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Decomposing logs in Douglas-fir - western hemlock forests in the Pacific

Northwest are systems in which many organisms interact. Fungi in these systems include

both mycorrhizal fungi associated with hemlock seedlings and many species of

saprotrophic wood decomposer fungi. It is very likely that these two groups of fungi

interact within this habitat. Plate pairings between mycorrhizal and saprotrophic fungi on

four different types of media were used as a preliminary investigation to determine

potential interactions which may occur in situ in these systems. Both mycorrhizal and

saprotrophic fungal growth varied according to medium composition, but were affected

very little by the presence of other fungi. Interpretation of in vitro interactions was

difficult because of absence of reactions between the fungi on some media, and variability

of reactions on different media. Terminology in common use to describe fungal

interactions also impaired accurate characterization of interactions. This terminology is

vague, often inappropriate, and does not capture the dynamic and temporal qualities of

the interactions. Hence terminology for description of interspecific fungal interactions

was reexamined and new terms proposed as deemed necessary.
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INTERACTIONS BETWEEN
WESTERN HEMLOCK MYCORRHIZAL FUNGI AND

WOOD ROTTING FUNGI
IN A SYSTEM SIMULATING DOUGLAS-FIR NURSE LOGS

IN PACIFIC NORTHWEST FORESTS

CHAPTER ONE:

INTRODUCTION AND LITERATURE REVIEW

Introduction

Fungi in forest ecosystems are involved in many processes such as

immobilization, nutrient cycling, and decomposition. Fungi also may interact in ways

that could affect the health and structure of the overall forest ecosystem. It is possible to

begin to understand the complex microbial interactions of below-ground forest systems

by inventorying species present as an indication of biological diversity. Inventories,

however, only provide part of the information needed to understand these processes.

Therefore, inventories should be followed by investigations of function and interaction,

particularly because some of these microbial interactions may affect ecosystem processes

such as nutrient cycling, plant community dynamics, forest productivity, and succession.

This investigation examines pairwise interactions among nine species of western

hemlock mycorrhizal fungi and three species of wood rotting fungi, and evaluates the

terminology previously used to describe such interactions. The system chosen for study is

one in which mycorrhizal and saprotrophic fungi occur in proximity in nature: the "nurse

log", coarse woody debris that supports a distinct community of organisms and facilitates
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establishment of tree seedlings in the forest. The goals of this research were to: 1)

identify prior use of descriptive terms for interspecific fungal interactions, 2) investigate

and describe results of interactions between mycorrhizal and saprotrophic fungi in vitro,

3) determine appropriateness of previous terminology with respect to current

investigations, and 4) make recommendations for terms appropriate for description of

interspecific interactions in ecology. Interactions between mycorrhizal and saprotrophic

fungi were chosen because these interactions may affect seedling establishment and

success, thus affecting regeneration and forest structure. The experimental structure used

for predicting possible outcomes of those interactions was based on fungal growth

patterns (i.e. fungal growth "strategies"). If upheld, this structure might be useful in

identifying biocontrols or in identifying management strategies. The structure would

provide predictions for outcomes of interactions between organisms.

The remainder of Chapter One contains a brief literature review to provide

background information for the system studied. The literature review concerns the

biological system simulated: the nurse log, and the ecology of coarse woody debris which

form nurse logs; the biology and ecology of microorganisms which inhabit the logs; and

terminology used to describe interactions between them. Following the literature review,

Chapter Two reviews fungal and general ecology terminology used to describe

interspecific interactions. Chapter Three describes interactions between species of

mycorrhizal and saprotrophic fungi investigated in vitro, and Chapter Four summarizes

results from interactions in vitro, as well as proposed changes in terminology previously

used to describe interspecific interactions.
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Literature Review

Coarse Woody Debris

Coniferous forests in the Pacific Northwest contain large quantities of coarse

woody debris which become incorporated in the forest floor during decomposition

(Harmon et al., 1986). In their review of the ecology of coarse woody debris, Harmon

and co-workers (1986) found that there was a greater volume (m3 ha1), biomass

(Mg ha'), and percent coverage by coarse woody debris in Pseudotsuga menziesii -

Tsuga heterophylla forests in this region than any other type of forest system investigated.

This is due, in part, to high levels of biomass production, relatively low temperatures,

presence of substances that inhibit microbial activity in sofiwoods (e.g. tannins and

phenolics), and low rates of decomposition. In these forests, the woody material is

incorporated into the soil over a period of up to 500 years or more. The exact amount of

coarse woody debris present among Pacific Northwest forests varies with moisture level

of the site, temperature, species composition, and stand age, primarily because microbial

decomposer activity is affected by each of these factors. Although the exact amount of

woody material varies depending upon the above factors, coarse woody debris is a

persistent, prominent, and important component of ecosystems in Pacific Northwest

forests (Harmon and Chen Hua, 1991; Harmon and Franklin, 1989; Franklin et al., 1987;

Harmon, 1987; Harmon et al., 1987; Sollins et al., 1987; Harmon et al., 1986; Sollins,
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1982). Accordingly, organisms associated with coarse woody debris should also be

important to these forest systems.

Coarse woody debris in Pacific Northwest forests is a habitat for many organisms

such as red-backed voles, ambrosia beetles and their symbiotic fungi, protozoa,

nematodes, bacteria, cyanobacteria, mosses, liverworts, ferns, herbs, shrubs, and conifers

(Zabel and Morrell, 1992; Harmon and Chen Hua, 1991; Carpenter et al., 1988; Harmon

et al., 1986; Maser and Trappe, 1984). Many organisms use the woody substrate because

of its physical and chemical properties. Large logs can act physically to control erosion

on slopes and to provide habitat for animals in streams (Franklin et al., 1987; Harmon et

a!., 1986; Maser and Trappe, 1984). Forest organisms that use the wood for its physical

attributes are generally small mammals and insects seeking protection from predators

(Maser and Trappe, 1984). Plants, small animals, insects and microorganisms also utilize

logs because of their physical ability to retain moisture and provide cool, moist shade

during the hot, dry seasons. One example of microbial utilization of wood for its

moisture-holding ability is the observation that greater total numbers of ectomycorrhizal

root tips per core were found in decayed soil wood than in soil humus during dry periods

in a Douglas-fir - Larch forest in western Montana (Harvey et a!., 1978). In addition,

many saprotrophic decomposer microorganisms utilize the wood chemically as a

substrate.

While some saprotrophic fungi may already be present in trees before they fall to

the forest floor, other saprotrophic fungi are introduced to freshly fallen logs through a

succession of events. Bark beetles are generally the first organisms to enter logs after
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recruitment to the forest floor and introduce microbiota as they enter (Maser and Trappe,

1984). Some beetle species associate with ambrosia fungi which they culture in the

newly-formed galleries on the fresh logs. Following the ambrosia fungi, molds and stain

fungi that utilize readily available sugars and cell contents invade the log and colonize the

inner bark (Harmon Ct a!., 1986). After most of the readily available sugars and other

nutrients are immobilized from the inner bark, a succession of other decomposer fungi

colonize the sapwood and heartwood attacking the cellulose and lignin in cell walls

(Harmon et al., 1986; Erickson, 1984). "Brown rot" fungi primarily degrade cellulose,

leaving lignin behind and creating a brown cubical fragmented structure in the remaining

wood (Erickson, 1984). "White rot" fungi decompose lignin and cellulose (Harmon et

al., 1986) leaving a light-colored, light-weight, lattice-structured wood. Certain bacteria

(e.g. Cytophaga spp.) are also cellulolytic, while others which occur late in decomposer

succession are generally associated with brown rot fungi and utilize excess sugars made

available but not metabolized by the brown rot fungi. The activity of wood-rotting

microorganisms is critical for recycling nutrients and carbon in ecosystems as well as

facilitating successional changes. By attacking the chemical structure of wood, these

microorganisms collectively cause the wood to fragment and break down its physical

structure, enabling plants to begin colonizing the log (Maser and Trappe, 1984).

The stages of decay of coarse woody debris have been classified according to

presence of branches remaining on the bole, degree of sloughing of bark, shape of bole,

fragmentation of wood, degree of colonization of log by roots, type of vegetation

supported by the woody substratum, and incorporation of woody material into soil (Maser
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et al., 1989; Sollins, 1982). These decay classes range from Ito V, with I being the least

decayed and V being the most decayed. Decay Class III logs typically have only large

branches present, sloughed bark, physical deterioration of sapwood, and presence of roots

invading the sapwood (Sollins, 1982). Hemlock seedlings frequently colonize logs Class

III Decay and greater (Crawford, et al., 1990; Christy et al., 1982; Sollins, 1982).

It is reported that tree seedlings occur more frequently on rotting logs than on the

forest floor (Silvertown and Lovett Doust, 1993; Harmon and Franklin, 1989; Harmon,

1987; Harmon et al., 1986). These woody fragments with seedlings growing on them are

known as "nurse logs". Harmon and Franklin (1989) found that the increased survival

rates of seedlings on nurse logs are likely due to decreased competition with herbs and

mosses which occur on the forest floor, and speculated that this was due to competition

for light or indirect competition for resources. In Douglas-fir - western hemlock forests,

Douglas-fir logs frequently serve as nurse logs for western hemlock seedlings.

Mycorrhizae and Saprotrophic Fungi on Nurse Logs

Hemlock seedlings are often symbiotic with mycorrhizal fungi while growing on

logs (Christy et al., 1982; Kropp, l982a; Kropp, 1982b; Kropp and Trappe, 1982).

Though hemlock seedlings can survive for up to a year without becoming mycorrhizal

(Christy et al., 1982), non-mycorrhizal, nursery-grown seedlings transplanted to

fragmented woody material in the forest all had some mycorrhizae present after six

months (Kropp, 1 982a). At this stage of decay (Class III), there are also many species of

wood-decomposing saprotrophic fungi present in Douglas-fir logs (Harmon et al., 1994;
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Zabel and Morrell, 1992; Crawford et a!., 1990; Harmon et al., 1986). The mycorrhizal

and saprotrophic fungi concurrently occupy the same area of wood and so it is likely that

these fungi interact (Rayner and Webber, 1984). Extracellular enzymes (Frankland et a!.,

1982), antibiotics (Rayner and Boddy, 1988b) and waste products are released by these

fungi (Burkholder, 1952) and, therefore, could provide a basis for fungus-fungus

interactions. Since mycorrhizal fungi provide important nutrients for plant growth

(Gianinazzi-Pearson and Gianinazzi, 1986; Plassard et al., 1986; Harley and Smith, 1983)

and mycorrhizal fungi may be inhibited by saprotrophs, interactions between mycorrhizal

and saprotrophic fungi on nurse logs could affect tree growth.

InterspecUic Fungal Interactions

Investigations of interactions between different species of wood inhabiting fungi

(Owens et al., 1994; Zabel and Morrell, 1992; Freitag and Morrell, 1990; Pearce, 1990;

Rayner and Boddy, 1988a; Rayner and Boddy, 1988b; Cooke and Rayner, 1984; Rayner

and Webber, 1984) have focused primarily on interactions between saprotrophic and/or

pathogenic fungi. Most of the studies that have examined interactions between different

species of fungi have found some instances of primary resource capture (Rayner and

Boddy, 1 988b), antagonistic behavior in which two fungi may compete for newly-

available resources. Following primary resource capture, deadlock may occur (Rayner

and Boddy, 1 988b) as the result of two fungi competing for resources within the space

which they already occupy. One or both fungi may cause hyphal interference in the other,

resulting in vacuolation and scierotization which, in the case of mutual inhibition, serves
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to wall off and delimit territory. Secondary resource capture (Rayner and Boddy, 1988b)

also occurs as a result of antagonistic interactions where only one of the fungi is

inhibited, and is replaced by the second fungus. Another type of interaction between

wood inhabiting fungi, intermingling, is the mixing of mycelia from the two fungi in a

common space. Finally, it is possible, although not well documented, that neutralistic

and mutualistic interactions also occur between wood-inhabiting fungi (Cooke and

Rayner, 1984).

While there has been much interest in ecology of interspecific fungal interactions,

there have been only a few studies published that concern interactions between

mycorrhizal and saprotrophic fungi (Shaw et a!., 1995; Dighton et al., 1987; Berg and

Lindberg, 1980; Gadgil and Gadgil, 1974). These studies were all conducted in systems

different from the Pseudotsuga menziesii-Tsuga heterophylla forests in the Pacific

Northwest: Pinus contorta seedlings grown in large boiling tubes; Pinus contorta

seedlings in a microcosm; field plots of Pinus sylvestris; field plots and pot studies with

Pinus radiata, respectively. These studies also have reported contradictory results.

Gadgil and Gadgil (1974) determined indirectly that mycorrhizae caused suppression of

litter decomposer activity in a Monterey pine stand in New Zealand. They found higher

levels of decomposer activity in trenched plots, and thus assumed that limiting

mycorrhizal function by severing tree roots caused increased decomposition in plots with

this treatment. These results were later supported by the work of Berg and Lindberg

(1980) who repeated the experiment in a Scots pine stand in Sweden. Studies in more

controlled environments, however, did not have the same result. Dighton and co-workers
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(1987) found that the mycorrhizal fungus, Suillus luteus, tested in a microcosm

experiment with lodgepole pine, was the most active decomposer of all the fungi tested.

Inclusion of a competitive, non-mycorrhizal saprotrophic fungus, Mycena galopus,

however, suppressed the decomposition activity observed for the mycorrhizal fungus.

Shaw and co-workers (1994) similarly observed suppression of ectomycorrhizal fungal

growth by saprotrophic fungi on agar as well as suppression of Paxillus involutus

mycorrhizal colonization of lodgepole pine roots by the non-mycorrhizal species Collybia

maculata. Thus, field studies have demonstrated a negative impact of mycorrhizal fungi

on saprotrophic fungi, whereas controlled laboratory studies have indicated a negative

effect of saprotrophic fungi on mycorrhizal fungi. Hence, further investigations to

determine how these interactions may be affected by forest formation, species

composition, and other abiotic factors which could contribute to conflicting results, as

well as to elucidate the mechanisms of suppression, are needed.

