes and changing the carrier gas flow rate and injection 

port and oven temperature settings failed to resolve a 

second compound. 

Ultraviolet Spectroscopy. A sample of the concen

trated inhibitory substance in absolute methanol showed no 

absorption in the ultraviolet region when introduced into a 

Perkin-Elmer model 124 ultraviolet-visible spectrophotometer. 

This result indicates that the substance is not a member of 

the widespread phenolic group of growth inhibitors. 

Infrared Spectroscopy. The infrared spectrum 

(Figure 13) of a sample of the inhibitor dispersed in a 

pressed potassium bromide pellet was recorded on a Perkin-

Elmer model 710 infrared spectrophotometer. The sample 

material and KBr were thoroughly dried before being intro

duced into the instrument. The compound appears to contain 
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Figure 13. Infrared Spectrum of Growth Inhibitory Substance — Sample was 
introduced as a solid in a compressed potassium bromide lens. 
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a large amount of intramolecular hydrogen-bonding, which 

prevents a detailed interpretation of the spectrum. The 

broad, strong absorption at 3400 cm ^ is assigned to an OH 

stretch and suggests the compound is either an alcohol or an 

acid. The presence and intensity of bands at 1100, 1300, 

and 14 00 cm ^ suggest that the compound is a secondary 

alcohol, and the band at 1060 cm indicates the presence 

of a primary alcohol or possibly an amino group (Silverstein 

and Bassler 1963) . Absorption bands at 1640 and 1670 cm 

may be attributed to an isolated carbon-carbon double bond 

or to an acidic carbonyl group which has been shifted toward 

a longer wavelength by interaction with some functional 

group. Undoubtedly, a more detailed spectrum obtained from 

a highly pure specimen would allow more specific interpreta

tion of the functional groups and structural characteristics 

of the substance. 

Nuclear Magnetic Resonance Spectroscopy. Proton 

nuclear magnetic resonance spectra were recorded on a Varian 

model T-60 nuclear magnetic resonance spectrometer operating 

at 60 MHz. All NMR spectra were recorded using deuterium 

oxide as the solvent and t-butanol as an internal reference. 

In Figure 14, the large peak at 4.9 ppm resulted 

from the solvent. The absence of any absorption in the 

0.0 to 2.5 ppm region of the spectrum suggests that the 

inhibitor does not contain any paraffin-type protons. 
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Figure 14. Proton Nuclear Magnetic Resonance Spectrum of Growth Inhibitory 
Substance in Deuterium Oxide 
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Similarly, no aromatic structures were detected, owing to 

the lack of peaks in the region 8.0 to 9.0 ppm. The peaks 

observed in Figures 14 and 15 in the region 2.7 8 to 4.55 ppm 

indicate that basically two types of proton environments are 

present in the molecule: (1) adjacent to an electron-

withdrawing group such as hydroxy or methoxy groups, and (2) 

adjacent to an olefinic group. The peak at 3.0 ppm is 

assigned to the protons of a methoxy group, and the bands 

at 4.2 ppm are attributed to olefinic-type protons. The 

two peaks at 5.6 and 6.5 ppm are spinning side bands of the 

solvent peak and are due solely to the instrument. Figure 

15 gives an expanded scale of the region 2.7 8 to 4.55 ppm. 

Mass Spectroscopy. The unknown compound in semi-

purified form was run twice on a Hitachi model RMS-4 mass 

spectrometer. The first analysis was run with too low 

ionization energy, which resulted in very little fragmenta

tion of the molecule and little information. The second 

analysis, at higher ionization energy, resulted in good 

fragmentation and contributed some information pertaining to 

the structure. 

The parent peak (Figure 16) occurs at mass 282, 

indicating the molecular weight of the compound is 282. An 

important clue to the structure is contained in the large 

peaks at masses 133 and 14 9. The summed weight of these 

two larger fragments is 282, suggesting that the molecule 
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consists of two main parts which are connected by a fairly 

weak bond. Further, the mass 133 peak is smaller than the 

149 peak, indicating that further fragmentation of this 

piece must take place more readily than of the mass 149 

piece. The main peaks near the parent peak correspond to 

the loss of certain functional groups from the molecule. At 

mass 267 the loss of a fragment of mass 15 corresponds to a 

methyl group; at mass 265, the parent peak minus 17 corre

sponds to a hydroxy group; and at mass 2 51, the parent peak 

minus 31 corresponds to a methoxy group. 

The lack of a mass 237 peak, corresponding to the 

loss of a mass 45 fragment, indicates the absence of a free 

carboxylic acid group. Also, the lack of a mass 264 peak, 

corresponding to the loss of a water molecule of mass 18, 

indicates that a labile hydroxy group (which readily loses 

water) is not present. 

Interpretation of Analytical Data. The mass 

spectrum presents reasonably good evidence that the unknown 

compound consists of two main components joined by a weak 

bond. It is a fairly common occurrence in plant metabolism 

for a toxic compound to be neutralized by the glycosidic 

attachment of a sugar moiety to avoid autotoxicity 

(Whittaker 197 0). Evidence presented by infrared and NMR 

spectra for the presence of a carbonyl group, but the lack 

of a mass 45 peak in the mass spectrum (indicating a free 
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carboxyl group), would suggest that an ester bond possibly 

connects the two main components of the molecule. 

The molecular weight 149 fragment is equivalent in 

mass to a pentose sugar minus one hydrogen. This leads to 

the suggestion that it is a pentopyranose, such as arabinose 

or xylose. The presence of a sugar moiety as part of the 

molecule would account for the strong polar properties 

observed as well as the preference for water over organic 

solvents. The infrared spectrum also supports the existence 

of several hydroxy groups in the molecule and secondary 

alcohol arrangement. The presence of a sugar moiety would 

satisfy this evidence. However, many other possible struc

tures would also satisfy the evidence, e.g., a tetrahydroxy-

cyclopentane. Elucidation of the identity of the "sugar" 

would probably involve hydrolysis of the weak bond with 

dilute acid and chromatography of the hydrolyzate or 

employing a test for the identification of sugars, such as 

the formation of osazones (Shriner, Fuson, and Curtin 1965). 

The functional groups detected in the mass spectrum 

are most likely part of the mass 133 fragment, since it 

appears to disintegrate more readily than the mass 14 9 frag

ment. The functional groups evidenced by the mass spectrum 

were -OH, -OCH^f and -CH^, and either C=C or C=0 by the 

infrared and NMR spectra. An elemental analysis on an 

impure sample of the compound indicated that nitrogen may 

also be a constituent, perhaps as a substituted amino group. 
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The analytical data presented are inadequate to 

propose a structure for the molecular weight 133 fragment. 

It apparently contains several substituted functional groups. 

There is evidence to suggest that the structure involves 

considerable complexity and that nitrogen may be a con

stituent. The suspected olefinic group in the molecular 

weight 133 component may be involved in the polymerization 

reaction. 



DISCUSSION OF RESULTS 

Some explanation of results was included in the 

experimental chapter so that the reader would understand why 

the sequence of experiments was undertaken and how each 

relates to the overall problem. In this chapter, the 

overall significance of the composite experiments will be 

considered. 

Physiological Characteristics of 
Inhibitory Substance 

Experiment I mushroomed into a research program in 

itself, with several supplementary tests being undertaken to 

substantiate the fact that a growth inhibitor did, in fact, 

occur in certain extracts. It was necessary to verify the 

fact that an inhibitor existed before experiments aimed at 

determining the route of release and chemical identity of 

the substance could be started. Extract osmotic pressure 

was the principal confounding factor, where extracts which 

resulted in the largest depression of germination and growth 

also had the highest osmotic pressure, approaching 3 bars 

(Table 4). An intensive evaluation of this factor revealed 

that the effects of osmotic pressure varied among pine, 

wheat, and clover in the five parameters measured. For 

ponderosa pine both percentage germination and speed of 

germination (SG) increased with increasing osmotic pressure 
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in the range 0 to 4 bars (Figures 6 and 7), but speed of 

elongation (SE) is increasingly retarded in the same range 

(Figure 8) . In terms of percentage germination and SG, the 

treatment effects would be greater than indicated in Table 6 

if the controls consisted of PEG solutions with osmotic 

pressures equivalent to the extracts. Conversely, the 

extract effects on SE of pine radicles (Figure 8) are almost 

eliminated when the separate effect of osmotic pressure is 

taken into account. The actual depression of germination by 

fescue foliage extract, calculated from Table 6, is 44.6% 

of the control; the depression of germination is 61.4% of 

the control if a PEG solution of equivalent osmotic pressure 

is used as the control (Figure 6). Speed of germination of 

pine seeds was depressed 50% of the control value in Table 6, 

and 64.3% if extract osmotic pressure is taken into account 

(Figure 7). However, for SE of pine radicles, the respective 

values are 36.0% and 16.5% (Table 6, Figure 8). Thus, 

elongation of pine radicles appears to be much more sensi

tive to osmotic pressure of the wetting solution than is 

seed germination. 

Germination and radicle elongation of wheat seeds 

was influenced by osmotic pressure similarly to pine, and 

will not be discussed further. Percentage germination of 

clover seeds, on the other hand, was depressed slightly by 

osmotic pressure (Figure 9), and SG (Figure 10) and SE 

(Figure 11) were depressed considerably, but substantial 
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margins persisted in each case between the FF (and MF) 

extract effects and the separate effect of osmotic pressure. 

Generally, clover appears to be more sensitive to osmotic 

pressure of the wetting solution than pine and wheat. The 

inhibitions of germination and initial development, which 

can be interpreted to be due to the differences between the 

FF, MF, and FNL extract effects and osmotic pressure effects 

in Figures 6 through 11, appear to be real and of consider

able magnitude. 

Extracts prepared from FF, FNL, and MF residues 

significantly depressed germination of ponderosa pine seeds 

in Experiment I (Table 6), whereas similar residues 

(collected 2 months later) had no effect on germination of 

pine seeds in the overwintering experiment (Table 12). The 

newer grass residues employed in Experiment III must have 

contained a considerable amount of the inhibitor,"'" but over

winter exposure of dormant pine seeds to the inhibitory 

substance leached from the residues did not have any effect 

on germination in distilled water the following summer. 

This evidence, though inadequate, suggests that the inhibi

tor must be present at a time of physiological activity 

(germination and initial development) of the receiver plant 

in order to be effective. The results of the follow-up 

1. Note that FNL in Experiment I had been dead 
nearly 12 months, whereas the residue designated FNL in 
Experiment III had been dead only 2 months. 
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experiment in which a post-germination addition of extract 

from fescue foliage retarded radicle elongation of pine 

seedlings further supports this suggestion. This point 

could be clarified by a study on low temperature soaking of 

seeds in fescue foliage extracts and subsequent germination 

(after rinsing) in distilled water at a higher temperature, 

and a study to determine if the effects of the inhibitor can 

be reversed. 

Route of Release of Inhibitory Substance 

The route of release of the inhibitory substance 

remains uncertain, in spite of efforts reported in Experi

ments II, III, and IV. Root excretions from live grass 

plants can probably be ruled out, judging from the lack of 

any evidence pointing to chemical effects in Experiment IV, 

and since an extraction of fescue and muhly roots was not 

inhibitory in Experiment I. Overwinter leaching does not 

appear to be the route, vide supra, unless there is accumula

tion in the soil up to and during the time of germination of 

the receiver species. Leachates prepared from mid-September 

live foliage and new litter of fescue and muhly were not 

toxic to germinating pine seeds, but germination of osmotic 

pressure-sensitive clover seed was retarded by some of the 

leachates (Table 11). 

In Experiment I, a considerable difference in 

toxicity existed between FF and FNL extracts (Tables 6, 7, 
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and 8), yet both extracts were derived from standing resi

dues. Since little, if any, microbial decomposition would 

occur in standing dead residues, the principal mechanisms of 

breakdown would be biochemical degradation during senescence 

and normal weathering processes. Any inhibitory substance 

contained in the standing residues at the time senescence 

begins would subsequently (1) undergo biochemical degrada

tion, (2) oxidize as a result of weathering processes, or 

(3) remain intact for some indefinite period. The principal 

processes for removal of breakdown products or an intact 

inhibitor would be volatilization or leaching. However, 

even if the intact inhibitor were leached in low concentra

tions into the soil during the wet winter period, it seems 

unlikely, considering its high solubility and subjectivity 

to microbial decomposition, that it could persist in the 

soil in effective concentrations until the following July. 

Leaching should not be ruled out as a route of release of 

the inhibitor, but it appears probable that leaching at or 

near the time of seed germination and growth of the receiver 

species is more likely to be effective. More research is 

needed on the presence, toxicity, and leachability of the 

inhibitor in live and dead grass residues during the germina

tion and growth period of the receiver species. Additional 

research is needed on microbial decomposition of dead resi

dues on or in the soil as a possible mechanism of release 

of the inhibitor. 
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Biochemical Characteristics of Inhibitory Substance 

Discussion of the biochemical characteristics of the inhibi

tor can scarcely be presented without being speculatory. 

The structural determination of the substance is incomplete, 

vide supra. However, there is fairly good evidence to 

suggest that it consists of two components of molecular 

weights 149 and 133 which are joined by a weak bond, 

possibly a glycosidic linkage. The molecular weight 149 

component is possibly a pentopyranose. Arabinose and xylose 

are the most common five-carbon sugars involved in plant 

metabolism. The widespread natural occurrence of glycosides 

indicates that a general mechanism for detoxification exists 

in plants. This may involve the attachment of a sugar 

residue to an alcoholic hydroxyl group of a toxic substance 

so that the plant can maintain a flow of potentially toxic 

materials from synthesis, through living cells, and into 

storage tissues or out into the abiotic environment 

(Geissman and Crout 1969, Whittaker 1970). In short, the 

formation of glycosides is a mechanism for a plant to avoid 

autotoxicity. If a sugar moiety occurs in the inhibitory 

substance, it would greatly enhance the polarity of the 

molecule and facilitate the mobility of the inhibitor in 

aqueous systems. High water solubility would increase the 

effectiveness of the inhibitor as an anti-competition 

mechanism in a sub-humid climate. 
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If the molecular weight 149 component is a sugar or 

polyol compound, then the molecular weight 133 component 

would likely contain the biologically-active sites of the 

molecule. The structural complexity evidenced by the 

spectra would tend to support this supposition. Eventual 

elucidation of the identity of the inhibitory substance 

will involve an elemental analysis of a highly pure sample 

of the compound and the attainment of detailed infrared, 

nuclear magnetic resonance, and mass spectra on high reso

lution instruments by an experienced operator. In future 

analyses, it would be desirable to separate the two compo

nents of the molecule by dilute acid hydrolysis and thin-

layer or column chromatography, and analyze the components 

separately. 