Certain factors may affect the type of interaction which occurs between

mycorrhizal and saprotrophic fungi. Mycorrhizal fungi, for example, vary in their

enzymatic ability to decompose detritus (Tanesaka, 1993; Finlay et al., 1992; Read, 1991;

Troj anowski et al., 1984). Increased saprotrophic ability in some mycorrhizal fungi could

increase the ability of these mycorrhizal fungi to compete. Utilization of carbon sources

from the host plants could also enable the mycorrhizal fungi to gain competitive

advantage over saprotrophic species (Harley and Smith, 1983), ultimately benefiting the

host plant.
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There are several potential fungal interactions in the log systems which could

affect plant community structure and species composition within the forest. Among these

are antagonistic and mutualistic interactions. If saprotrophic fungi compete with

mycorrhizal fungi for limiting nutrients, saprotrophs could retard tree growth.

Alternatively, if mycorrhizal fungi are able to obtain nutrients directly or indirectly from

the saprotrophic fungi present on logs (Dighton, 1991), they may benefit from the

presence of the saprotrophs, and likewise for saprotrophic species. Understanding these

interspecific fungal interactions may enable us to predict outcomes which could affect

forest plants, consequently influencing forest management strategies.

Terminology

In addition to the contradictory results from studies on interspecific interactions,

there is ambiguity within the terminology used to describe these interactions. Fungi have

been frequently categorized according to their mode of nutrient acquisition (i.e.

biotrophic, necrotrophic, and saprotrophic) (Douglas, 1994; Cooke and Rayner, 1984;

Webster, 1980; Luttrell, 1974; Robinson, 1967; deBary, 1887). It should be recognized,

however, that these categories are distinct from terms used to describe interspecific fungal

interactions (i.e. interactions between fungi and any organism from which the fungi do

not receive their nutrients; see Chapter Two for a complete description of terminology).

Interspecific interactions have been previously characterized according to outcome of the

interaction by Burkholder (1952) and were later revised by Odum (1959) and Zabel and

Morrell (1992). These characterizations are based solely on the outcomes of the
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interactions and leave little room for interpretation of changes occurring between the

organisms during the interaction. Others have attempted to describe interactions as they

progress (Rayner and Boddy, 1988b; Rayner and Webber, 1984), but this terminology is

difficult to understand, is redundant in some cases, and mixes concepts of nutrient

acquisition with types of interactions. Nor does any single set of terms previously used

by general or fungal ecologists encompass all potential interactions between fungi.



CHAPTER TWO:

A CLARIFICATION OF FUNGAL ECOLOGY TERMINOLOGY
AND ITS PLACE IN GENERAL ECOLOGY

Amy R. Tuininga and Jeffrey K. Stone
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Abstract

Terminology used in fungal ecology to describe interspecific interactions has been

adopted primarily from other fields in ecology. General ecology terminology, however,

has some inherent problems; other difficulties arise in its specific application to fungal

ecology. One such complication in general ecology is the combination of concepts

implied by terms used to describe interspecific interactions, some of which apply to

mechanisms and some of which apply to outcomes. Confounding mechanisms with

outcomes within a set of terms has led to confusion concerning the nature of interactions

and has also made it difficult to compare interactions. This problem also exists in some

of the terminology proposed by mycologists. Indiscriminate adoption of general ecology

terminology by mycologists to describe interspecific interactions has caused confusion

within fungal ecology. Some of these terms now serve dual purposes, such as use of

"parasitism" to describe both a mode of nutrient acquisition as well as an interspecific

interaction (as defined later in this Chapter). More clear, precise terms are needed to

describe interspecific ftingal interactions. A new set of terms is proposed herein.

History of General Ecology Terminology

This section entails an overview of terms used in general ecology to describe

interspecific interactions. Terms first proposed by Burkholder (1952) are described,

followed by changes made by Odum (1959), and additional terms later proposed by

Harper (1961) and Schoener (1983) specifically to describe mechanisms of competition.
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Burkholder (1952) described the effects of biological interactions on the organisms

involved using a Punnett square and characterized interactions for all organisms

according to outcomes. Odum (1959) modified Burkholder's description by

differentiating between the effects on organisms when they did and did not interact.

Harper (1961) and Schoener (1983) added to the terminology by proposing more terms

for detailed description of antagonistic interactions.

Burkholder

While Burkholder' s contribution to general ecology by characterization of

interactions according to outcome (Table 1) was an advancement in the field, some of his

terms do not apply to fungi and some are redundant. The terms "allotrophy", defined as

feeding another organism, and "allolimy", defined as starving another organism, appear to

be associated with higher organisms than fungi because fungi can not actively feed or

starve other organisms. The outcomes achieved by allotrophy and allolimy (0 / + , 0 / -,

respectively), however, could occur when two fungi interact. Thus, other terms should be

used to describe these outcomes which would encompass all organisms. It is likely that

commensalism and amensalism have since replaced allotrophy and allolimy, respectively,

because there is overlap between them.

Another questionable use of a term, which conflicts with deBary's (1887) original

definition and with current usage, is Burkholder' s use of symbiosis to describe only

mutualistic interactions. DeBary used symbiosis to refer to any close relationship
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between two or more organisms. A range of effects in symbiosis is now recognized and

another term should be used to describe interactions with mutually beneficial outcomes.

Table 1. Possible outcomes from bilateral interactions. Redrawn from Burkholder

(1952).

Species_A

Species B - 0 +

- -I-
synnecrosis

0/-
allolimy

+1-
parasitism

0 -/0
amensalism

0/0
neutrality

+10
commensalism

+ -1+
predation

01+
allotrophy

+1+
symbiosis

Burkholder also used synnecrosis to refer to an interaction which resulted in a

negative effect for both organisms. This implies that both organisms in a mutually

antagonistic relationship will die. Death may not always be the case, as with wood

inhabiting fungi, where a deadlock may occur in which neither organism is able to grow

in the direction of the other, but both persist within the space which they already occupy.

In sum, Burkholder' s categorization of interactions according to outcome was

useful. However, he failed to identify underlying mechanisms involved in achieving the

outcomes described and his choice of terms such as allotrophy, allolimy, symbiosis, and

synnecrosis were inappropriate.
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Odum

Odum expanded Burkholder's system to include effects on the organisms when

they were not interacting (Table 2). Although this was implicit in Burkholder' s schema,

Odum acknowledged and provided explicit descriptions of effects on organisms when

they were and were not interacting. This modification enabled ecologists to describe

interactions as facultative or obligate.

Table 2. Effects on organisms when they are and are not interacting. Redrawn from

Odum (1959).

Type of interaction When not interacting
A B

When interacting
A B

Result of interaction

Competition 0 0 - -

Amensalism 0 0 - 0

Neutralism 0 0 0 0

Commensalism - 0 + 0 Obligatory for A

Protocooperation 0 0 + + Facultative for both

Mutualism - - + + Obligatory for both

Parasitism/Predation - 0 + - Obligatory for A

While it was an achievement to acknowledge that effects on organisms may be

different when they are and are not interacting, measurements of these interactions are

relative, so creating additional categories may not be necessary. For instance, Odum

added protocooperation, which may be the same as mutualism. According to Odum, the

difference between protocooperation and mutualism, is whether both organisms are not

affected (0 / 0 , protocooperation) or are negatively affected (- / - , mutualism) in absence
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of the interaction. This distinction is difficult to assess since comparative measurements

can only be made during the interaction. Both the null effect and any negative effect will

appear negative relative to any positive effect of the interaction. The difference between

mutualism and protocooperation may be a matter of perspective and the two interactions

actually could be the same.

Odum also replaced Burkholder' s term "synnecrosis" with competition.

Competition, however, is equally misleading, in that it describes one possible mechanism

leading to an outcome whereby both organisms were inhibited (- / -). Mechanisms other

than competition, such as mutual inhibition from allelochemicals, may result in the same

outcome.

Odum's use of parasitism and predation to describe outcomes which are positive

for one organism and negative for the other (+ / -) is also inappropriate. Parasitism and

predation are modes of nutrient acquisition which should be considered separately from

interspecific interactions (see below). While these terms are not appropriate because they

imply mechanisms which should be used to describe other types of interactions, the

outcome (+ / -) is still possible and another term should be used to describe it.

Although Odum's schema was an advancement, he did not describe differences in

the interaction types throughout the duration of an interaction nor did he identify

mechanisms involved in achieving outcomes described. Odum also used some terms to

describe interactions which were not appropriate such as competition, parasitism, and

predation.
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Harper

Harper (1961), used the term "interference" rather than "competition" to describe

antagonistic interactions in plant ecology. He maintained that this term rather than

competition could be applied more uniformly to all fields because of the many different

connotations that exist within different fields concerning competition. Interference was

later used in fungal ecology to describe a subdivision of competition, together with

exploitation (see next section). Both interference (whether used as a synonym or as a

subdivision of competition) and exploitation describe mechanisms involved in

antagonistic behavior.

Schoener

Schoener (1983) uses a set of six terms to describe the mechanisms of

competition: consumptive, preemptive, overgrowth, chemical, territorial, and encounter.

His terms may be appropriate in some situations to describe antagonistic interactions but

they are not yet commonly used. These mechanisms of antagonism should be treated

separately from the outcomes of interactions.

Fungal Ecology Terminology

Within fungal ecology there have been few attempts made to refine descriptions of

interspecific interactions from general ecology terminology to include fungi, but the

attempts that have been made are extensive (Zabel and Morrell, 1992; Rayner and Boddy,
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1988a; Rayner and Boddy, 1988b; Cooke and Rayner, 1984; Rayner and Webber, 1984).

Mycologists have employed some terms previously used to describe interspecific

interactions based on outcome (Zabel and Morrell, 1992; Rayner and Boddy, 1988a;

Rayner and Boddy, 1988b; Cooke and Rayner, 1984; Rayner and Webber, 1984) and have

developed other terms to describe specific mechanisms exhibited by fungi during

interactions (Rayner and Boddy, 1988a; Rayner and Boddy 1988b) as well as terms which

describe mechanisms for competitive or antagonistic interactions in detail (Lockwood,

1992; Wicklow, 1992). Sets of terms based on outcome or on mechanism alone are

acceptable, but combining descriptions of outcomes with those of mechanisms leads to

confusion.

Rayner and Boddy

Rayner and Boddy (1 988a, b) modified Burkholder's Punnett square describing

fungal interactions (Table 3), but included only competitive, neutralistic, and mutualistic

interactions, leaving out amensalism, commensalism, and parasitism. They subdivided

competitive interactions into primary resource capture and combat. Combat was further

divided into defense and secondary resource capture or replacement. Differences

between Raynerand Boddy's schema and those of Burkholder (1952) and Odum (1959)

include amensalism being grouped with competition, commensalism being grouped with

neutralism, and a series of subdivisions within competition. The three main categories,

competition, neutralism, and mutualism, are similar to previous definitions in that they

are based on outcome. The divisions within competition (primary resource capture,
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combat, defense, and secondary resource capture), however, pertain to the biology and

action of the organisms, and therefore are based on mechanisms.

The difficulty in this system is the subdivisions of competition. Various outcomes

could occur for each subdivision of competition, some of which are not the same as the

outcomes of competition. Primary resource capture describes colonization of a resource

by one organism, and competition may not be involved (ruderals do not exhibit high

levels of competition). There is no interaction in primary resource capture, and so no

outcome can be identified. Combat refers to interference competition, according to

Rayner and Webber (1984). This is particularly confusing since the subdivisions of

combat, defense and secondary resource capture, refer to both interference and resource

competition. Additional confusion arises because defense only describes an interaction

from the perspective of one organism. The outcome of the interaction depends on the

effects of the second organism. For instance, fungus A may defend its territory through

the production of allelochemicals. However, if fungus B is involved in secondary

resource capture, then fungus A would be harmed regardless of its defense mode (- I +).

Whereas, if both fungus A and fungus B were involved in defense only, the result might

be a deadlock and both organisms might be harmed (- I -). It is important in this system

to explain from which fungus' perspective the interaction is being described. Many of the

terms used as subdivisions of competition do not adequately describe the outcome of an

entire interaction, but are descriptors of mechanisms. Therefore, they should be used

separately from terms which describe outcomes, such as neutralism, mutualism, and

competition. Although the attempt made by Rayner and Boddy to describe fungal
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interactions with underlying mechanisms is a much needed addition to fungal ecology,

the mixture of terms is difficult to use and the descriptions of mechanisms are not broadly

applicable in other fields of ecology.

Table 3. Descriptions of bilateral fungal interactions. Redrawn from Rayner and Boddy
(198 8b). Note that various outcomes may occur for interactions that are considered a
subdivision of competition. However, these terms actually describe the mechanism
involved in the interaction.

INTERACTION OUTCOME

Neutralistic 0 / 0 , 0 / + , + / 0

Mutualistic + / +

Competitive 0/-,-/0,-/-
Primary Resource Capture (mechanism)

Combat (mechanism)

Defense (mechanism)

Secondary Resource Capture (replacement) (mechanism)

Lockwood and Wicklow

Within fungal ecology, as in general ecology, specific terms have been adopted to

describe antagonistic interactions in detail. Interference competition, as used in fungal

ecology, describes indirect inhibition of organisms by other organisms (e.g. allelopathy or

antibiosis) (Lockwood, 1992; Wicklow, 1992). This contrasts with exploitation

competition, also known as resource competition, where organisms compete directly for a

resource such as nutrients or space (Lockwood, 1992). These descriptors of mechanisms

may be useful, but outcome should be identified when using them since several different

outcomes may pertain to each. For example, fungi involved in interference competition
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would only result in a mutually negative outcome (- I -) if both fungi were inhibiting one

another. Otherwise the interaction would be negative for only one (0 / -), and this has

been previously termed amensalism. While some argue that interference and exploitation

do not accurately describe antagonistic fungal interactions (Cooke and Rayner, 1984),

these terms are only two of many possible terms which could be used to describe

mechanisms of antagonistic behavior and add to the terminology available for description

of mechanisms involved in these interactions.