The inhibitor was apparently present in the extracts, 

and was originally isolated in the monomeric form, possibly 

as a glycoside. Natural anti-oxidants would be preserved 

in the mild extraction procedure, but hydrolytic enzymes 

are likely to be denatured. Some hydrolysis of the glyco-

sidic linkage probably occurred in the more acidic auto-

claved extracts. Upon entry into the growing tissues of 

germinating seeds and elongating radicles, the glycosidic 

linkage can readily be cleaved by functioning hydrolytic 

enzyme systems. Therefore, the glycoside is suggested to be 

the mobile form of the inhibitor and the aglycon (the molec

ular weight 133 component) the biologically active moiety. 
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Some process resulting in loss of solubility of the 

inhibitory substance apparently occurred in the laboratory 

when the purified compound was separated from natural anti

oxidants and exposed to air. It is questionable whether a 

polymerization-type process occurs in nature since the 

substance would be released in low concentrations and 

heterotrophic microorganisms are present. More likely, the 

compound occurs for some indefinite period of time as the 

mobile glycoside, then is oxidatively degraded into its two 

major components, which in turn are gradually degraded over 

an indefinite period of time. The fate and rate of degrada

tion of the inhibitor in the soil would be dependent upon 

certain soil conditions, such as aeration, clay content, 

pH, and level of microorganism activity, which in turn are 

interrelated. 



DISCUSSION OF ECOLOGICAL SIGNIFICANCE 

Perhaps the most important question to be considered 

is: how the results of the experimental studies relate to 

the actual situation which occurs in nature? No specific 

studies were performed to evaluate the ecological importance 

of the allelopathic substance, so much of the ensuing dis

cussion is speculative. There is considerable merit for the 

scientific approach of isolating a mechanism or system that 

occurs in nature and studying it intensively to gain under

standing of the fundamental processes by which nature 

operates, but it is equally important to consider it in 

situ so that the system and its conditioning factors can be 

observed in proper perspective. 

The direct implications of the studies are that if 

germinating and elongating pine and clover seeds encounter a 

sufficient concentration of the inhibitory substance at a 

particular time, actual germination can be diminished by 

roughly one-half and the rates of germination and radicle 

elongation can be severely retarded. The inhibitory effect 

would be intensified by very negative water potentials which 

commonly occur in the ponderosa pir.e-bunchgrass community in 

northern Arizona as a result of severe root competition by 

the grasses (Larson and Schubert 1969) . Seedlings which 

survive initially would typically grow poorly during the 
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first season and have low overwinter survival potential 

(Larson 1963). Thus, in the direct sense the allelopathic 

mechanism, combined with other mechanisms of plant competi

tion, would be quite successful in preventing pine seedlings 

or other species from becoming established in the community. 

A paramount question which should be considered 

before any importance is given to the above implications is 

whether the concentration of extract employed in Experiment 

I bears any resemblance to what actually occurs in nature. 

There are numerous factors which condition what actually 

occurs under natural conditions. Foremost among these are 

the magnitude of residue transferred to the soil per unit 

area per year and its dispersion. The amount of herbage 

production depends upon the extent of tree cover. Arnold 

(1956) suggested that herbage production would vary from 

1000 pounds dry weight per acre per year in forest openings 

to 50 pounds per acre under dense forest canopies. 

Generally, the ponderosa pine-bunchgrass community shows 

best development on better soils where the pine overstory 

2 is less than 20 ft basal area per acre, with frequent 

larger openings. In openings occupied by dense bunchgrass, 

assuming no grass utilization, the potential addition of 

residues to the soil each year is 1000 pounds dry weight per 

2 acre. If 4 in is considered arbitrarily to be the area of 

influence around a single pine seed, then an average of 0.29 

of grass residue would be introduced into this area each 
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year. In the extract experiments, vide supra, 5 ml of 

extract, obtained from 0.67 g of residue (extract yield from 

20 g of residue and 200 ml of water was 150 ml) was suffi

cient to produce the reported effects in 100 seeds, which is 

equivalent to 0.0067 g of residue per seed. Dividing the 

2 yearly production of 0.29 g of residue per 4 m by the 

calculated experimental rate per seed shows that 4 3 times as 

much residue was added to the area of influence per year as 

was necessary to yield the reported effects in Experiment I. 

There are, of course, several differences between the two 

situations, but considering the amount of grass residue 

present there was good potential for toxic concentrations of 

the inhibitor to occur. 

Realization of allelopathic effects would be con

ditioned by a host of factors which involve the route of 

release of the inhibitor, timing of release with growth 

processes of the receiving species, persistence of the in

hibitor in the soil, weather conditions, and distribution of 

seeds and residues. Leaching, vide supra, is more likely to 

be a significant route of release of the inhibitor during 

the growing season. Microbial decomposition processes as a 

route of release would also be most active during the 

growing season when favorable levels of substrate, moisture, 

and temperature are present. With the advent of summer 

rains in early July there is potential for a flush of 

microbial activity utilizing residues from the previous 
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growing season, which have been matted on the soil by winter 

snows. The persistence of the inhibitor in the soil would 

greatly depend on soil texture—heavy, poorly-aerated, wet 

soils with low microbial populations being most favorable. 

In most friable soils, however, bacterial transformations 

prevent accumulation of organic matter beyond a steady-state 

level. A further factor affecting the realization of 

allelopathic effects is distribution of the residues and 

seeds; the residues tend to be concentrated in clumps where 

seeds are distributed randomly. 

Based on the foregoing discussion, and familiarity 

with the ponderosa pine-bunchgrass community, the following 

hypothesis for the occurrence of allelopathy is offered as a 

starting point for future research. Arizona fescue, a cool-

season grass, makes considerable growth in the spring, 

utilizing winter moisture. If the inhibitor is relatively 

abundant in the live foliage in early summer, and is leach-

able, there is potential for a considerable amount of the 

inhibitor being leached into the soil when the summer rains 

begin, and continuing thereafter with possible contributions 

from muhly, which matures later in the growing season. 

Summer rains may cause a flush of microbial activity, 

utilizing residues from the previous summer, thus releasing 

additional toxins. Clay soils, which are fairly common in 

northern Arizona, and colloidal organic matter could allow 

accumulation of the inhibitor to some extent by adsorption 
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and occlusion. Periods of soil drought would intensify the 

allelopathy, while moist periods would lessen it. The 

overall effect could be a relative abundance of the inhibi

tor at the time of germination and initial development of 

the receiver species. Pursual of this hypothesis would be 

the basis of another intensive research program. It would 

involve further tests for leaching of the inhibitor from 

dead residues and live foliage at various stages of growth, 

investigation into the release of the inhibitor through 

microbial decomposition of dead residues, determinations of 

soil toxicity at various times and conditions during the 

growing season, and further studies into the mode of action, 

kinetics, and eventual disposition of the inhibitor. 

It is very likely that the outcome of studies of the 

chemical ecology of the ponderosa pine-bunchgrass community, 

as has been the case in numerous natural systems, will be an 

array of situations—ranging from striking examples of 

allelopathy to fluctuations or chronic expressions of 

allelopathy. With varying magnitude and relative importance 

of the conditioning factors described above the outcome 

could vary within broad limits. If allelopathy is found to 

be an active mechanism in the ponderosa pine-bunchgrass 

community which presents serious problems to reforestation 

efforts, it will behoove the forest scientist to determine 

where and when allelopathy is a problem and what conditions 

can be altered to prevent its occurrence. 



CONCLUSIONS 

On the basis of the experiments conducted it is con

cluded that a growth inhibitory substance occurs predomi

nantly in live foliage, and to a lesser extent in dead 

residues of Arizona fescue and mountain muhly in the 

northern Arizona ponderosa pine-bunchgrass community. The 

inhibitor is capable of substantially reducing total germina

tion and retarding germination rate and initial radicle 

development of ponderosa pine, cultivated wheat, and yellow 

sweetclover. The osmotic pressure of the extracts interacts 

to some extent with the phytotoxic effects of the extracts 

among the three species. 

The route of release of the inhibitor remains un

certain, although three possible routes were studied. 

Neither winter-long leaching of dead residues nor root ex

cretion appears to be the principal route of release. Since 

dormant seeds and seedlings are insensitive to the inhibi

tor, it was suggested that leaching from live grass tissues 

and release of substances by microbial decomposition of dead 

residues during the growing season are potentially signifi

cant routes of release. Further research is recommended on 

the s e pa thway s. 

Further research is also needed to clarify the 

ecological significance of the inhibitor. On the basis of 
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the concentrations found toxic in laboratory experiments, 

there is considerable potential for toxic concentrations to 

occur under natural conditions. Realization of allelopathic 

effects would be conditioned by a number of environmental 

variables, including those factors which affect the rate of 

leaching and residue decomposition and factors which in

fluence the persistence or rate of degradation of the free 

inhibitory substance in the soil. Coincidence of toxic 

levels of the inhibitor with initial growth processes 

appears to be an important consideration. A hypothesis was 

presented which depicts a possible mechanism of allelopathy 

in the ponderosa pine-bunchgrass community of northern 

Arizona. 

Laboratory methods were developed to isolate and 

partially purify the responsible substance. Although the 

exact structure of the compound was not elucidated, chemical 

characterization was accomplished by employing a number of 

qualitative analytical instrumental methods and techniques. 

In purified form, the compound is oxidatively unstable and 

apparently undergoes some unknown transformation resulting 

in loss of solubility in polar solvents. Oxidative degrada

tion probably also occurs upon exposure to air and heat. 

Ultraviolet and nuclear magnetic resonance spectra indicated 

the compound is not aromatic. The mass spectrum indicated 

that the substance has a molecular weight of 282 and con

sists of two components of molecular weights 149 and 133 
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which are joined by a weak bond. It was suggested that the 

molecular weight 149 component may be a pentopyranose sugar 

which is attached by an ester bond to the molecular weight 

133 component. Infrared, nuclear magnetic resonance, and 

mass spectra suggested that the molecular weight 133 compo

nent contains hydroxy, methyl, and methoxy substitutions 

and possibly an olefinic group. An elemental analysis of an 

impure sample of the inhibitor indicated that nitrogen may 

also be present. The apparent complexity of the molecular 

weight 133 component suggests that it may contain the 

biologically-active sites of the molecule. Further quali

tative research should begin with the attainment of highly 

pure samples of the two molecular components. 



APPENDIX A 

SUPPLEMENTARY INFORMATION ON METHODS 

Experiment I: Determination of Osmotic Pressure 
of Grass Residue Extracts by the 

Cryoscopic Method 

The cryoscopic method requires a special apparatus 

and differential thermometer accurate to the nearest 0.001 

degree Centigrade (Loomis and Shull 1937). A precooled 

sample solution is introduced into the sample holder 

surrounded by cracked ice and salt. The solution is 

gradually cooled with constant stirring. As freezing begins, 

the lowest temperature reached before freezing starts and 

the highest temperature reached after the beginning of 

crystallization are determined and recorded. For solutions, 

the freezing point depression must be corrected for under

cooling, since the removal of water from solution during 

freezing will concentrate the solution slightly and give too 

much freezing point depression. The apparent lowering of 

the freezing point (<5) is too large by one-eightieth for 

each degree of undercooling. The true lowering (A) is 

obtained by the equation 
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where 

A = true depression (°C) 

6 = observed depression (°C) 

y = undercooling (°C). 

With the corrected freezing point depression, the osmotic 

pressure of the solution can be determined by consulting 

the table published by Harris and Gortner (1914). The 

experimentally-determined osmotic pressure values of the 

grass residue extracts are presented in Table 4. 

Experiment IV: Development of Watering 
Scheme for Sand Culture 

In Experiment IV various paired combinations of 

pine, fescue, and muhly seedlings were grown in sand 

culture. The water potential of the sand was maintained 

within the range -0.3 to -3.0 atmospheres by a system based 

on total pot weight. It was assumed that the matric 

potential of sand is approximately equal to the water 

potential. 

Soil moisture percentages corresponding to water 

potentials of -0.3 and -3.0 atmospheres were determined to 

be 1.10% and 0.7 5%, respectively, using a pressure membrane 

apparatus. Each pot was filled with 3020 g of number 60 

silica sand containing 0.15% water. Table A.l summarizes 

the calculations involved in determining the weight of the 

sand corresponding to the desired maximum and minimum water 

potentials. 
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Table A.l. Determination of Weight of Potted Sand with 
Water Contents of 1.10% and 0.7 5% and Water 
Potentials of -0.3 and -3.0 Atmospheres, 
Respectively -- Data represent 12 separate 
determinations. 

Weight of 
Potted Sand 

Water 
Content of 
Potted Sand 

Weight of 
Oven-Dry 
Sand 

Weight of 
Sand with 
1.10% Water 

Weight of 
Sand with 
0.7 5% Water 

(g) (%) (g) (g) (g) 

3020 0.15 3015.5 3048.7 3038.1 

The mean empty pot weight of 250 g was added to the 

moist sand weights in Table A.l, to yield total pot weights 

of 3298.7 and 3288.1 g corresponding to water potentials of 

-0.3 and -3.0, respectively. 

The range in total pot weight for moisture depletion 

was only 10.6 g. A possible reason for this is that only a 

small pressure was required to remove most of the water in 

the small samples of sand. Alternatively, field capacity 

was determined according to definition by saturating equiva

lent pots of sand and allowing them to drain for 48 hours, 

and determining their weight. Field capacity determined in 

this manner corresponded to a total pot weight of 4050 g, 

expanding the range for water depletion between -0.3 and 

-3.0 atmospheres to 762 g (4050 to 3288 g). 

It should be pointed out that field capacity deter

mined by both methods was not strictly correct. In terms 

of tension, 1/10 atmosphere would be a closer estimate for 

field capacity than 1/3 atmosphere. The direct method 
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produced a gradient of water content in the pots ranging 

from saturation at the bottom of the pot to near field 

capacity at the top. The average moisture content would be 

somewhat higher than field capacity. Overall, the objective 

of maintaining moisture content in a favorable range was 

accomplished using the pot weight range of 4050 to 3288 g. 