Categorization of Interactions within Fungal Ecology

While the terminology used in general ecology may be confusing when applied to

fungal ecology, the terminology within fungal ecology can be equally confusing when

misinterpreted. I propose that two types of fungal interactions be considered: 1)

interactions between fungi and any organism from which the fungi receive nutrients and

2) interactions between fungi and any organism from which the fungi do not receive

nutrients (Table 4). For clarity, I refer to the former as "mode of nutrient acquisition" and

the latter as "interspecific interactions". These interactions should be considered

separately because the underlying mechanisms are different. Fungi which compete with

one another for nutrients are not receiving their nutrients from each other, but are

interacting. Since the mechanisms involved in these interactions are different, and not

directly comparable, I propose that mode of nutrient acquisition and interspecific

interactions be considered and described separately.
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Table 4. Distinction between ftingal interactions involving nutrient acquisition and those
which do not involve nutrient acquisition.

MODE OF NUTRIENT ACQUISITION INTERSPECIFIC INTERACTIONS
Interactions between a fungus and another
organism from which the fungus does
receive nutrients

Interactions between a fungus and
another organism from which the fungus
receives nutrients
biotrophic antagonism (competition, amensalism)
necrotrophic co-habitation (neutralism)
saprotrophic commensalism

mutualism

Mode of Nutrient Acquisition

Fungal interactions most often have been categorized according to mode of

nutrient acquisition, probably because this is the most obvious of all fungal interactions.

Modes of nutrient acquisition include biotrophy (obtaining nutrients from the living cells

of the host; mutualism; parasitism), necrotrophy (acquiring nutrients by killing an

organism; predation), and saprotrophy (acquiring nutrients from dead material) (Douglas,

1994; Cooke and Rayner, 1984; Luttrell, 1974; Lewis, 1973). Modes of nutrient

acquisition were first described by DeBary in 1887 as saprophytic and parasitic, with

parasitic being divided into facultative and obligate. The terms have changed slightly

since then and have been expanded upon. However, the general concept of classifying

fungi by mode of nutrient acquisition remains.

DeBary originally suggested that the classes of nutrient acquisition that he

proposed were not mutually exclusive categories, but that they overlapped. Only

recently, however, we have accepted his commentary and have realized that these modes
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of nutrient acquisition actually represent a continuum (Harley and Smith, 1983; Lewis,

1973). Organisms may alternate between nutritional modes throughout their life

(Douglas, 1994; Cooke and Rayner, 1984; Luttrell, 1974), or among stages in their life

cycle. For example, an organism may be saprotrophic in one stage of its life cycle, and

then become pathogenic in another stage (Bateman, 1978). A mycorrhizal fungus may

receive its nutrients from a plant host, but could also be facultatively saprotrophic should

the host die. The ability to adjust the mode of nutrient acquisition in response to changes

in substrate availability might allow fungi to avoid direct competition for a particular

resource with another fungus which may have a competitive advantage (Cooke and

Rayner, 1984). Alternatively, the ability to utilize alternate modes of nutrient acquisition

might allow a particular fungus to be more competitive when necessary. Knowing the

mode of nutrient acquisition of fungi can help to predict the types of interspecific

interactions that may occur.

InterspecUIc Fun gal Interactions

Interspecific interactions are abundant in nature and important to population

structure (Hairston et al., 1960). However, interactions between fungi which are not

closely related and which do not receive nutrients from one another are insufficiently

described. Also, because the growth form of fungi is indeterminate, interactions may

change over time and may vary at different levels of resolution. Descriptions of

interspecific fungal interactions generally have focused on competition (Shearer, 1995;

Wardle et at., 1993; Lockwood, 1992; Wicklow, 1992; Rayner and Boddy, 1988a; Rayner
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and Boddy 1988b; Shearer and Zare-Maivan, 1988; Cooke and Rayner, 1984; Rayner and

Webber, 1984) and have mixed mechanisms and outcomes. Terms describing

mechanisms should be clear, consider fungal growth form, and be distinct from terms

describing outcome. In an attempt to eliminate the confusion created by current

terminology, this thesis focuses primarily on interspecific interactions (as defined above

in this section).

Symbioses

Another concept originated by deBary (1887) was classification of interactions

according to symbiotic or aposymbiotic interactions. He defined symbiosis as a close

relationship between two organisms. This topic is raised to clarify the relationship

between symbiosis and modes of nutrient acquisition and interspecific interactions. Both

interactions involving nutrient acquisition and those not involving nutrient acquisition

can be symbiotic, even though symbiosis is most commonly used to refer to interactions

involving nutrient acquisition. In fact, DeBary (1887) only used symbiosis to refer to

modes of nutrient acquisition. Burkholder (1952) originated description of interspecific

interactions by outcome and used the term "symbiosis" to describe a mutually beneficial

outcome in interspecific interactions. The common but incorrect use of the term

"mutualism" synonymously with symbiosis has likely led to the blurring of the two types

of interactions. Symbiosis has typically been used in descriptions of mode of nutrient

acquisition, whereas mutualism is the outcome and described effects from a mutually

beneficial symbiotic interaction. Since "symbiosis" encompasses both modes of nutrient



26

acquisition and other interactions, careful attention must be made to distinguish between

"modes of nutrient acquisition" and "interspecific interactions", else confusion and

misinterpretation may occur in which these interactions are considered the same (e.g.

Allen, 1991). In the original sense used by deBary, "symbiosis" refers to any close

relationship, whether positive or negative, between two organisms, involving nutrient

acquisition or not.

Methodological Considerations

Appropriate methods should be sought to accurately describe fungal interactions.

There are three issues which deserve particular attention in developing methods for

determination of these interaction types. These are: scale (hyphal versus thallus),

environmental effects (axenic laboratory conditions versus complex field systems), and

temporal changes which may occur throughout the duration of the interaction.

In addition to the above points of consideration, one might ask if it is possible to

measure a uniform set of fungal processes or state variables quantitatively to determine

how two fungi are interacting. Conclusions can not be made about the fitness of fungi

because birth and death rates are difficult to measure. It is not possible to readily identify

individuals, particularly in field situations, so determining the success of a particular

lineage is difficult. While new molecular techniques may soon aid in identifying

individuals and determining relatedness, sampling and processing sufficient samples to

make assessments is not yet cost-effective and will continue to prohibit general

application of such methods in field ecology. However, biomass, radial colony diameter,
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or other direct or indirect measurements of the fungus itself can be used to determine

growth, and thereby success. Fungal processes, such as rates of nutrient uptake and

enzyme activity can also be measured. Currently, it appears that conclusions must be

based on presence or absence of given species, frequency of occurrence within an area,

and process rates. Fortunately, all of these variables can be measured over time.

Additionally, carefully measuring the processes and state variables in both the laboratory

and the field will be useful in developing new methods to determine types of interactions.

Spatial Scale

Fungal interactions may occur on several different spatial scales. Studies should

be designed so that both hyphal and thallus-level interactions can be investigated, because

conclusions based on only one of these may not be representative of the entire interaction

between the two organisms. Fungi are microorganisms, even though they may occupy

large macroscopic areas, interactions between individuals occur on a microscopic scale.

The indeterminate growth habit allows fungi to send out exploratory hyphae that may

intermingle with other fungi, and result in vacuolation due to antagonistic behavior by the

other fungi. While individual hyphal tips may become vacuolated when they come in

proximity to other fungi, the thallus may not experience an overall negative effect. Thus,

interactions at the hyphal tip may not have the same reaction as those between the thalli

(Rayner and Boddy, 1988a).

Scale of resolution together with the indeterminate growth form of fungi pose

additional problems in identification of effects of interactions on individuals, populations,
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or communities. A patch of mycelium believed to be the same species and existing in the

same area does not necessarily comprise a population (Rayner and Boddy, 1988a). In

fact, the mycelium may well be of the same individual. Likewise, groups of species

occupying a space may not comprise a community. Species may appear to be closely

associated on a macroscopic scale, but may well be spatially or functionally isolated at

some microscopic level or by factors such as pH or nutrient availability (Tilman, 1994).

Alternatively, separation in space does not necessarily preclude interactions among a

group of fungi. One fungus may affect the substrate on which another fungus is growing,

indirectly affecting the second fungus. Thus, combining hyphal- with thallus-level

investigations will provide some information with respect to outcome, but additional

ecological investigations at the biochemical level may be necessary to fully understand

function of organisms, leading to identification of mechanisms involved in interspecific

fungal interactions. Indeterminate growth patterns of fungi make the identification of

function at the biochemical level more important as it is one quantitative measurement

which can be made to assess the effects of an interaction. Biochemical changes can also

be used to identify assemblages of organisms which may be associated by function and

may react similarly to presence of other species.

Environmental Effects

As in all biological sciences, the predictive power of in vitro studies is a

controversial issue in fungal ecology (Stahl and Christensen, 1992; Webber and Hedger,

1986). Interactions observed in culture may not be the same as those which take place in
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the field (Webber and Hedger, 1986). While a large number of biotic and abiotic factors

exist that can affect fungal interactions in natural environments (Christensen, 1989),

microbial ecology experiments are difficult to conduct in the field because of the inherent

difficulty of observing growth. In vitro experiments may be useful in identifying

physiological and ecological properties, but must always be interpreted with caution, and

only with respect to explicit biotic and abiotic parameters of the study. When possible,

results from laboratory experiments should be used together with those from field studies

to draw more accurate conclusions for determination of fungal interactions.

Temporal Considerations

Fungal interactions are dynamic, not static. The nature of the interaction may

change over time. For example, initial inhibition may be indicated by formation of a zone

of inhibition. If the zone of inhibition is indicative of a particular fungal interaction and

the cleared zone is ephemeral, the interaction may also be transitory. One or both fungi

could continue to grow toward and over or under one another after the initial interaction.

It may be impossible to make a thorough assessment regarding the interaction

mechanisms between two fungi if the interaction is observed only once. Therefore, when

describing interspecific fungal interactions, reference should be made to the specific stage

of fungal development at which the interaction is being described.

The functional stage of the fungus should be noted also to facilitate making

comparisons with other studies and to elucidate possible reasons for conflicting results

between studies. Making comparisons between fungal interactions and plant community
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and general ecology interactions should be done cautiously because the timing of events

may be different for succession in non-fungal and fungal communities. Spatial scale,

environmental effects, temporal variability, and the biology of the organisms need to be

considered when developing methods to describe fungal interactions.

Types of Interspecific Fungal Interactions

This section defines terms for interspecific interactions according to outcome.

Examples of potential interactions between two fungi in culture follow for each

interaction type, as do illustrations depicting potential interactions. The proposed terms

are then summarized in a table and related to general ecology.

These descriptions are based on outcome because outcomes are more readily

compared between disciplines in ecology than are mechanisms, although both categories

are necessary for full understanding of the interaction. Since there are far more possible

mechanisms than outcomes, and descriptions of mechanisms tend to be rather specific

within particular fields, it is more likely that a uniform system of description for

interactions among all biological systems can be developed if interactions are categorized

by outcome. It is helpful to add information regarding mechanism to descriptions of

interactions based on outcome within a particular scheme as long as some terms to

describe interactions are not based only on outcome while others are characterized only

by mechanism. These recommendations regarding description of interactions according

to outcome will only simplify the system if definitions of terms used are clarified first.
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Co-antagonism

Co-antagonism refers to any interaction in which both fungi involved act

antagonistically and both are antagonized, resulting in a negative outcome for each (- / -;

Figure 1A). Each fungus may antagonize the other in a different manner, however. It is

the combination of effects that results in co-antagonism. The term "co-antagonism" is

preferable to "competition" to describe all bilateral mutually antagonistic interactions

because "competition" is limited to only one possible mechanism of antagonistic

interactions. "Co-antagonism" is more consistent with terms currently used to describe

other outcomes of interspecific interactions.

Co-antagonism results from each fungus acting antagonistically. A description of

possible results of antagonism of one fungus will be described first. Then a description of

possible combinations of antagonism by two fungi to constitute co-antagonism will be

discussed.

In studying fungal interactions in culture, antagonism can be identified in one of

three ways. If fungus A is antagonized by fungus B, fungus A may respond by: 1)

asymmetrical inhibition only in the direction of A; 2) general decrease in overall colony

size, irrespective of direction; or 3) increased radial colony diameter, but decreased

hyphal diameter and mycelial density. The latter may not actually have a negative effect

on the antagonized fungus and is considered further under "attempted antagonism".

In this discussion, "co-antagonism" refers only to combinations of the first two

types of antagonism. For example, both fungi could experience asymmetrical decreases
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Figure 1. Possible interactions between two fungal cultures on petri dishes. Fungus A is
the shaded colony and Fungus B is the white colony.
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in growth (Figure 2A), both could experience overall decreases in growth (Figure 2B), or

one could experience an asymmetrical decrease in growth while the other experiences an

overall decrease in growth (Figure 2C).

Figure 2. Types of responses to co-antagonistic behavior. Fungus A is shaded and
Fungus B is white. A) Asymmetrical decrease in both colonies in the direction of one
another, B) Uniform decrease in overall colony size of both colonies due to the presence
of one another, C) Fungus A is asymmetrically inhibited while Fungus B is uniformly
inhibited.

0
Co-antagonism Co-antagonism

Co-antagonism

There are different mechanisms which may result in co-antagonism. Mechanisms

which result in each type of co-antagonism (Figure 2) may be the similar or different. It

is likely that co-antagonism resulting in asymmetrical inhibition (Figure 2A) may be

caused by competition for nutrients (resource competition), mutual allelopathy (dual

amensalism for which there is no term, but generally placed under competition), or
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mutual defense competition (Rayner and Boddy, 1988b). However, it is difficult to

determine the mechanism causing the growth pattern without measuring fungal processes

such as nutrient uptake or enzyme activity.

Interactions involving colony diameters that are smaller overall in the presence of

the interaction compared to when the interaction is not taking place (Figure 2B) are likely

due to diffusable allelopathic or inhibitory substances released by the fungi because there

is often a relatively large distance between the two colonies and no physical contact. It is

unlikely that competition for resources would result in uniform inhibition of colony size

since fungi typically grow in the direction of a resource. The resource would be most

limited between the two colonies, and less limited away from the interaction.