APPENDIX B 

STATISTICAL ANALYSES OF EXPERIMENTS 
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Table B.l. Combined and Stratified Factorial Analyses of Variance of Un-
transformed Percentage Germination Data, Experiment I: Germination 
of Seeds and Growth of Seedlings in Aqueous Extracts of Grass 
Residues 

Species 

Pine 

Source of Degrees of Sum of Mean F Significance 
Variation Freedom Squares Square Ratio Level 

Replications (R) 3 0.0201 0.0067 
Species (S) 2 1.0263 0.5131 30.361 . 005 
Methods (M) 1 0.0884 0.0884 5.231 . 025 
Extracts (E) 8 3.7318 0.4665 27.604 . 005 
RS 6 0.2222 0.0370 
RM 3 0.0252 0.0084 
SM 2 0.1503 0.0751 4.444 . 025 
RE 24 0.2478 0.0103 
SE 16 0.8310 0.0519 3. 071 .005 
ME 8 0.1365 0.0171 1.012 n. s. 
RSM 6 0.2934 0.0489 
RSE 48 0.7429 0.0155 
RME 24 0.4299 0.0179 
SME 16 0.4522 0.0283 1.675 .05 
RSME 48 0.7544 0.0157 
Total 215 9.1523 

Error 162 2.7359 0.0169 

Replications (R) 3 0.1341 0.0447 
Methods (M) 1 0.1881 0.1881 9.500 .005 
Extracts (E) 8 1.4741 0.1843 9.308 .005 
RM 3 0.1963 0.0654 
RE 24 0.3138 0.0131 
ME 8 0.2826 0.0353 1.783 n. s. 
RME 24 0.4261 0.0178 
Total 71 3.0152 
Error 54 ' 1.0704 0.0198 



Table B.l.—Continued Analyses of Variance of Untransformed Percentage Germina
tion Data, Experiment I 

Source of Degrees of Sum of Mean F Significance 
Species Variance Freedom Squares Square Ratio Level 

Wheat Replications (R) 3 0.0965 0.0322 
Methods (M) 1 0.0378 0.0378 3.231 n.s. 
Extracts (E) 8 0.9828 0.1228 10.496 . 005 
RM 3 0.0415 0.0138 
RE 24 0.2973 0.0124 
ME 8 0.0705 0.0088 0.752 n.s. 
RME 24 0.1950 0.0081 
Total 71 1.7214 
Error 54 0.6303 0.0117 

Clover Replications CR) 3 0.0116 0.0039 
Methods (M) 1 0.0128 0.0128 0.667 n.s. 
Extracts (E) 8 2.1060 0.2632 13.708 .005 
RM 3 0.0808 0.0269 
RE 24 0.3795 0.0158 
ME 8 0.2356 0.0295 1.537 n.s. 
RME 24 0.5633 0.0235 
Total 71 3.3896 
Error 54 1.0352 0.0192 



Table B.2. Combined and Stratified Factorial Analyses of Variance of Speed of 
Germination Data, Experiment I: Germination of Seeds and Growth of 
Seedlings in Aqueous Extracts of Grass Residues 

Source of Degrees of Sum of Mean F Significance 
Species Variation Freedom Squares Square Ratio Level 

Replications (R) 3 33.5957 11.1652 
Species (S) 2 8370.1636 4185.0818 191.639 . 005 
Methods (M) 1 41.6945 41.6945 1. 909 n.s. 
Extracts (E) 8 6044.4700 755.5588 34.598 . 005 
RS 6 145.6597 24.2766 
RM 3 80.9205 26.9735 
SM 2 119.8251 59.9125 2.743 n.s. 
RE 24 473.9722 19.7488 
SE 16 2013.9939 125.8746 5.764 .005 
ME 8 295.3276 36.9159 1.690 n.s. 
RSM 6 109.9716 18.3286 
RSE 48 1498.0061 31.2085 
RME 24 362.1124 15.0880 
SME 16 499.8141 31.2384 1.430 n.s. 
RSME 48 833.6793 17.3683 
Total 215 20923.1063 
Error 162 3537.8175 21,8384 

Pine Replications (R) 3 35.6811 11.8937 
Methods (M) 1 26.1606 26.1606 6.316 .025 
Extracts (E) 8 306.7225 38.3403 9.257 .005 
RM 3 34.7361 11.5787 
RE 24 60.1164 2.5049 
ME 8 54.6219 6.8277 1.648 n.s. 
RME 24 93.1214 3.8801 
Total 71 611.1600 
Error 54 223.6550 4.1418 



Table B.2.—Continued Analyses of Variance of Speed of Germination Data, 
Experiment I 

Source of Degrees of Sum of Mean F Significance 
Species Variation Freedom Squares Square Ratio Level 

Wheat Replications CR) 3 2 9 . 1 4 8 2  9 . 7 1 6 1  
Methods (M) 1  8 6 . 0 2 3 5  8 6 . 0 2 3 5  5 .  9 0 0  .  0 2 5  
Extracts (E) 8  1 7 7 1 . 1 7 6 1  2 2 1 . 3 9 7 0  1 5 . 1 8 5  .  0 0 5  
RM 3  6 6 . 7 1 1 5  2 2 . 2 3 7 2  
RE 2 4  2 9 9 . 2 4 0 6  1 2 . 4 6 8 4  
ME 8  1 6 6 . 8 6 7 8  2 0 . 8 5 8 5  1 . 4 3 1  n. s. 
RME 2 4  3 9 2 . 2 0 2 2  1 6 . 3 4 1 8  
Total 7 1  2 8 1 1 . 3 6 9 9  
Error 5 4  7 8 7 . 3 0 2 5  1 4 . 5 7 9 7  

Clover Replications CR) 3  1 1 4 . 3 2 6 1  3 8 . 1 0 8 7  
Methods (M) 1  4 9 . 3 3 5 6  4 9 . 3 3 5 6  1 .  0 5 4  n. s. 
Extracts (E) 8  5 9 8 0 . 5 6 5 3  7 4 7 . 5 7 0 7  1 5 . 9 7 6  . 0 0 5  
RM 3  8 9 . 4 4 4 4  2 9 . 8 1 4 8  
RE 2 4  1 6 1 2 . 6 2 1 4  6 7 . 1 9 2 6  
ME 8  5 7 3 . 6 5 1 9  7 1 . 7 0 6 5  1 . 5 3 2  n. s. 
RME 2 4  7 1 0 . 4 6 8 1  2 9 . 6 0 2 8  
Total 7 1  9 1 3 0 . 4 1 2 8  
Error 5 4  4 6 . 7 9 3 7  



Table B.3. Combined and Stratified Factorial Analyses of Variance of Days for 
50% Germination Data, Experiment I: Germination of Seeds and Growth of 
Seedlings in Aqueous Extracts of Grass Residues 

Source of Degrees of Sum of Mean F Significance 
Species Variation Freedom Squares Square Ratio Level 

Replications (R) 3 4.7301 1.5767 
Species (S) 2 708.1090 354.0545 199.030 .005 
Methods (M) 1 7.1504 7.1504 4. 020 . 05 
Extracts (E) 8 132.2504 16.5313 9.293 . 005 
RS 6 20.6203 3.4367 
RM 3 18.7550 6.2517 
SM 2 19.0286 9.5143 5.348 .005 
RE 24 41.0411 1.7100 
SE 16 79.1719 4.9482 2.782 . 005 
ME 8 7.7717 0.9715 0.546 n. s. 
RSM 6 6.5288 1.0881 
RSE 48 66.0222 1.3755 
PME 24 37,2080 1.5503 
SME 16 63.2206 3.9513 2.221 .005 
RSME 48 93.2720 1.9432 
Total 215 1304.8800 
Error 162 288.1775 1.7789 

Pine Replications CR) 3 16.1471 5.3824 
Methods (M) 1 0.2568 0.2568 0.137 n.s. 
Extracts (E) 8 29.8069 3.7259 1.923 n. s. 
RM 3 6.4226 2.1409 
RE 24 39.5142 1.6464 
ME 8 6.1019 0.7627 0.406 n.s. 
RME 24 39.3636 1.6402 
Total 71 137.6132 
Error 54 101,4475 1,8787 



Table B.3.—Continued Analyses of Variance of Days for 50% Germination Data, 
Experiment I 

Source of Degrees of Sum of Mean F Significance 
Species Variation Freedom Squares Square Ratio Level 

Wheat Replications (R) 3 3.8711 1.2904 
Methods (M) 1 24.9200 24.9200 22.414 . 005 
Extracts (E) 8 28.9350 3.6169 3.128 . 001 
RM 3 5.3978 1.7993 
RE 24 26.7639 1.1152 
ME 8 34.8400 4.3550 3.852 . 005 
RME 24 26.4122 1.1005 
Total 71 152.1400 
Error 54 62.4450 1.1564 

Clover Replications (R) 3 5.3322 1.7774 
Methods (M) 1 0.0022 0.0022 0. 001 n. s. 
Extracts (E) 8 152.6803 19.0850 8.292 .005 
RM 3 13.4633 1.6954 
RE 24 40.7853 1.6994 
ME 8 30 . 0503 3.7563 1.632 n. s. 
RME 24 64.7042 2.6960 
Total 71 307.0178 
Error 54 124.2850 2.3016 



Table B.4. Combined and Stratified Factorial Analyses of Variance of Mean Radicle 
Length Data, Experiment I: Germination of Seeds and Growth of 
Seedlings in Aqueous Extracts of Grass Residues 

Source of Degrees of Sum of Mean F Significance 
Species Variation Freedom Squares Square Ratio Level 

Replications ( R )  3  6 6 0 . 8 1 4 3  2 2 0 . 2 7 1 4  
Species (S) 2  1 6 6 1 3 6 . 0 9 9 0  8 3 0 6 8 . 0 4 9 5  7 3 2 . 3 9 3  .  0 0 5  
Methods (M) 1  2 3 0 . 6 4 0 0  2 3 0 . 6 4 0 0  2 . 0 3 3  n.s. 
Extracts (E) 8  8 0 7 8 . 2 9 9 8  1 0 0 9 . 7 8 7 5  7 1 . 2 2 3  .  0 0 5  
RS 6  1 8 2 7 . 8 2 2 1  3 0 4 . 6 3 7 0  
RM 3  1 1 . 3 5 8 2  3 . 7 8 6 0  
SM 2  3 7 7 . 7 9 2 5  1 8 8 . 8 9 6 3  1 . 6 6 5  n.s. 
RE 2 4  2 7 2 5 . 1 2 9 1  1 1 3 . 5 4 7 0  
SE 1 6  4 7 3 0 . 2 1 3 5  2 9 5 . 6 3 8 3  4 1 . 7 0 4  .  0 0 5  
ME 8  2 5 0 2 , 0 5 8 8  3 1 2 . 7 5 7 3  2 2 . 0 6 0  .  0 0 5  
RSM 6  4 3 0 . 7 6 7 1  7 1 . 7 9 4 5  
RSE 4 8  4 5 3 9 . 1 1 2 0  9 4 . 5 6 4 8  
RME 2 4  2 0 3 4 . 3 4 6 9  8 4 . 7 6 4 5  
SME 1 6  6 2 9 3 . 6 4 1 7  3 9 3 . 3 5 2 6  5 5 . 4 8 8  . 0 0 5  
RSME 4 8  6 1 4 5 . 1 8 5 4  1 2 8 . 0 2 4 7  
Total 215 2 0 6 7 2 3 . 2 7 9 8  
Error 162 1 8 3 7 4 . 5 3 5 0  1 1 3 . 4 2 3 1  

Pine Replications CR) 3  2 2 2 . 3 3 4 4  7 4 . 1 1 1 5  
Methods (M) 1  4 . 5 0 0 0  4 . 5 0 0 0  0 . 1 1 8  n.s. 
Extracts 8  1 8 6 5 . 2 2 8 6  2 3 3 . 1 5 3 6  6 . 1 2 8  . 005 
RM 3  1 9 3 . 7 5 2 2  6 4 . 5 8 4 1  
RE 2 4  8 0 2 . 8 6 8 1  3 3 . 4 5 2 8  
ME 8  3 1 9 . 9 2 2 5  3 9 . 8 9 0 3  1. 051 n.s. 
RME 2 4  8 3 5 . 5 6 5 3  3 4 . 8 1 5 2  
Total 7 1  4 2 4 4 . 1 7 1 1  
Error 5 4  2 0 5 4 . 5 2 0 0  3 8 . 0 4 6 7  



Table B.4.—Continued Analyses of Variance of Mean Radicle Length Data, 
Experiment I 

Source of Degrees of Sum of Mean F Significance 
Species Variation Freedom Squares Square Ratio Level 

Wheat Replications (R) 3 2205.3193 735.1064 
Methods (M) 1 603.7813 603.7813 2.122 n.s. 
Extracts (E) 8 9326.6053 1165.8257 4. 097 . 005 
RM 3 181.3549 60.4516 
RE 24 6150.0469 256.2520 
ME 8 8302.6675 1037.8334 3.647 .005 
RME 24 6831.0514 284.6271 
Total 71 33600.8265 
Error 54 15367.7725 284.5884 

Clover Replications CR) 3 60.9826 20.3275 
Methods CM) 1 0.1513 0.1513 0. 008 n.s. 
Extracts (E) 8 1616,6794 202.0849 
RM 3 67,0182 22.3394 
RE 24 311.3261 12.9719 
ME 8 173.1100 21.6388 1.227 n.s. 
RME 24 512.9156 21.3715 
Total 71 2742.1832 
Error 54 952.2425 17.6341 



Table B.5. Combined and Stratified Factorial Analyses of Variance of Speed of 
Elongation Data, Experiment I: Germination of Seeds and Growth of 
Seedlings in Aqueous Extracts of Grass Residues 

Source of Degrees of Sum of Mean F Significance 
Species Variation Freedom Squares Square Ratio Level 

Replications ( R )  3 16.5072 5.5024 
Species (S) 2 5952.0306 2876.0153 889.904 .005 
Methods (M) 1 6.2356 6.2356 1.865 n. s. 
Extracts (E) 8 628.5198 78.5650 23.493 . 005 
RS 6 25.2727 4.2121 
RM 3 1.1342 0.3781 
SM 2 44.8701 22.4351 6.709 . 005 
RE 24 72.7424 3.0309 
SE 16 232.0569 14.5036 4.337 .005 
ME 8 91.1848 11.3981 3.408 .005 
RSM 6 19.4873 3.2479 
RSE 48 137.0665 2.8556 
RME 24 83,9670 3.4986 
SME 16 147.8257 9.2391 2.763 .005 
RSME 48 185.5902 
Total 215 7644.4911 
Error 162 541.7675 3.3442 

Pine Replications CR) 3 5.3789 1.7930 
Methods (M) 1 0.5339 0.5339 0.494 n. s. 
Extracts (E) 8 44.3053 5.5382 5.126 . 005 
RM 3 5.8517 1.9506 
RE 24 19.8936 0.8289 
ME 8 5.4736 0.6842 0.633 n. s. 
RME 24 27.2208 1.1342 
Total 71 108.6578 
Error 54 58.3450 1.0805 



Table B.5.—Continued Analyses of Variance of Speed of Elongation Data, 
Experiment I 

Source of Degrees of Sum of Mean F Significance 
Species Variation Freedom Squares Square Ratio Level 