Determination of mechanisms resulting in co-antagonism may not be possible by

observation of growth alone.

Antagonism

The above described interactions could also occur in a more unilateral fashion in

which one fungus inhibits the growth of the other, but continues to grow uninhibited itself

(- /0 ; Figure lB). As described above, Fungus A be may inhibited by Fungus B either in

the direction of Fungus B or uniformly in all directions. This could be the result of

allelopathy or physical inhibition of Fungus A by Fungus B.
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Attempted Antagonism / Instigation

Not all potentially antagonistic interactions result in a negative outcome;

avoidance could be one response to antagonism which does not result in a negative

response. Situations in which antagonistic behavior from fungus A by encroachment or

production of fungistatic chemicals does not necessarily incite a negative response in

fungus B may be considered attempted antagonism. Fungus B may respond by increased

radial growth with decreased density to enable escape from fungus A, or fungus B may

respond by sporulation. Neither of these responses is necessarily harmful to fungus B,

but could actually increase fitness. Other types of avoidance behavior might also occur.

Thus, the outcome of attempted anatagonism may be neutral for one fungus and positive

or neutral for the other (0 / 0, 0 / +). This situation is different from co-habitation and

from commensalism since one fungus is antagonistic. This is an instance in which

description by outcome based on radial growth alone is not sufficient and information

regarding mechanism is necessary in order to differentiate the interactions.

Agonism

Agonism is an interaction in which one of the organisms is harmed and the other

benefits (- / + ; Figure 1C and D) (Francis and Read, 1995; Lewis, 1985). While the

terms "parasitism" and "predation" have frequently been used to describe this interaction,

they should be restricted to descriptions involving nutrient acquisition, as origanally

intended by deBary in his descriptions (1887). It is possible and likely that interactions
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between organisms exist that result in a negative outcome for one and a positive outcome

for the other (- / +) which do not involve any type of nutrient acquisition. For example,

fungus A may inhibit fungus B by allelopathy, then grow in the direction of the fungus B,

to ultimately take over space in which that fungus grew. Fungus A may benefit by

changes that fungus B made in the substrate. In this case, fungus A is not receiving

nutrients directly from fungus B, as in parasitism, but does benefit from fungus B. A

separate term for this interaction needs to be used to avoid confusion between the

description of modes of nutrient acquisition and interspecific interactions.

One should also note that the outcome for antagonism (- / 0) is distinct from that

for agonism (- / +) because the antagonistic fungus in antagonism does not benefit as it

does in agonism. It may merely be excreting antibiotic chemicals to protect its own

domain, but not actually receive any benefit. In antagonism one fungus is just acting

antagonistically, whereas in agonism the antagonistic fungus also benefits.

Co-habitation

Co-habitation is a neutralistic interaction in which neither organism involved is

affected positively or negatively (0 / 0 ; Figure 1E). It is unlikely that two fungi could

grow side by side without influencing one another, however. Consequently, an entirely

neutralistic interaction is unlikely and if it occurs would probably be ephemeral. It should

also be acknowledged that for each of the interactions hitherto discussed there is a

continuum within which they may occur. For this reason the term "co-habitation" is

proposed to replace "neutralism". Neutralism implies the unlikely situation of absolute
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neutrality. Co-habitation, on the other hand, takes into account slightly positive or

slightly negative interactions, but does not require absolute absence of effects. Co-

habitation encompasses more of the continuum surrounding neutral interactions.

Commensalism

Commensalism is an interaction in which one organism is not affected and the

other benefits (0 / + ; Figure iF). Commensalism is well described in the literature

although there are few examples, particularly of fungi, in which this interaction is known

to occur. It is likely, however, that on a continuum of interactions, one organism may

affect another much more than it is affected by the other organism, in which case this

description may be fitting. The second fungus, because it is affected very little, could be

considered not to have been affected on the continuum. For example, a large thallus may

provide favorable conditions for a spore to germinate. The thallus would be able to affect

the spore positively, but it is unlikely that the germinating spore would have much effect

on the large thallus. Thus magnitude of interaction may also be important in determining

type of interaction.

Mutualism

Mutualism is an often overlooked interaction in interspecific fungal ecology in

which two organisms both benefit from one another (+ / + ; Figure 1G). Mycelia from

two fungi of different species may be intermingling and may not be the least bit
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inhibitory. Yet, if an interaction does not result in a negative effect, it is often not

considered. However, many fungal interactions are the result of release of extracellular

enzymes and it is unlikely that two fungal hyphae could grow side by side without

affecting one another, while it is equally unlikely that all effects are negative. It is then

necessary to investigate exactly what benefits one fungus might be acquiring from the

other. Examples of mutualistic interactions between two fungi are not common in the

literature, although they certainly must abound in nature due to the abundance of

extracellular enzymes and secondary metabolites that are released by fungi (Rayner and

Boddy, 1988b; Frankland et al., 1982; Burkholder, 1952).

Relation of Proposed Terms to General Ecology

The set of terms proposed herein (Table 5) is a combination of previously used

terms and new terms. Several of these terms originated in general ecology and should

already be applicable to many disciplines in ecology. New terms such as co-antagonism,

attempted antagonism, and co-habitation will need to be tested for their suitability in

other fields of ecology and revisions will need to be made where necessary. These terms

are based on outcomes of interactions that may be observed in diverse biological fields.

Examples of mechanisms which may be specific to particular systems are given as an

example of potential descriptors that might be used with each outcome. A single

interaction can be most thoroughly described by including all information as read across a

single row in Table 5.



Table 5. Proposed terminology for interspecific interactions.

Term Outcome Result/Effect Examples of Mechanisms

Co-antagonism - / - death, decreased
growth rate of
both

Lysis, vacuolation, change in pH,
interference (co-allelopathy, co-
antibiosis), physical inhibition,
nutritional competition (exploitation,
primary resource capture), deadlock,
defense

Antagonism - / 0 death, decreased
growth rate of
one

Lysis, vacuolation, change in pH,
interference (allelopathy, antibiosis),
physical inhibition

Attempted
Antagonism

0 / 0, 0 /+ increased radial
growth,
sporulation

avoidance

Agonism - / + increased and
decreased
growth rates

interference (allelopathy, antibiosis)

Co-habitation 0 / 0 neutralism intermingling

Commensalism 0 / + none, increased
growth rate of
one

exudation, intermingling

Mutualism + / + increased
growth rate of
both

exudation, intermingling

Summary

Accurate description of interactions in ecology are necessary in order to

communicate results. These descriptions can only be as accurate as the terminology used

to describe them. Current terminology, both within fungal ecology and in general

ecology, lacks uniformity and universality. A review of the origin of these terms and

their current application, and proposal for changes for terms used in describing

interspecific interactions, is contained herein.

39
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Terminology used to describe interspecific interactions originated with

Burkholder (1952) and was modified by Odum (1959). Zabel and Morrell (1992), Cooke

and Rayner (1984), Rayner and Webber (1984), and Rayner and Boddy (1988a, b) have

modified previous terminology to enhance a fungal perspective. The current terminology

proposed by Zabel and Morrell (1992) is outcome based, whereas that proposed by

Rayner and Boddy (1988b) is a combination of terms describing outcomes and those

describing mechanisms. The mixture of terms is difficult to utilize.

Terminology within fungal ecology has been confused because of the

categorization of fungi based on mode of nutrient acquisition. These categories are based

on the interaction of the fungus and the organism from which the fungus receives

nutrients. These interactions should be considered distinct from other fungal interactions

which do not involve nutrient acquisition. The use of the term "symbiosis" further

confuses the distinction between interactions involving nutrient acquisition and those not

involving nutrient acquisition as it may apply to both, although it has generally been used

in mycology in the context of organisms which grow in close contact with other

organisms for the purpose of nutrient acquisition. Though description of nutrient

acquisition for fungi is not comparable to that of other organisms, the interactions which

do not involve nutrient acquisition, here called interspecific interactions, can be readily

compared to interspecific interactions between other organisms. A common set of terms

should be developed which can be used for all organisms to describe interspecific

interactions.
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When determining interspecific interactions for fungi, certain considerations need

to be made for the methods utilized. Hyphal- as well as mycelial-level interactions

should be investigated. Care should be taken in extrapolating results from in vitro studies

to predict what may occur in the field. Interactions between fungi may change over time,

so description of the point at which the interaction took place relative to the life cycle of

the fungus is necessary. It may also be necessary to create a set of terminology for fungi

describing the proportion of time one interaction occurs relative to others for a given

fungus.

Types of interspecific interactions which should be considered and proposed

terms for them are described. Mutualism is probably far more prevalent than previously

expected, co-habitation is not likely to exist in many instances although it is possible, and

antagonistic interactions occur in a whole host of ways which probably deserve to have

better explanatory terms attached to the particular modes of interaction. All of these

interactions may be unilateral, bilateral, or multilateral; may affect or be affected by other

interactions between other organisms; and may change through time. This emphasizes

the complexity of the interactions. Terms within fungal ecology need to be revised to

better describe fungal systems. At the same time, definitions for terms in general ecology

need to be expanded to include fungi, if the terms are meant to be universal.

Conclusions

Difficulties within fungal ecology with respect to interspecific interaction

terminology have been identified and discussed. Recommendations for clarification of
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terminology have been made. First, general ecology terminology and methodology do not

necessarily fit fungal ecology. Second, within fungal ecology, mode of nutrient

acquisition is a distinct form of categorization from description of interspecific

interactions. Third, terms should not be used to describe outcomes of interspecific

interactions which actually connote mechanisms. Outcomes and mechanisms should be

recognized as distinct portions of a complete description. Interspecific interactions

should be clearly described according to outcomes first, with further clarification by terms

describing mechanism. Finally, terms which would fit the above qualifications for

description of interspecific interactions based on outcome are as follows: co-antagonism

(- / -), antagonism (- / 0), attempted antagonism (0 / 0 or 0 / +), agonism (+ I -), co-

habitation (0 I 0), commensalism (0 / +), and mutualism (+ I +).
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Abstract

Interactions between mycorrhizal fungi and saprotrophic fungi are not well

understood, but could influence the function of mycorrhizal fungi, consequently

influencing plant growth. Mycorrhizal fungi commonly occur in proximity to

saprotrophic fungi in nurse logs in Pacific Northwest Old-Growth forests. To begin

investigating interactions between mycorrhizal and saprotrophic fungi, an in vitro study

was conducted. Nine species of mycorrhizal fungi and three species of saprotrophic fungi

were paired on four different media, including white- and brown-rotted Douglas-fir wood,

to determine whether effects of the medium or the type of rotted wood influence fungal

interactions. Predictions were made for outcomes of interactions based on fungal growth

patterns (i.e. growth "strategies" characterized as aggressive or non-aggressive according

to known in vitro growth rates of fungi). Colony growth rates were compared for each

pairing on all media. In general, media affected growth rate response of mycorrhizal and

saprotrophic fungi more than did the presence of a second fungus. The mycorrhizal

fungus, Thelephora americanus, was inhibited when grown withPhaeolus schweinitzii

on MMN, as predicted; Paxillus involutus had increased growth with Fomitopsis pinicola

on water agar, as expected and increased growth with P. schweinitzii on water agar, not as

predicted; Rhizopogon vinicolor had increased growth when grown with F. pinicola on

water agar, as expected; P. schweinitzii had decreased growth in the presence of Suillus

lakei on MMN, not as predicted. Gross morphology was also observed, and hyphal

interactions were examined using a compound microscope. Macroscopic characters

observed were: zones of inhibition, intermixing of mycelia, and aerial growth of mycelia.
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Zones of inhibition formed between all mycorrhizal fungi and all saprotrophic species on

all media, except the mycorrhizal fungi Laccaria bicolor and Pisolithus tinctorius and

any saprotrophic fungi on any media. Intermixing occurred in all treatments regardless of

whether a zone of inhibition had been formed earlier. Aerial mycelia, generally sulfur

yellow, formed only in plates containing P. schweinitzii on woody media. At the

microscopic level, oxalate crystals were commonly observed in plates containing

saprotrophic fungi. Hyaline spores were produced in plates containing P. schweinitzii.

Coiling and vacuolation of saprotrophic hyphae occurred when paired with Cenococcum

geophilum on any medium.

Introduction

Old Growth Douglas-fir - western hemlock forests in the Pacific Northwest

typically harbor western hemlock seedlings and their symbiotic mycorrhizal fungi on

Douglas-fir nurse logs Class III, or more advanced decay (Harmon et al., 1986; Christy et

al., 1982; Kropp, 1982a; Kropp, 1982b; Kropp and Trappe, 1982). Mycorrhizal fungi

colonize the decomposing log together with and grow adjacent to saprotrophic fungi in

these nurse log systems. Interactions between these fungi might affect tree growth and

regeneration because mycorrhizal fungi are important in nutrient acquisition for plants

(Gianinazzi-Pearson and Gianinazzi, 1986; Plassard et al., 1986; Harley and Smith,

1983). Inhibition of mycorrhizal fungi by saprotrophic fungi could ultimately slow

seedling growth. Consequently, this investigation was undertaken to determine potential

interspecific fungal interactions which may occur in nurse log systems.
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While recording types of interactions which occur between different species in the

log system may be of some value to forest managers, identifying a method by which

outcomes of interactions could readily be predicted may be more valuable. Therefore, a

system was devised to investigate relationships between fungal growth patterns, based on

growth rates, and outcomes of interspecific flingal interactions. Given that information

about growth patterns is known for many species, the ability to predict interactions may

have applications as a tool for management strategies and identification of potential

biological controls.

Outcomes of interactions between fungi might be predicted on the basis of

behavioral categorization of fungi (Tables 6 and 7). To best characterize growth patterns

of fungi, behavior must first be characterized according to factors that can be measured.

For instance, rapid growth, production of allelochemicals, mycotoxins, mycoparasitism,

and persistence in and tolerance of a wide range of environmental conditions would all be

considered aggressive behavior. Knowledge of the life history of a fungus may allow one

to deduce this information, otherwise observation and measurement of growth may be

necessary. Non-aggressive individuals would be those which do not grow rapidly, require

other prior colonization by fungi to precondition the area before they can establish, do not

replace others readily by competition for nutrients or space, or have an ephemeral

existence and little influence on others. Moderate behavior would include growth

patterns intermediate to the aggressive and non-aggressive patterns described above.