Wheat Replications (R) 3 34.7849 11.5950 
Methods (M) 1 42.1668 42.1668 6.647 .025 
Extracts (E) 8 593.7653 74.2207 11.384 . 005 
RM 3 0.7338 0.2446 
RE 24 143.4114 5.9755 
ME 8 188.9319 23.6165 3.723 . 005 
RME 24 163.6425 6.8184 
Total 71 1167.4365 
Error 54 342.4725 6.3439 

Clover Replications (R) 3 1.6161 0.5387 
Methods (M) 1 8.4050 8.4050 3.222 n. s.* 
Extracts (E) 8 222.5061 27.8133 10.663 .005 
RM 3 14.0361 4.6787 
RE 24 46.5039 1.8377 
ME 8 44.6050 5.5756 2.138 .05 
RME 24 78.6939 3.2789 
Total 71 416.3661 
Error 54 140.8500 2.6083 



Table B.6. Factorial Analyses of Variance of Transformed (arc sin /p) Percentage 
Germination and Speed of Germination Data, Respectively, Experiment 
II: Seed Germination in Leachates from Grass Residues 

Source of Degrees of Sum of Mean F Significance 
Variation Freedom Squares Square Ratio Level 

Leachate (L) 8 2681.32 535.17 12.044 . 005 
Species (S) 1 10854.51 10854.51 390.029 . 005 
LS 8 2496.83 312.10 11.215 . 005 
Total 53 17034.44 
Error 36 1001.78 27.83 

Leachate (L) 8 847.03 105.88 23.697 . 005 
Species (S) 1 360.38 360.38 80.658 .005 
LS 8 475.26 59.41 13.297 .005 
Total 53 1843.53 
Error 36 160.86 4.47 



Table B.7. Analysis of Variance of Transformed (arc sin /p) Percentage Germination 
Data, Experiment III: Overwintering of Pine Seeds Under Various Plant 
Residues 

Source of Degrees of Sum of Mean F Significance 
Variation Freedom Squares Square Ratio Level 

Total 35 1153.79 32. 97 1.451 n. s. 

Residues 8 382.69 47.84 0.866 n. s. 

Error 27 771.10 28.56 



Table B.8. Analysis of Variance of Several Parameters, Experiment IV: Growth of 
Various Species Associations in Sand Culture, Group A, Simultaneous 
Planting Dates 

Species Parameter 

Degrees of Freedom Sum of Squares Mean Square 

F 
Ratio 

Signi

ficance 

Level Species Parameter Total Among Within Total Among Within Among Within 

F 
Ratio 

Signi

ficance 

Level 

Pine Total Height 19 2 17 259. 2695 51. 6074 207. .6521 25. 8087 12. 2148 2. ,1129 n. s. 

Fescue Total Height 23 2 21 1400. 0596 171, ,0858 1228. ,9737 85. ,5429 58. 5226 1. ,4617 n. s. 

Muhly Total Height 20 2 18 1700. 3324 598. ,9932 1101. .3392 299. ,4966 61. ,1855 4.8949 0.025 

Pine Top Dry Weight 20 2 18 1. ,2187 0, ,2806 0. .9381 0. .1403 0. ,0521 2. .6923 n. s. 

Fescue Top Dry Weight 23 2 21 605. .2312 153. ,5377 951, .6935 76. .7689 21. .5092 3, .5691 0.05 

Muhly Top Dry Weight 20 2 18 6343. ,0659 1098, .7537 5244, ,3122 549. .3769 291. .3507 1, .8856 n.s. 

Pine Root Dry Wt. 20 2 18 0. ,3435 0, .0541 0, .2895 0. .0270 0. ,0161 1. .6810 n. s. 

Fescue Root Dry Wt. 23 2 21 668, .9702 192. ,7378 476, .2324 96, .3689 22. .6777 4, .2495 0.05 

Muhly Root Dry Wt. 20 2 18 807, .5613 36, .3315 771, .0297 18, .2658 42. .8350 0, .4264 n.s. 

Pine Top/Root Wt, Ratio 20 2 18 82, .1257 1, ,7352 80 .4104 0, ,8676 4, .4672 0, .1942 n.s. 

Fescue Top/Root Wt, Ratio 23 2 21 10. .7189 1, .0558 9 .6631 0 .5279 0, .4601 1 .1472 n.s. 

Muhly Top/Root Wt. Ratio 20 2 18 88, ,9556 6, ,3508 82, ,6048 3, .1754 4, .5392 0 .6919 n.s. 

Pine Foliage Ht. (1-4-71) 23 2 21 141, .7533 23, ,6808 118 .0725 11, .8404 5, .6225 2 .1059 n.s. 

Pine Foliage Ht, (4-12-71) 19 2 17 259, ,2695 51, ,6174 207, ,6521 25.8087 12, .2148 2, .1129 n.s. 

Fescue Vol. Grass Plants 23 2 21 402475, ,9964 110730, ,5588 291745.4376 55365 .2794 13892 .6399 3 .9852 0.05 

Muhly Vol, Grass Plants 20 2 18 1063223, ,8017 329587, ,2524 733636 ,5494 164793 ,6262 40757 .5861 4 .0433 0.05 



Table B.9. Analysis of Variance of Several Parameters, Experiment IV: Growth of 
Various Species Associations in Sand Culture, Group B, Second Species 
Planted Three Months After First Species 

Total Main Effect Error 

Species Parameter df SS df SS MS df SS MS 
F 

Ratio 

Significance 

Level ' 

Pine Total Weight 23 2151. ,4450 5 1956, .3400 391. .7680 18 195. 1050 11. .9503 32. 7413 0. ,005 

Fescue Total Weight 23 21630. .4196 5 21207 .1071 4241. .4034 18 423. 4025 23. .5224 180. 3134 0. ,005 

Muhly Total Weight 23 28620, ,2133 5 27516 .3233 5503, ,2647 18 1103. .8900 61. .3272 89. 7361 0. .005 

Pine Top Dry Weight 23 17. ,2834 5 14 .1979 2. ,8396 18 3. 0855 0. ,1714 16. 5671 0. .005 

Fescue Top Dry Weight 23 2528, .9641 5 2376.0976 475, .2195 18 152. ,8665 8. .4926 55. 9569 0. .005 

Muhly Top Dry Weight 23 12448, ,4522 5 10630.0650 2126, .0130 18 1818. ,3871 101. ,0215 21. 0452 0. .005 

Pine Root Dry Weight 23 4, .08 51 5 3 .3425 0. .668 5 18 0. ,7426 0. .0413 16. 1862 0, .005 

Fescue Root Dry Weight 23 3710, ,5194 5 2942 .3147 588, ,4629 18 768. ,2046 42, ,6780 13. 7884 0. .005 

Muhly Root Dry Weight 23 1480. .2374 5 996 .3388 199, ,2678 18 483. .8985 26, ,8833 7. .4123 0 .005 

Pine Top/Root Wt. Ratio 23 52, ,7894 5 21 .7923 4, ,3585 18 30. ,9971 1. .7221 2. .5309 n. ,s. 