Comparisons of behavior types (or growth patterns) can only be made among fungi

sharing functional or physiological similarities. For example, growth rates of mycorrhizal
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comparison of mycorrhizal fungi should only be made to other mycorrhizal fungi. Once a

classification according to growth pattern has been made, outcomes of interspecific

interactions may be predicted.

Table 6. Categories of fungal isolates according to fungal growth patterns.
isolate information can be found in Table 8.

Additional

Fungal Binomial Type of Fungus Abbreviation Growth Pattern

Amanita muscaria Mycorrhizali'Biotrophic Ammu Non-aggressive

Cenococcum geophilum MycorrhizallBiotrophic Cege Aggressive

Laccaria bicolor Mycorrhizal/Biotrophic Labi Moderate

Paxillus involutus Mycorrhizal/Biotrophic Pain Aggressive

Piloderma bicolor Mycorrhizal/Biotrophic Pibi Non-aggressive

Pisolithus tinctorius Mycorrhizal/Biotrophic Piti Aggressive

Rhizopogon vinicolor Mycorrhizal/Biotrophic Rhvi Moderate

Suillus lakei Mycorrhizal/Biotrophic Sula Moderate

Thelephora americanus Mycorrhizal/Biotrophic Tham Non-aggressive

Fomitopsis pinicola Saprotrophic Fopi Moderately Non-Aggressive

Phaeolus schweinitzii Saprotrophic Phsc Moderately Aggressive

Trametes versicolor Saprotrophic Trve Moderately Aggressive

Table 7. Hypothesized interactions for specific growth patterns for each pairing. A key to
fungal abbreviations can be found in Table 6.

Growth Patterns for Saprotrophic Fungi

Aggressive I
Moderate I

Non-aggressive

Growth Patterns for
Mycorrhizal fungi

(Phsc, Trve) (Fopi)

Aggressive
(Cege, Pain, Piti)

- / - 0 / - + I -

Moderate
(Labi, Rhvi, Sula)

-/0 0/0 +10

Non-aggressive
(Ammu, Pibi, Tham)

- / + 0 I + + I +
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Based on this classification, it was predicted that aggressive fungi would be more

likely to inhibit other fungi, moderately aggressive fungi would be less inhibitory, and

non-aggressive fungi would be more likely to be inhibited themselves (Table 7). For

example, it is likely that two fungi which both exhibit aggressive behavior will compete

with one another, resulting in mutual inhibition (- / -). Possible outcomes for interactions

between other species of known growth patterns can similarly be justified on the basis of

their respective growth patterns.

The objective of this investigation was to evaluate interactions at hyphal and

mycelial levels between mycorrhizal and saprotrophic species over time in order to

identify potential interactions which might, in turn, affect forest ecosystems. It was also a

goal of this project to determine whether fungal growth patterns might be used to predict

outcomes of interactions between individual fungi. It was hypothesized that individual

pairings would have outcomes based on pre-determined fungal growth patterns (Table 7).

Materials and Methods

Experimental Design

The experimental design was a randomized complete block design in which

pairwise interactions were observed in petri dishes containing mycorrhizal and

saprotrophic fungi. There were six replicates of each treatment and each replicate was

started at a different time. All treatments within a replicate were randomly assigned a
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position on one shelf of an incubator in which they remained throughout the duration of

the experiment.

Species Selected

Nine species of mycorrhizal fungi (Table 8) were selected for this study according

to the ability of each fungus to form mycorrhizae with western hemlock seedlings (Kropp,

1982b; Kropp and Trappe, 1982; Molina and Trappe, 1982). Three species of

saprotrophic fungi were used (Table 8) and were chosen by known presence of each

fungus on Decay Class III Douglas-fir logs as brown- or white-rotting fungi (Gilbertson

and Ryvarden, 1986). Fomitopsispinicola and Phaeolus schweinitzii are known to cause

brown rot, and Trametes versicolor to cause white rot (Gilbertson and Ryvarden, 1986).

These fungi are referred to as saprotrophs here because they are receiving their nutrition

from dead material (Douglas, 1994; Cooke and Rayner, 1984; Lewis, 1973), although

they may act as necrotrophic pathogens in other systems.
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Media Used
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Four different types of media were used: 1) modified Melin Norkrans medium

(MMN) (Marx, 1969), 2) water agar (WA), 3) water agar + white rotted Douglas-fir wood

(WAW), 4) water agar + brown rotted Douglas-fir wood (WAB). Pairings of mycorrhizal

x saprotrophic fungi were performed on 100 x 15 mm sterile petri dishes containing 30

ml of sterile medium. In those dishes containing rotten wood, 15 ml of uncompressed,

finely fragmented, autoclaved wood was used in combination with 15 ml of sterile water

agar.

Inoculum

Mycorrhizal and saprotrophic fungi were inoculated as 6 mm agar plugs taken

from the edge of mycelial cultures growing on MMN for all media treatments. Because

CoIl. 4

L 1029
A 145
S 238
11282
S 163
11613
11970
11313
S 142

Substrate

soil
soil
soil
soil
soil
soil
soil
soil
soil

Fungus
Mycorrhizal fungi
1. Amanita muscaria (L. ex. Fr.) Pers ex. Hooker
2. Cenococcum geophilum Fr.
3. Laccaria bicolor (Maire) Pat.
4. Paxillus involutus (Fr.)Fr.
5. Piloderma bicolor (Peck) Julich
6. Pisolithus tinctorius (Pets) Coker & Couch
7. Rhizopogon vinicolor Smith
8. Suillus lakei (Muff.) Smith & Thiers
9. Thelephora americanus Lloyd
10. Control

fungi
1. Fomitopsis pinicola (Swartz: Fr.) Karst

2. Phaeolus schweinitzii (Fr.) Pat.
3. Trametes versicolor (L.:Fr.) Pilat
4. Control

Collection Site

Boulder Co., CO
Andrews For., Blue River, OR
Crater Lake Nat. Park, OR
Benton Co., OR
mycoiThiZal root
Josephine Co., OR
Lane Co., OR
Polk Co., OR
Canby Nursery, OR

Herbarium

OSU
OSU
OSU
OSU
OSU
OSU
OSU
OSU
OSU

2234 Pseudolsuga Chehalis, WA
menziesii stump

5102 Tsuga sp. Siskiyou Nat. For., OR
1235 Apple Tree branch Ithaca, NY

USDA, Madison

USDA, Madison
ATCC
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the mycorrhizal fungi grow much more slowly, mycorrhizal fungi were inoculated 3 to 4

weeks prior to saprotrophic fungi to enable mycorrhizal fungi to establish on the fresh

medium prior to characterization of interactions. The duration of this interval was

determined from preliminary studies of pairwise interactions on MMN medium. The

difference in time of inoculation of mycorrhizal fungal treatments (4 weeks prior to

saprotroph inoculation for the first three replicates versus 3 weeks for the last three

replicates) was required because of delayed growth of cultures used as inocula.

Differences in interaction responses due to delayed inoculation were only significant for a

few pairs of fungi, and no clear trend for any species or any medium type was seen.

Thus, it was determined that within this time period, changes in amount of mycorrhizal

mycelium present did not affect the outcome of the interaction, and data from all six

replicates were pooled.

Categorization of Fungi

Mycorrhizal fungi were categorized as aggressive, moderate, and non-aggressive

based on growth rates, colonization rates, and replacement rates (Tables 6). Growth rates

and replacement rates were observed in preliminary studies. Colonization rates were

taken from other studies (Kropp and Trappe, 1982; Molina and Trappe, 1982).

Saprotrophic fungi were categorized as moderately aggressive and moderately non-

aggressive since they did not clearly conform to aggressive, moderate, or non-aggressive

patterns, but were intermediate between those categories and the moderate category

(Table 6). Saprotrophic fungi were categorized based on growth rates and replacement
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rates observed in preliminary studies and by others (Nobles, 1965). This categorization

of fungal growth pattern was then used to test predictions for interactions which would

occur between pairs of fungi based on fungal growth patterns (Table 7).

Characterization of Interactions

Interactions were characterized in 3 ways. Colony diameter was measured in 4

directions (radii in 4 perpendicular directions from center, the center of the colony being

the point of inoculation) every second day for 14 days. From day 16 to day 28 fungal

interactions were observed and qualitative descriptions made every third day. Following

the macroscopic descriptions, interactions were observed at the hyphal level using an

inverted Nikon compound microscope.

Statistical Design

The statistical design was a 10 x 4 x 4 factorial design (9 species of mycorrhizal

fungi plus 1 control, 3 species of saprotrophic fungi plus one control, 4 types of media).

All possible combinations of mycorrhizal x saprotrophic species (40 combinations) were

plated on each medium (160 plates per replicate). Six replicates of each pairing on each

medium were completed (960 plates total).
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Data Collection and Manipulation

Data were collected by measuring radial growth of colonies in 4 perpendicular

directions. Area of colonies were calculated using an average of the 4 radii. Colony area

data were plotted over time and data from the exponential portion of the growth curve

were used. These data were log transformed and regressed over time. Statistical analyses

for the colony growth rates was conducted using the slope coefficient of the regression in

the General Linear Model analyses of SAS. Results are presented as the mean of 6

replicates (or less when 6 were not available) and the p-value from the Type III sum of

squares on the ANOVA table. For means separation, Tukey's Honestly Significant

Difference (HSD) test was performed using SAS (a = 0.10 throughout).

Originally, a ratio of the radius in the direction of the interaction divided by an

average of the three radii in the direction away from interaction (Figure 3) for each fungus

was to be used for statistical analyses rather than colony area. This was because

preliminary studies indicated that inhibition could be readily noted by an asymetrical

decrease in growth in the direction of the inhibitory fungus. However, statistical analyses

as well as observation of experimental units indicated that overall colony size was more

often different than was the radius in the direction of the interaction. Thus colony area

was chosen as the response variable from which colony growth rate was derived as the

dependent variable for statistical analyses.
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Figure 3. Proposed measurement of radii to obtain response variables for fungal growth.
This equation was not used for analyses.

(A÷B+C)/3
- R

R < I decrease

R=1 noaffect

R> I increase

Description of Data Analyses

Data for colony growth rates were analyzed at three different levels. In addition,

mycorrhizal responses were analyzed and are presented separately from saprotrophic

responses. Consequently, there are two sets of analyses for each fungal pair combination

at each level of analysis.

The first level of data analysis is on an experiment-wide basis presenting general

trends and main effects for all nine mycorrhizal species responses to all saprotrophs, to all

media, and differences between fungal growth rates and controls. Likewise, saprotroph

responses at the first level were reported in the context of responses to all mycorrhizal

fungi, to all media, and differences between fungal growth and controls. The second

level explores differences between individual pairs of mycorrhizal fungi and saprotrophs

on each type of medium. The third level examines differences between mycorrhizal and
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saprotrophic responses within the proposed framework (Table 7) according to growth

pattern.

Results from qualitative observations and hyphal level interactions follow results

for colony growth rates as summaries describing evident differences between treatments.

No statistical analyses were performed on these data as they are descriptive.

Results

Mycorrhizal Fun gal Growth Responses

Mycorrhizal fungi were different from one another in radial growth rate on each

type of medium and when paired with each saprotrophic species (Table 9A, B). There

was a saprotroph effect on mycorrhizal fungal growth rates on water agar only (Table

9A), but there were medium effects on mycorrhizal fungi grown with and without

saprotrophs (Table 9B), indicating that medium is more likely to affect mycorrhizal

fungal growth than is presence of saprotrophs tested. Accordingly, it is noteworthy that

mycorrhizal responses to all saprotrophs and no saprotroph were extremely similar on the

two woody types of media, water agar plus white-rotted wood (WAW) and water agar

plus brown-rotted wood (WAB) (Table 9C), suggesting that saprotrophs did not affect

mycorrhizal growth on the woody substrates. Each mycorrhizal fungus grew at different

rates on different types of media (Table 9D). Effects of saprotrophs on mycorrhizal fungi
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Table 9. Mycorrhizal fungal growth rate response main effects. All species of fungi from
all groups of fungal growth patterns plus controls are included in A, B, and D. All fungi,
from all groups of fungal growth patterns together, are compared in C to effects with no
fungi (the control).

A. Variation among saprotroph effects on B. Variation between mycorrhizal fungi on all
all mycorrhizal fungi within each medium media when paired with each saprotroph (Med),
(Sap), and variation in growth rates between and effects of each saprotroph on all mycorrhizal

iza on a given medium
Medium

Effects MMN WA WAW WAB

Sap 0.2210 0.9193 0.8152
D-value

Myc
1)-value

C. Growth rate response of mycorrhizal fungi to
presence of saprotroph versus no saprotroph for
each tvne of medium.

Medium

MMN WA WAW WAB

Sap 0.1237 0.1783 0.6783 0.8008
>value

D. Effects of all saprotrophs on each mycorrhizal fungus (Sap), and effects of all media on each
MeQ

Mvcorrhizal Fungi

Effects Ammu Cege Labi Pain Pibi Piti Rhvi Sula Tham Control

Sap 0 1270 0.9793 0.9782 03141 0.7610 03884 0.8376 0.7883 00000
n-value

Med 00001 0.0000
n-val tie

were only different between saprotrophs across all media types for Suillus lakei (Table

9D), so individual mycorrhizal fungi, overall, did not respond differently to different

saprotrophic treatments uniformly across media types.