Fescue Top/Root Wt. Ratio 23 10. ,8202 5 6 .6709 1, ,3342 18 4. ,1494 0. .2305 5. 7883 0, .005 

Muhly Top/Root Wt, Ratio 23 87, ,3829 5 66 .1982 33, ,2396 18 21, .1847 1, .1769 11. ,2496 0 .005 

Pine Foliage Ht. P^ 23 397, ,7533 5 368 .9933 73. .7987 18 28, ,7600 1. .5978 46. .1877 0, .005 

Pine Foliage Ht. P 23 1747, .5596 5 1618 .8921 323. .7784 18 128. ,6675 7. ,1482 45. ,2951 0, .005 

Fescue Vol. Grass Plants 23 1586089, ,1138 5 1462629 .4945 292525, .8989 18 123459, .6193 6858, ,8677 42. ,6493 0, .005 

Muhly Vol, Grass Plants 23 3211757, ,5444 5 2968437 ,4560 593687, .4912 18 243320, ,0884 13517, ,7827 43. ,9190 0, .005 



Table B.10. Table of Coefficients for Orthogonal Comparisons, Experiment IV: 
Growth of Various Species Associations in Sand Culture, Group B, 
Second Species Planted Three Months After First Species 

With 
Respect 
to: SS for Species Combination: 

Compari
son 
Number Comparison 

P: 
F: 
M :  

P+P 
F+F 
M+M 

( p i )  
(FT) 
( M - l )  

P+P 
F+F 
M+M 

(Po) 
(F2) 
( m 2 )  

F+P 
P+F 
P+M 

M+P 
M+F 
F+M 

P+F 
F+P 
M+P 

P+M 
F+M 
M+F 

1 .  Sum of squares for mean 1  1  1  1  1  1  

2 .  Mean of first planting 
vs. mean of second 
planting P,F,M 1  1  - 1  - 1  1  1  

3 ,  Species planted first 
with itself vs. planted 
first with other 
species P,F,M • 2  0  0  0  1  1  

4 .  Species planted second 
with itself vs. 
planted second with 
other species P,F,M 0  2  1  1  0  0  

5 .  Species planted second 
with one vs. other 
different species P,F,M 0  0  - 1  1  0  0  

6 .  Species planted first 
with one vs. other 
different species P,F,M 0  0  0  0  - 1  1  



Table B.ll. Statistical Data for Orthogonal Comparisons, Experiment IV: Growth of 
Various Species Associations in Sand Culture, Group B, Second Species 
Planted Three Months After First Species 

Comparison Significance 
Species Parameter Number SS = MS F Level 

Pine Total Height 1 3705.1350 
2 1795.7400 150.2674 . 005 
3 15.8438 1.3258 n. s. 
4 69.3600 5.8040 . 05 
5 34.4450 2.8820 n. s. 
6 40.9513 3.4268 n. s. 

Fescue Total Height 1 37359.1504 
2 17350.5038 737.6162 .005 
3 66.0017 2.8059 n. s. 
4 947.5267 40.2819 .005 
5 2842.5800 120.8457 .005 
6 0.4050 0.0172 n. s. 

Muhly Total Height 1 39820.9067 
2 26017.3350 424.2381 .005 
3 23.2067 0.3784 n.s. 
4 365.8204 5.9651 .05 
5 1097.4613 17.8952 .005 
6 12.5000 0.2038 n.s. 

Pine Top Dry Weight 1 15.5204 
2 13.7411 80.1698 . 005 
3 0.2993 1.7462 n.s. 
4 0.0315 0.1838 n.s. 
5 0.0010 0.0058 n.s. 
6 0.1250 0.7293 n.s. 



Table B.ll.—Continued Statistical Data for Orthogonal Comparisons, Experiment 
IV: Growth of Various Species Associations in Sand Culture, Group B, 
Second Species Planted Three Months After First Species 

Comparison Significance 
Species Parameter Number SS = MS F Level 

Fescue Top Dry Weight 1 2430.2950 
2 2367.5107 278.7734 . 005 
3 0.7455 0.0878 n. s. 
4 0.1027 0.0121 n. s. 
5 0.3081 0.0363 n. s. 
6 7.4305 0.8749 n.s. 

Muhly Top Dry Weight 1 10874.5065 
2 10604.5900 104.9736 .005 
3 0.9640 0.0095 n.s. 
4 0.4240 0.0042 n.s. 
5 1.2720 0.0126 n.s. 
6 22.8150 0.2258 n.s. 

Pine Root Dry Weight 1 3.4580 
2 3.0888 74.7893 . 005 
3 0.1190 0.2881 n.s. 
4 0.0070 0.1695 n.s. 
5 0.0001 0.0024 n.s. 
6 0.1275 3.0872 n.s. 

Fescue Root Dry Weight 1 2960.3709 
2 2844.2505 6 6 . 6 4 4 £ .005 
3 79.4976 1.8627 n.s. 
4 0.2904 0.0068 n.s. 
5 0.8712 0.0204 n.s. 
6 17.4050 0.4078 n.s. 



Table B.ll.—Continued Statistical Data for Orthogonal Comparisons, Experiment 
IV: Growth of Various Species Associations in Sand Culture, Group B, 
Second Species Planted Three Months After First Species 

Comparison Significance 
Species Parameter Number SS = MS F Level 

Muhly Root Dry Weight 1 1018.2945 
2 982.6560 36.5527 .005 
3 3.3302 0.1239 n. s. 
4 0.0794 0.0030 n. s. 
5 0.2381 0.0089 n.s. 
6 10.0352 0.3733 n.s. 

Pine Top/Root Wt, Ratio 1 87.0585 
2 1,8426 1.0700 n.s. 
3 0.0392 0. 0228 n.s. 
4 13.5902 7.8916 .025 
5 6.1250 3.5567 n.s. 
6 0.1953 0.1134 n.s. 

Fescue Top/Root Wt. Ratio 1 10.4280 
2 4.8780 21.1627 .005 
3 0.2904 1.2599 n.s. 
4 0.2604 1.1297 n.s. 
5 0.7813 3.3896 n.s. 
6 0.4608 1.9991 n.s. 

Muhly Top/Root Wt. Ratio 1 114.3194 
2 55.2674 46.9602 .005 
3 0.2709 0.2302 n.s. 
4 2.6534 2.2546 n.s. 
5 7.9601 6.7635 . 025 
6 0.0465 0.0395 n.s. 



Table B.ll.—Continued Statistical Data for Orthogonal Comparisons, Experiment 
IV: Growth of Various Species Associations in Sand Culture, Group B, 
Second Species Planted Three Months After First Species 

Comparison Significance 
Species Parameter Number SS = MS F Level 

Pine Foliage Ht. P, 1 798.1067 
X 2 321.2017 201.0275 . 005 

3 8.6400 5.4074 . 05 
4 1.9267 1.2058 n. s. 
5 26.6450 16.6761 .005 
6 10.5800 6.6216 . 025 

Pine Foliage Ht. P~ 1 2724.2704 
2 1505.7504 210.6475 .005 
3 15.8438 2.2165 n. s. 
4 39.5267 5.5296 .05 
5 16.8200 2.3530 n. s. 
6 40.9513 5.7289 . 05 

Fescue Vol, Grass Plants 1 1462922.0060 
2 1449364.6908 211.3125 . 005 
3 6876.9662 1.0026 n. s. 
4 7.8891 0.0012 n.s. 
5 23.6672 0.0035 n. s. 
6 6356.2813 0.9267 n.s. 

Muhly Vol. Grass Plants 1 3015199.8151 
2 2967539.1901 219.5285 . 005 
3 59.8820 0.0044 n.s. 
4 47.4609 0.0035 n.s. 
5 142.3828 0.0105 n.s. 
6 648.5401 0.0480 n.s. 
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