Individual saprotrophic fungi had little effect on mycorrhizal fungal growth rates

(Figures 4 - 7, Appendix I). A slight mycorrhizal response to different saprotrophs was

noticed from the main effects on MMN and water agar (Table 9A and C). A few

0.0001 0.0001
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mycorrhizal fungi likely influenced these differences. Thelephora americanus was

inhibited by P. schweinitzii on MMN (Figure 4). A man/ta muscaria showed an overall

effect from saprotrophs on water agar (Figure 5). When A. muscaria was grown with the

two brown-rot fungi, F. pin/cola and P. schweinitzii, it had increased growth above that

of the control and when grown with the white-rot fungus, T versicolor, it had decreased

growth below that of the control, although no significant differences occurred on a

pairwise basis. This pattern of increased mycorrhizal growth with brown-rot fungi and

decreased growth with the white-rot fungus occurred for many mycorrhizal fungi on

water agar. This is also indicated by significant effects for P. involutus, in which

increased growth occurred with F. pin/cola and P. schweinitzii, and for Rhizopogon

v/n/color in which increased growth occurred with F. pin/cola (Figure 5). These are the

only mycorrhizal fungi which showed a differential response to saprotrophic treatments.

No significant effects for mycorrhizal fungal growth were observed on white- or brown-

rotted wood media (Figures 6 and 7).
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Figure 4. Mycorrhizal growth rate response on MMN. Growth rates are the slopes from
linear regressions of exponential phase growth curves. An increase of 1000 mm2 over
two weeks equals a growth rate of 0.195, an increase of 100 mm2 equals a growth rate of
0.078, and an increase of 10 mm2 equals a growth rate of 0.013. Different letters above
bars indicate means different at p < * indicates treatment differences at p <0.10.

0.20
0.18
0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00

— . — . — . — Ct —

Mycorrhizal Fungi

Figure 5. Mycorrhizal growth rate response on water agar. All conventions as in
Figure 4.
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Figure 6. Mycorrhizal growth rate response on water agar plus white-rotted wood. All
conventions as in Figure 4.
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Figure 7. Mycorrhizal growth rate response on water agar plus brown-rotted wood. All
conventions as in Figure 4.
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Medium type had a greater effect on mycorrhizal fungal growth than did type of

saprotrophic fungus, as noted earlier in main effects. Since saprotrophic fungi had little

effect, all saprotrophic treatments were pooled to examine differences in mycorrhizal

growth rates on different types of media (Figure 8). Several mycorrhizal fungi had very

limited growth on the woody media, while a few (L. bicolor, P. bicolor, and R. vinicolor)

had the highest growth rates of all on water agar plus white-rotted wood. Most

mycorrhizal fungi (A. muscaria, P. involutus, P. bicolor, P. tinctorius, R. vinicolor, S.

lake i, and T americanus) had no growth on water agar plus brown-rotted wood. There

was generally little difference between mycorrhizal growth on MMN and that on water

agar. This would indicate that any differences between these media and those containing

wood would likely be due to nutrients or inhibitory substances in the wood.

Figure 8. Growth rates of each mycorrhizal fungus on each medium. All saprotroph
treatments were pooled. All conventions as in Figure 4.
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Growth of mycorrhizal fungi in response to the proposed framework of predicted

outcomes of interactions based on fungal growth pattern were also tested. There were

differences between mycorrhizal categories for growth patterns on all media, but there

were only differences in mycorrhizal response to saprotroph categories on water agar

(Table 10).

Table 10. Responses in mycorrhizal growth rate within each group of mycorrhizal fungal
growth patterns (aggressive, moderate, and non-aggressive) on each medium (Myc), and
response to saprotrophic growth patterns on each medium (Sap). Mycorrhizal and
saprotrophic fungi analyzed in groups according to growth pattern (Table 6).

Medium

MMN WA WAW WAB

0.6167 0.8376 0.88H
D-value

Myc OAIOI 0.134]
n-value

Saprotrophic Fungal Growth Responses

Saprotrophic fungi also were affected more by type of medium than by presence

of another fungus. While there was heterogeneity in saprotroph response on each type of

medium, saprotrophs responded to mycorrhizal type on water agar only (Table 1 1A).

There were differences in individual saprotrophic growth rates among media types for the

two brown-rot fungi, F. pinicola and P. schweinitzii, but not for the white-rot fungus, T

versicolor (Table 11 B). This pattern was repeated in F. pinicola and P. schweinitzii

responses to all mycorrhizal fungi, with no differences in saprotroph response to
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mycorrhizal fungi for T versicolor (Table 11B). Saprotrophs responded to mycorrhizal

fungi versus no mycorrhizal fungus on water agar only (Table 11 C), as previously noted.

The different responses of each saprotrophic fungus to all mycorrhizal treatments on

water agar (Table 1 1C) is an artifact caused by the highly aggressive, rapid growth of L.

bicolor on water agar (Table 12). Because of the overgrowth of L. bicolor, measurement

of saprotrophic fungi was not possible. Saprotrophic fungi varied in their growth rates

when paired with each mycorrhizal fungus and no fungus across all media (Table liD),

indicating inherent differences in growth rates among saprotrophs. Variation in

saprotroph response to different media occurred when paired with each mycorrhizal

fungus, except A. muscaria and P. tinctorius (Table 1 1D).

Saprotrophic fungal growth was slightly affected by mycorrhizal fungi on MMN

and on water agar (Figures 9 and 10) and was not affected on water agar plus white- or

brown-rotted wood (Figures 11 and 12, Appendix II). Differences in growth rate response

of individual saprotrophic fungi to the presence of each mycorrhizal fungus (i.e.

saprotrophic response to mycorrhizal treatment) occurred with P. schweinitzii on MMN

(Figure 9) and with all saprotrophic fungi on water agar (Figure 10). P. schweinitzii

growth rates were lower when paired with S. lakei than the control on MMN.
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Table 11. Saprotroph growth rate response main effects. All species of fungi from all
groups of fungal growth patterns plus controls are included in A, B, and D. All fungi,
from all groups of fungal growth patterns together, are compared in C to effects with no
fungi (the control).

A. Variation in saprotrophic growth rates on B. Effects of all media on each saprotroph
each medium (Sap), and response to all (Med), and effects of all mycorrhizal fungi

on each n edium (M on each
Medium Saprotroph

Effects MMIN WA WAW WAB Effects opi Phsc Frye Control

Sap 011034 0.0001 VIed 0.0001 0.1954 0.3953
D-value )-value
Myc 0.1646 0.6004 0.9692 VIyc 00024 0.0194 0.9484 0.461
n-value )-value

C. Saprotrophic growth rate responses to presence
of mycorrhizal ftingus versus no mycorrhizal fungus
on each tvne of medium.

Vledium

Effects ¼4MN WA WAW WAB

Myc 0.9033 0.8005 0.635:
n-value

D. Effects of each mycorrhizal fUngus on saprotroph growth rates (Sap), and variation between
i on all media when paired with each mycorrhizal

U
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Figure 9. Saprotrophic growth rate response on MMN. All conventions as in Figure 4.
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Figure 10. Saprotrophic growth rate response on water agar. All conventions as in
Figure 4.
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Figure 11. Saprotrophic growth rate responses on water agar plus white-rotted wood. All
conventions as in Figure 4.
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Figure 12. Saprotrophic growth rate response on water agar plus brown-rotted wood. All
conventions as in Figure 4.
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Individual effects of saprotrophic fungi grown on different types of media were

pooled across all mycorrhizal types, since mycorrhizal fungi had little effect on

saprotrophic growth (Figure 13). F. pinicola grew more rapidly on MMN, than on water

agar or water agar plus white- or brown-rotted wood. P. schweinitzii, on the other hand,

grew more rapidly on the two woody media, water agar plus white- and brown-rotted

wood, than on MMN or unammended water agar. T. versicolor grew uniformly on all

media types. In addition to differences in growth rates of each saprotrophic fungus

among media types, there were differences between saprotroph growth pattern categories

on particular types of media, specifically water agar plus white- and brown-rotted wood

(Table 12).

Figure 13. Growth rates of each saprotrophic fungus on each medium. All mycorrhizal
treatments were pooled. All conventions as in Figure 4.
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Sap
p-value

0.319 0.1188 0.0001 00001

Myc
p-value

0.0007 0.0001 0.6024 0.7428
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Table 12. Responses in saprotroph growth rate within each group of saprotrophic growth
patterns on each medium and response to mycorrhizal growth patterns on each medium.
Mycorrhizal and saprotrophic fungi analyzed in groups according to growth pattern
(Table 6).

Macroscopic Observations for Mycorrhizal and Saprotrophic Growth

Gross morphology of fungal cultures was similar among mycorrhizal species

between different saprotroph and media treatments (Appendix III). Characters which

were noted were: whether zones of inhibition were formed or intermixing of mycelia

occurred, color and texture of mycelia, and whether large patches of mycelia formed on

wood fragments in the woody media. A zone of inhibition formed, at least temporarily in

A. muscaria, C. geophilum, P. involutus, P. bicolor, R. vinicolor, S. lakei, and T.

americanus, indicating an antagonistic interaction. This did not occur in L. bicolor or P.

tinctorius. Regardless of earlier formation of zones of inhibition, however, intermixing

of mycelia eventually occurred in all mycorrhizal treatments, indicating transitory

properties of interspecific interactions. Another interesting outcome is that all plates

which contained P. schweinitzii, regardless of the presence or absence of mycorrhizal

fungi, formed thick patches of yellow aerial mycelia on both white- and brown-rotted

wood media.
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Microscopic Observations of Mycorrhizal and Saprotrophic Growth

Several factors were evaluated at the microscopic level (Appendix IV), including:

presence of octagonal of crystals (presumably calcium oxalate), presence of hyaline

spores, vacuolation, and coiling of hyphae. Crystals were present throughout the plate in

some replicates of each mycorrhizal species, but only within some media and saprotroph

treatments for each mycorrhizal species. Crystals were also present throughout the plates

of some replicates which contained only saprotrophic fungi and no mycorrhizal fungi,

suggesting that the saprotrophic fungi produce crystals. Hyaline spores were present

throughout the plate only in cultures which contained P. schweinitzii, but the type of

medium in which this occurred varied for each mycorrhizal species. Vacuolation

occurred to varying degrees at the zone of interaction in all cultures with mycorrhizal

treatments, but typically within the saprotrophic hyphae. Vacuolation at the zone of

interaction of all species of saprotrophic hyphae was particularly evident in plates which

contained C. geophilum. Coiling of saprotrophic hyphae around mycorrhizal hyphae

occurred at the edge of the mycorrhizal colony in all C. geophilum cultures containing

saprotrophs, although those saprotrophic hyphae were also those which were typically

vacuolated.
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Discussion

Effects of Media

Mycorrhizal and saprotrophic fungal growth varied by type of medium. For

mycorrhizal fungi, growth did not appear to be limited by lack of nutrients in the non-

nutritive media as growth rates for most fungi were not different on water agar from those

on MMN. Only P. tinctorius had lower growth rates on water agar. These fungi may

have had sufficient nutrients available in the 6 mm agar plug inoculum to allow hyphal

growth across the petri dishes. The density of mycelium on water agar appeared much

different from that on MMN, however, but density was not quantified. Hence, density of

fungal colonies is a variable which may need to be taken into consideration in future

experiments.

Growth rates for almost all mycorrhizal fungi were reduced on water agar plus

brown-rotted wood than water agar alone, while those for saprotrophic fungi were either

greater or no different. There may be substances in brown-rotted wood inhibitory to

mycorrhizal fungal growth but not to saprotrophic fungi. The curious point here is that

growth of many mycorrhizal fungi on water agar with brown-rot fungi was actually

increased compared to that of growth with no saprotrophic fungus. In effect, although

brown-rotted wood inhibited mycorrhizal fungal growth, brown-rot fungi enhanced

mycorrhizal growth rate. This could be an instance of fungal commensalism in which by-

products or secondary metabolites released by the saprotrophic organisms benefit the

mycorrhizal fungi. Alternatively, since colony radius but not density was measured, it
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could be that the brown-rot fungi on these media caused the mycorrhizal fungi to respond

by a diffuse growth form, creating an expansive colony.

Mycorrhizal fungi also behaved differently on white-rotted wood from one

another. While growth of P. involutus and P. tinctorius was inhibited on the white-rotted

wood medium, growth of C. geophilum, L. bicolor, and R. vinicolor were increased above

any other type of medium. Again, the density of these mycelia on this medium appeared

to be less dense though not quantified. Regardless, there may be a factor (e.g. enzymatic

ability) allowing some fungi to grow rapidly on the white-rotted wood medium.

Therefore, it could be important to include biochemical potential in criteria used to

categorize fungi fQr predicting outcomes of interactions.

Growth rates of saprotrophic fungi on different media were more consistent than

those of mycorrhizal fungi. F. pinicola had lower growth rates on water agar and water

agar plus white- and brown-rotted wood than on MMN, as was expected. T versicolor

mimicked this pattern, although no differences were significant. P. schweinitzii, on the

other hand, had increased growth on both white- and brown-rotted wood media,

indicating an increased ability for utilization of wood as a nutrient source.

Effects of Presence of Other Fungi

Since growth of mycorrhizal and saprotrophic fungi varied depending upon type

of medium, it is therefore probable that interactions between saprotrophic and

mycorrhizal fungi are also sensitive to substrate. Type of medium had a greater influence

on growth rates of fungi than did interaction with other fungi. This suggests that the pairs
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of fungi examined either are not limited by the same nutrients on these media, or that

growth limiting concentrations were not achieved over the duration of the experiment, so

resource competition did not occur for several of the media in this experiment. This is

particularly the case with fungi growing on the white- and brown-rotted wood media.

Mycorrhizal fungi did not affect saprotrophic fungal growth rates and saprotrophic fungi

did not affect mycorrhizal growth rates on these woody media. For those interactions on

brown-rotted wood medium, this is likely due to very slow or complete absence of growth

of mycorrhizal fungi. Since some mycorrhizal growth occurred on water agar alone,

absence of mycorrhizal fungal growth on the brown-rotted wood medium suggests

inhibition by substances in the brown-rotted wood. For the white-rotted wood-medium,

there may be another explanation since some mycorrhizal fungi grew rapidly on this

medium. Two possibilities are that the mycorrhizal fungi may not have been nutrient

limited enough to warrant competitive interactions, or the mycorrhizal fungi may have

been struggling to survive, and could not put any energy into competition. However, the

latter explanation does not preclude the mycorrhizal fungi being inhibited by the

saprotrophic fungi, which did not occur. This leaves the former explanation as being the

most plausible. Tests for enzyme activity, particularly cellulase activity, might be useful.

Additionally, growth rates of mycorrhizal fungi likely would be different when

grown in symbiosis with host plants. This investigation did not include host plants

because a preliminary examination of potential interactions under very controlled

conditions was desired. However, future investigations concerning interactions between

mycorrhizal and saprotrophic fungi in nurse log systems should include the host plant.
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Macroscopic and Microscopic Observational Data

While macroscopic and microscopic traits observed in fungal growth were

generally specific to particular species of fungi and may be used to aid in identification of

those fungi, no unique patterns occurred for these traits with respect to outcomes of

interactions. One exception may be the coiling of hyphae around C. geophilum hyphae by

all saprotrophs tested, and the consequent vacuolation of saprotrophic hyphae when in

contact with C. geophilum hyphae. Such coiling has also been observed in Gliocladium

virens (Howell, 1987) and in Trichoderma hamatum (Barak and Chet, 1986) and is

believed to be an indication of mycoparasitism in both cases. While these observations

did not support the overall framework for predicted outcomes of interactions, there was

clearly an interaction at the hyphal level between these fungi. The obvious interaction

between these organisms and lack of mechanism to explain this behavior warrant further

investigation.

Oxalate crystals were produced in many pairings, and have been shown to alter

pH of culture medium in other studies (Dutton et al., 1993). The drop in pH due to

presence of calcium oxalate may create an environment which is less favorable for other

organisms. However, oxalate crystals were found in controls with mycorrhizal or

saprotrophic fungi only. Therefore, if calcium oxalate functions as an inhibitor, it is

apparently not produced in response to the presence of other organisms, but rather,

formed, perhaps, as a generic substance due to specific culture conditions.

Another point to note is that all plates which contained P. schweinitzii, regardless

of presence or absence of mycorrhizal fungi, formed thick patches of yellow aerial
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mycelia on both white- and brown-rotted wood media. Yellow mycelia and rhizomorphs

on nurse logs in Pacific Northwest forests are frequently referred to informally as

Piloderma sp. There is uncertainty regarding the identity of such yellow pigmented

mycelia resembling that of Piloderma sp. Field identification of Piloderma should be

interpreted with caution; identification on the basis of hyphal color only is suspect. It is

also possible that the saprotrophs may even be associated with the seedling roots in the

log, particularly since some of these saprotrophs are also root pathogens (e.g. Phaeolus

schweinitzii).

Predicted Outcomes of Interactions

There were differences between mycorrhizal growth rates in response to

saprotrophic categories on water agar only. However differences among mycorrhizal

categories did not occur on this medium. There were also differences in saprotrophic

growth rates in response to mycorrhizal categories on MMN and water agar, while

moderately aggressive and moderately non-aggressive saprotrophs tested, as categorized,

only responded differently from one another across all mycorrhizal categories on woody

substrates. This indicates that there was not a response by growth pattern group of

mycorrhizal fungi to growth pattern groups of saprotrophic fungi, and likewise for the

growth pattern groups of saprotrophic fungi in response to mycorrhizal growth pattern

categories.

Outcomes of interactions, overall, did not occur as predicted by the framework

according to fungal growth patterns. Because growth of fungi varied so greatly from
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medium to medium, the interactions between nutritional factors and culture conditions

may have interfered with, and may have been more important determinants of fungal

growth than interactions between mycorrhizal and saprotrophic fungi. So interactions

between fungi may be highly dependent upon environment.

It is possible that the structure of the predicted outcomes might have been upheld

had the species of fungi used been characterized differently. The criteria used to

determine the behavior patterns of the mycorrhizal fungi were based on growth rates of

mycorrhizal fungi on MMN. However, fungi behave differently on different substrates,

consequently affecting outcomes of interactions. Mycorrhizal fungal behavior on MMN

is probably not indicative of mycorrhizal fungal behavior on wood. Characterization of

fungal growth should be assessed on representative substrates in vitro to accurately

predict the outcomes of interactions on similar substrates in nature.

It is also possible that the fungi were characterized improperly since fungal

interactions observed in the field may be different from those in the laboratory. Further

observations of fungal growth patterns could lead to more accurate characterizations of

fungal behavior which would then be in closer agreement with the framework for

predictions of outcomes of interactions presented herein. The evidence presented in this

paper is insufficient to determine whether this framework merits further study. The major

contributions of this investigation are the observations presented on fungal interactions on

different types of media.

Other studies have compared differences between in vitro and in vivo interactions

studies (Stahl and Christensen, 1992; Christensen, 1989; Webber and Hedger, 1986). It is
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not surprising that differences are found between these studies and similar studies in more

complex environments. It follows that interactions observed in the field may be very

different from those in the laboratory. The symbiotic nature of mycorrhizal fungi can not

be accounted for in simple plate pairings in vitro. Since this study was conducted under

axenic conditions, many organisms that occur in nurse logs, such as "helper bacteria" may

be missing (Garbaye, 1994; Carroll, 1992) and could cause significant differences in the

outcome of the interactions.

This experiment was conducted in an artificial setting and inferences to

interactions in the field cannot be made. However, the fact that different interactions

were observed on woody substrates compared to other types of media suggests that future

studies considering the ecology and growth of fungi in habitats containing wood should

be interpreted with caution. Moreover, fungal interactions occurring on wood have been

investigated with respect to biodeterioration of wood products, but hyphal and mycelial

level interactions should be compared with those done in agar. It appears likely that there

may be some extractives present in wood which could inhibit or enhance fungal growth

depending on the enzymatic capabilities of the given species.
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CHAPTER FOUR:

SUMMARY

Interactions between mycorrhizal and saprotrophic fungi may occur on nurse logs

in Old Growth forests in the Pacific Northwest (Chapter One). These interactions may

also affect tree growth, regeneration, and stand structure. However, these interactions

have not previously been investigated.

The terminology used to describe interspecific fungal interactions is described in

Chapter Two. Some terms used in fungal ecology to describe interspecific interactions

originated in general ecology terminology so they are not completely applicable to fungi.

Many terms need to be revised because they are unclear or do not accurately describe the

interactions. In addition, mechanisms should be used separately from outcomes in

describing interspecific interactions. Terminology within fungal ecology should consider

interactions for nutrient acquisition separately from interspecific interactions. Proposed

terms to describe interspecific interactions include co-antagonism, antagonism, attempted

antagonism, agonism, co-habitation, con-imensalism, and mutualism.

Results from the plate study described in Chapter Three indicate that interspecific

fungal interactions may be highly dependent upon type of medium. While mycorrhizal

and saprotrophic fungi did not react differently to the presence of one another, in general,

some differences did occur on water agar. This also indicates that nutrient status is

important in outcome of interactions. Interactions may not be the same in the field or

when the mycorrhizal fungi are in a symbiotic relationship with the host, but these studies
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indicate that a complex relationship may exist between nutrient status of substrate and

organismal interactions. There may also be sufficient niche diversification between

mycorrhizal and saprotrophic fungi so that nutrients which are limiting to one are not the

most limiting to the other, eliminating resource competition as a likely mode of

interaction between the two types of fungi. It is still possible that one of the two types of

fungi releases secondary metabolites which may affect the growth of the other

beneficially.

The structure of predicted outcomes of interactions based on fungal growth

patterns proposed in Chapter Three was not upheld overall, but may still be a plausible

mechanism to determine interaction types in other systems. Growth patterns of

organisms may be highly variable dependent upon micro-environment. If factors which

influence an organism in its micro-environment can be identified, such as temperature,

moisture, or nutrient availability, they may be helpful in determining growth patterns and

predicting outcomes of interactions.

It is difficult to test the breadth of the proposed terminology by application to the

interactions observed because the majority of the interactions in this plate study were co-

habitational, or neutralistic, in which neither organism had a significant positive or

negative affect on the other. It is, at the same time, important to acknowledge potential

interactions in developing a complete set of terms. Additional experiments will need to

be conducted to test the applicability of the proposed terms to describe interspecific

interactions and to test the proposed framework for predicting interaction types.
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Future studies examining interactions between mycorrhizal and saprotrophic fungi

in nurse logs systems may need to include plant host species for mycorrhizal fungi, test a

range of available nutients which may affect the interactions, and determine enzymatic

activity of the fungi throughout the interaction. Laboratory studies including fungi which

occassionally or regularly occur on wood in nature should include wood in the laboratory

experiments. Studies to determine fungal growth patterns of fungi to predict outcomes of

interspecific interactions should categorize the fungi according to growth patterns on

diverse substrates and according to enzymatic capabilities.
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Appendix I. Growth rate response of mycorrhizal fungi to different saprotrophs on each
type of medium. Values are presented as means of 6 replicates with standard deviations
in parentheses. Growth rates are the slopes from regressions of growth curves. An
increase over the two week period fungal colonies were measured in area of colony of
1000 mm2 = 0.195 growth rate, an increase of 100 mm2 = 0.078 growth rate, an increase
of 10 mm2 0.013 growth rate. Significant differences, as indicated by p-values <0.1,
are shaded. Means separation is designated by A and B where significant differences
occur. * refers to 5 replicates rather than 6, * * = 4 replicates, * * * = 3 replicates, and

= 2 replicates.
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Appendix II. Saprotrophic growth rates in response to mycorrhizal fungi on each type of
medium. Values presented are means of 6 replicates. All conventions are the same as in
Appendix I.
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Appendix III. Numbers of plates in which macroscopic characters were observed. #
refers to the number of plates examined. CYA = patches of mycelium on wood, CYA
patches of mycelium on agar, ZI = zone of inhibition, PZI = pseudo-inhibition, I =
intermixing.

Myc Sap Med # CYW CYA ZI PZI I Myc Sap Med # CYW CYA ZI PZI I

Ammu Fopi MMIN 5 0 1 0 0 5 Piti Fopi MMN 6 0 0 0 2 7

Ammu Fopi WA 6 0 0 1 2 3 Piti Fopi WA 6 0 0 0 0 1

Ammu Fopi WAW 6 0 0 0 0 1 Piti Fopi WAW 6 0 0 0 0 2

Ammu Fopi WAB 6 0 0 0 0 2 Piti Fopi WAB 6 0 0 0 0 2

Ammu Phsc MMN 5 0 3 0 0 3 Piti Phsc MMN 5 0 0 0 0 5

Ammu Phsc WA 6 0 0 1 2 2 Piti Phsc WA 6 0 0 0 0 4

Ammu Phsc WAW 6 2 3 0 0 0 Piti Phsc WAW 6 3 2 0 0 0

Ammu Phsc WAB 6 5 3 0 0 0 Piti Phsc WAB 6 6 2 0 0 0

Ainmu Trve MMN 5 0 0 4 1 2 Piti Trve MMIN 5 0 0 0 0 3

Ammu Trve WA 6 0 0 0 3 5 Piti Trve WA 6 0 0 0 0 3

Ammu Trve WAW 6 0 1 0 0 1 Piti Trve WAW 6 0 0 0 0 1

Ammu Trve WAB 6 0 0 0 0 1 Piti Trve WAB 6 0 0 0 0 0

Ammu MMN 5 0 0 0 0 0 Piti MMN 6 0 0 0 0 0

Ammu WA 5 0 0 0 0 0 Piti WA 6 0 0 0 0 0

Ammu WAW 6 0 0 0 0 0 Piti WAW 6 0 0 0 0 0

Ammu WAB 6 0 0 0 0 0 Piti WAB 6 0 0 0 0 0

Cege Fopi MMN 6 0 0 0 0 6 Rhvi Fopi MMN 6 0 0 3 3 4

Cege Fopi WA 6 0 0 1 2 2 Rhvi Fopi WA 6 0 0 0 1 3

Cege Fopi WAW 6 0 0 0 0 0 Rhvi Fopi WAW 6 0 0 0 0 1

Cege Fopi WAB 6 0 0 0 0 0 Rhvi Fopi WAB 6 1 0 0 0 1

Cege Phsc MMN 5 0 0 0 0 4 Rhvi Phsc MMN 5 0 0 1 4 2

Cege Phsc WA 6 0 0 3 0 2 Rhvi Phsc WA 6 0 0 1 2 1

Cege Phsc WAW 6 5 0 0 0 0 Rhvi Phsc WAW 6 1 1 0 0 0

Cege Phsc WAB 6 6 4 0 0 1 Rhvi Phsc WAB 6 5 1 0 0 1

Cege Trve MMN 5 0 0 0 1 3 Rhvi Trve MMN 6 0 0 3 2 2

Cege Trve WA 6 0 0 1 6 2 Rhvi Trve WA 6 0 0 1 4 2

Cege Trve WAW 6 0 0 1 0 1 Rhvi Trve WAW 6 0 0 0 1 0

Cege Trve WAB 6 0 0 0 0 0 Rhvi Trve WAB 6 1 0 0 0 0

Cege MMN 6 0 0 0 0 0 Rhvi MMN 4 0 0 0 0 0

Cege WA 6 0 0 0 0 0 Rhvi WA 6 0 0 0 0 0

Cege WAW 6 0 0 0 0 0 Rhvi WAW 6 1 1 0 0 0

Cege WAB 6 0 0 0 0 0 Rhvi WAB 6 0 0 0 0 0



Appendix III. Continued.

Myc Sap Med # CYW CYA ZI PZI I Myc Sap Med # CYW CYA ZI PZI I

Labi Fopi MMN 6 0 0 0 0 6 Sula Fopi MMN 4 0 0 2 1 3

Labi Fopi WA 6 0 0 0 0 5 Sula Fopi WA 6 0 0 4

Labi Fopi WAW 6 0 0 0 0 0 Sula Fopi WAW 6 0 0 2 0 1

Labi Fopi WAB 6 0 0 0 0 2 Sula Fopi WAB 6 0 0 1 0 3

Labi Phsc MMN 4 0 0 0 0 2 Sula Phsc MMN 5 0 0 1 0 4

Labi Phsc WA 6 0 0 0 0 5 Sula Phsc WA 6 0 0 5 2 1

Labi Phsc WAW 6 3 2 0 0 0 Sula Phsc WAW 6 0 5 0 0 0

Labi Phsc WAB 6 6 4 0 0 0 Sula Phsc WAB 6 5 6 0 0 0

Labi Trve MMN 5 0 0 0 0 2 Sula Trve MMN 6 0 0 3

Labi Trve WA 6 0 0 0 0 5 Sula Trve WA 6 0 0 1 4 3

Labi Trve WAW 6 0 1 0 0 0 Sula Trve WAW 6 2 0 0 0 1

Labi Trve WAB 6 0 0 0 0 0 Sula Trve WAB 6 0 1 0 0 0

Labi MMN 5 0 0 0 0 0 Sula MMN 5 0 0 0 0 0

Labi WA 6 0 0 0 0 0 Sula WA 6 0 0 0 0 0

Labi WAW 6 0 0 0 0 0 Sula WAW 6 0 0 0 0 0

Labi WAB 6 0 0 0 0 0 Sula WAB 5 1 0 0 0

Pain Fopi MMIN 6 0 0 0 0 6 Tham Fopi MMIN 5 0 0 0 0 3

Pain Fopi WA 6 0 0 0 1 6 Tham Fopi WA 6 0 0 1 2 6

Pain Fopi WAW 6 0 0 0 0 3 Tham Fopi WAW 5 0 0 0 0 0

Pain Fopi WAB 6 0 0 0 0 1 Tham Fopi WAB 6 0 0 0 0 1

Pain Phsc MMN 6 0 0 1 3 6 Tham Phsc MMN 6 0 1 0 0 5

Pain Phsc WA 6 0 0 3 2 2 Tham Phsc WA 6 0 0 1 1 4

Pain Phsc WAW 6 4 1 0 0 0 Tham Phsc WAW 6 4 0 0 0

0

0

0Pain Phsc WAB 6 6 3 0 0 0 Tham Phsc WAB 6 5 0

Pain Trve MMIN 5 0 0 1 0 3 Tham Trve MMIN 4 0 0 0 0 4

Pain Trve WA 6 0 0 0 1 4 Tham Trve WA 5 0 0 0 1 5

Pain Trve WAW 6 1 0 0 0 0 Tham Trve WAW 5 0 0 0 0 0

Pain Trve WAB 6 1 0 0 0 0 Tham Trve WAB 5 0 0 0 0 0

Pain MMN 5 0 0 0 0 0 Tham MMN 4 0 0 0 0 0

Pain WA 6 0 0 0 0 0 Tham WA 6 0 0 0 0 0

Pain WAW 6 0 0 0 0 0 Tham WAW 6 0 0 0 0 0

Pain WAB 6 0 0 0 0 0 Tham WAB 6 0 0 0 0 0
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Appendix III. Continued.

Myc Sap Med # CYW CYA ZI PZI I Myc Sap Med # CYW CYA

Pibi Fopi MMN 6 0 0 0 1 6 Fopi MMN 4 0 1 0 0

0

0

0
Pibi Fopi WA 6 0 0 0 2 5 Fopi WA 6 0 0

Pibi Fopi WAW 6 0 0 0 0 0 Fopi WAW 6 0 0 0 0

Pibi Fopi WAB 6 0 0 0 0 2 Fopi WAB 6 0 0 0 0

0

0

0
Pibi Phsc MMN 6 0 0 1 1 4 Phsc MMN 3 0 3

0 0 0 0
Pibi Phsc WA 6 0 0 1 3 3 Phsc WA 6

0 0 0
Pibi Phsc WAW 6 3 5 0 0 0 Phsc WAW 6 5

7 4 0 0 0
Pibi Phsc WAB 6 5 7 0 0 0 Phsc WAB

0 0
Pibi Trve MMN 5 0 0 2 1 3 Trve MMN 5 0 0

0 0 0
Pibi Trve WA 6 0 0 0 1 6 Trve WA 6 0

0 0 0 0
Pibi Trve WAW 6 0 0 0 0 0 Trve WAW 6 0

0
Pibi Trve WAB 6 0 0 0 0 0 Trve WAB 6

2

1

0

1

0

0

0 0 0
Pibi MMIN 5 0 0 0 0 0

0 0 0 0
Pibi WA 6 0 0 0 0 0 WA 6

0 0 0 0
Pibi WAW 6 0 1 0 0 0 WAW 6 0

0
Pibi WAB 5 0 0 0 0 0 WAB 7 0 0 0
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Appendix IV. Number of plates in which microscopic characters were observed. # refers

to the number of plates examined. Crys = presence of crystals, Inter = Interaction, Mix =

Intermixing, Spor = presence of hyaline spores, Coil = coiling of hyphae, Vac =

vacuolation.

Myc Sap Med # Crys Inter Mix Spor Coil Vac Myc Sap Med # Crys Inter Spor

Ammu Fopi MMN 2 0 0 0 0 0 0 Piti Fopi MMN 3 0 1 0 0 0 0

1
Ammu Fopi WA 2 0 0 0 0 0 0 Piti Fopi WA 1 0 0 1 0 0

Ammu Fopi WAW 2 0 0 0 0 0 0 Piti Fopi WAW 2 0 0 0 0 0 0

Ammu Fopi WAB 2 2 0 0 0 0 0 Piti Fopi WAB 2 1 0 0 0 0 0

0Ammu Phsc MMI'J 2 0 1 2 0 0 0 Piti Phsc MMN 3 0 0 0 3

Ammu Phsc WA 2 2 0 1 0 0 0 Piti Phsc WA 3 0 0 0 2 0 0

0Ammu Phsc WAW 1 0 0 0 0 0 0 Piti Phsc WAW 1 0 0 0 0

Ammu Phsc WAB 1 0 0 0 0 0 0 Piti Phsc WAB 1 0 0 0 0 0 0

Ammu Trve MMN 2 T 1 1 0 0 0 Piti Trve MMN 1 0 0 0

0

0

0

0

0

1

0Ammu Trve WA 2 1 0 1 0 0 0 Piti Trve WA 3 2

0 0Ammu Trve WAW 3 0 0 0 0 0 0 Piti Trve WAW 2 0 0 0

0 0 0
Ammu Trve WAB 3 0 0 0 0 0 0 Piti Trve WAB 1 0 0

0 0 0Ammu MMN 2 0 0 0 0 0 0 Piti MMN 1 0 0

Ammu WA 1 0 0 0 0 0 0 Piti WA 1 0 0 0 0 0

0
Ammu WAW 2 0 0 0 0 0 0 Piti WAW 3 0 0 0 0

Ammu WAB 2 0 0 0 0 0 0 Piti WAB 1 0 0 0 0 0 0

Cege Fopi MMN 4 0 0 0 0 4 4 Rhvi Fopi MMN 5 0 1 1

2

0

0

0

0

2

0
Cege Fopi WA 5 2 0 1 0 0 0 Rhvi Fopi WA 5 0

0
Cege Fopi WAW 5 0 2 1 0 4 2 Rhvi Fopi WAW 6 0 0 2

0

0

0 0 0
Cege Fopi WAB 2 0 1 0 0 0 1 Rhvi Fopi WAB 5 1

0 1
Cege Phsc MMN 4 0 0 1 1 3 2 Rhvi Phsc MMN 3 0 0 3

1

3

3 0 1
Cege Phsc WA 5 0 0 0 5 0 2 Rhvi Phsc WA 5 0

2
Cege Phsc WAW 5 0 0 1 4 4 2 Rhvi Phsc WAW 5 0 0 3 3

1

Cege Phsc WAB 5 0 0 0 2 2 2 Rhvi Phsc WAB 4 0 0 1 0

Cege Trve MMN 3 0 0 0 0 2 2 Rhvi Trve MMN 5 1 0 4 0 0 2

Cege Trve WA 5 1 0 1 0 0 2 Rhvi Trve WA 3 2 0 0 0 0 3

Cege Trve WAW 5 1 0 1 0 0 1 Rhvj Trve WAW 4 0 0 0 0 0

1

Cege Trve WAB 5 0 0 1 0 1 2 Rhvi Trve WAB 5 0 0 0

0 0 0 1
Cege MMIN 5 0 0 0 0 0 0 Rhvi MMN 3 0

0 0
Cege WA 5 1 0 0 0 0 0 Rhvi WA 5 0 0 0

0 0 0 1
Cege WAW 5 0 0 0 0 0 0 Rhvi WAW 4 0

Cege WAB 6 1 0 0 0 0 0 Rhvi WAB 3 1 0 0 0 0 0



Appendix IV. Continued.

Myc Sap Med # Crys Inter Mix Spor Coil Vac Myc Sap Med # Crys Inter Mix Spor Coil Vac

Labi Fopi MMN 2 0 0 1 0 0 1 Sula Fopi MMN 2 0 1 0 0 0 0

Labi Fopi WA 2 1 1 1 0 2 0 Sula Fopi WA 2 1 1 1 0 0 0

Labi Fopi WAW 2 1 0 1 0 0 0 Sula Fopi WAW 2 0 0 1 0 0 0

Labi Fopi WAB 2 2 0 0 0 0 0 Sula Fopi WAB 2 0 1 0 0 0 0

Labi Phsc MMN 1 0 0 0 1 0 0 Sula Phsc MMN 2 0 1 1 0 0 0

Labi Phsc WA 2 2 0 0 2 0 0 Sula Phsc WA 1 1 0 0 1 0 1

Labi Phsc WAW 2 2 0 0 0 0 1 Sula Phsc WAW 2 0 2 0 1 0 0

Labi Phsc WAB 2 2 0 0 0 0 0 Sula Phsc WAB 2 0 1 1 0 0 1

Labi Trve MMN 2 0 0 2 0 0 0 Sula Trve MMN 2 0 0 1 0 0 1

Labi Trve WA 1 1 0 0 0 0 0 Sula Trve WA 2 1 1 1 0 0 0

Labi Trve WAW 1 0 0 0 0 0 0 Sula Trve WAW 1 0 0 0 0 0 0

Labi Trve WAB 1 0 0 0 0 0 0 Sula Trve WAB 1 0 0 0 0 0 0

Labi MMN 0 0 0 0 0 0 0 Sula MMN 2 0 0 0 0 0 0

Labi WA 1 0 0 0 0 0 0 Sula WA 1 0 0 0 0 0 0

Labi WAW 2 0 0 0 0 0 1 Sula WAW 2 1 0 0 0 0 0

Labi WAB 0 0 0 0 0 0 0 Sula WAB 1 0 0 0 0 0 0

Pain Fopi MMN 4 0 2 0 0 0 2 Tham Fopi MMN 3 0 2 1 0 0 0

Pain Fopi WA 5 2 0 1 0 0 2 Tham Fopi WA 4 1 1 2 0 1 1

Pain Fopi WAW 4 1 3 1 0 0 0 Tham Fopi WAW 4 0 0 1 0 0 1

Pain Fopi WAB 5 0 0 0 0 1 0 Tham Fopi WAB 4 0 0 0 0 0 0

Pain Phsc MMN 5 0 0 2 2 0 0 Tham Phsc MMN 2 0 0 1 1 0 0

Pain Phsc WA S 0 1 1 4 0 2 Tham Phsc WA 4 0 1 0 2 0 0

Pain Phsc WAW 5 0 0 3 0 0 0 Tham Phsc WAW 4 0 0 0 2 0 1

Pain Phsc WAB 5 0 0 0 0 0 0 Tham Phsc WAB 3 0 0 0 0 0 1

Pain Trve MMN 4 1 1 2 0 0 1 Tham Trve MMN 1 0 0 1 0 0 1

Pain Trve WA 4 0 0 1 0 0 0 Tham Trve WA 3 0 0 1 0 1 1

Pain Trve WAW 4 0 0 2 0 0 0 Tham Trve WAW 2 0 1 0 0 0 1

Pain Trve WAB 5 0 0 0 0 0 0 Tham Trve WAB 3 0 0 0 0 0 0

Pain MMN 3 0 0 0 0 0 0 Tham MMN 1 0 0 0 0 0 0

Pain WA 5 0 0 0 0 0 0 Tham WA 3 0 0 0 0 0 0

Pain WAW 4 0 0 0 0 0 0 Tham WAW 3 0 0 0 0 0 0

Pain WAB 5 0 0 0 0 0 0 Tham WAB 4 0 0 0 0 0 1
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Appendix IV. Continued.

Myc Sap Med Crys Inter Mix Spor Coil Vac Myc Sap Med # Crys Inter Mix Spor Coil Vac

Pibi Fopi MMN 1 1 0 0 0 0 0 Fopi MMN 2 0 0 0 0 0 1

Pibi Fopi WA 3 1 0 0 0 0 0 Fopi WA 1 0 0 0 0 0 0

Pibi Fopi WAW 2 0 0 1 0 0 0 Fopi WAW 2 1 0 0 0 0 0

Pibi Fopi WAB 3 0 0 0 0 0 0 Fopi WAB 2 1 0 0 0 0 0

Pibi Phsc MMIN 1 0 0 0 0 0 0 Phsc MMN 1 1 0 0 1 0 1

Pibi Phsc WA 1 0 0 0 1 0 1 Phsc WA 1 0 0 0 0 0 0

Pibi Phsc WAW 2 0 0 1 0 0 0 Phsc WAW 2 0 0 0 0 0 2

Pibi Phsc WAB 2 1 0 0 0 0 0 Phsc WAB 2 0 0 0 1 0 1

Pibi Trve MMN 2 0 0 2 0 0 0 Trve MMN 2 0 0 0 0 0 0

Pibi Trve WA 2 0 0 1 0 0 0 Trve WA 2 2 0 0 0 0 0

Pibi Trve WAW 1 0 0 0 0 0 0 Trve WAW 2 0 0 0 0 0 0

Pibi Trve WAB 1 0 0 0 0 0 0 Trve WAB 2 0 0 0 0 0 0

Pibi MMN 1 0 0 0 0 0 0 MMN 1 0 0 0 0 0 0

Pibi WA 2 0 0 0 0 0 0 WA 1 0 0 0 0 0 0

Pibi WAW 2 0 0 0 0 0 0 WAW 2 0 0 0 0 0 0

Pibi WAB 2 1 0 0 0 0 0 WAB 2 0 0 0 0 0 0
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