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I. SUMMARY 
 

There is now ample evidence to support the common assertion that most 

plants in natural ecosystems have mycorrhizal associations. Information 

about the worldwide distribution of plants with different types of 

mycorrhizal associations is used to establish correlations with the major 

climatic factors (water, temperature) which regulate the distribution of 

plants, as well as more localized edaphic conditions. Ecological implications 

of mycorrhizal associations in natural ecosystems and the role of 

soil or environmental factors, mycorrhizal fungus characteristics or host 

plant properties alone or in combination are considered. Factors which 

can influence the occurrence and effectiveness of mycorrhizal associations 

include (i) root properties (ii) edaphic or climatic factors (iii) soil 

 

 
ADVANCES IN ECOLOGICAL RESEARCH 

Vol 21 pp 171-313 

Begon, M, Fitter, A. H. & Macfadyen, A. (Eds.) 

 

Copyright © 1991 Academic Press Limited 

ISBN 0-12-013921-9 

Minor corrections © Mark Brundrett 2009 



172 M. Brundrett 

organisms, (iv) soil disturbance and (v) host-fungus compatibility. More 

complex ecological topics (involving, the environment. plants and mycorrhizal 

fungi) that are discussed include (i) mycorrhizal phenology, (ii) 

factors responsible for varying degrees of mycorrhizal dependency in 

host plants, (iii) the role of mycorrhizal hyphae in soil, (iv) nutrient 

competition involving mycorrhizal and non-mycorrhizal plants and (v) 

mycorrhizal interactions involving pollution and other stresses, the 

rhizosphere, soil properties and allelopathy. The population ecology of 

mycorrhizal fungi and the influence of their associations on plant population 

ecology are also considered. 

 

 

II. INTRODUCTION 
 

Mycorrhizas are highly evolved, mutualistic associations between soil 

fungi and plant roots. The partners in this association are members of 

the fungus kingdom (Zygomycetes, Ascomycetes and Basidiomycetes, 

but not protoctistan fungi such as Oomycetes) and most vascular plants 

(Harley and Smith, 1983; Kendrick, 1985). In the mycorrhizal literature 

the term symbiosis is often used to describe these highly interdependent 

mutualistic relationships where the host plant receives mineral nutrients 

while the fungus obtains photosynthetically derived carbon compounds 

(Harley, 1989; Harley and Smith, 1983). At least seven different types 

of mycorrhizal associations have been recognized, involving different 

groups of fungi and host plants and distinct morphology patterns (see 

Hadley, 1982; Harley, 1989, Table 1; Harley and Smith, 1983; Read, 

1983). The most common associations are (i) vesicular-arbuscular  

mycorrhizas (VAM) in which zygomycetous fungi produce arbuscules, 

hyphae and vesicles within root cortex cells, (ii) ectomycorrhizas (ECM) 

where Basidiomycetes and other fungi form a mantle around roots and a 

Hartig net between root cells, (iii) orchid mycorrhizas where fungi 

produce coils of hyphae within roots (or stems) of orchidaceous plants 

and (iv) ericoid mycorrhizas involving hyphal coils in outer cells of the 

narrow "hair roots" of plants in the Ericales. In this review, hyphae of a 

mycorrhizal fungus originating from one entry point in roots or one 

propagule in soil are referred to as colonies, and colonization refers to 

the degree of root occupation by mycorrhizal fungi. 

 It has often been stated that most plants in ecosystems have mycorrhizal 

associations, but there have been no attempts to catalogue the 

evidence which supports this assertion since Kelly (1950) last summarized 

information about the worldwide distribution of mycorrhizal plants. 

However, there have been recent literature surveys which consider correlations 

between mycorrhizal strategies and plant taxonomy (Newman 
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and Reddell, 1987; Trappe, 1987) and one concise regional 
compilation of host plants (Harley and Harley, 1987). A survey of 
information about the mycorrhizal status of plants occurring in each of 
the world's major ecosystems and edaphic communities is provided in 
Appendix 1 at the end of this review. This compilation provides a 
summary of our knowledge about the distribution of mycorrhizal associations 
in natural ecosystems and allows correlations between these 
distribution patterns and climactic and edaphic factors to be established. 
Various aspects of the ecology of mycorrhizal fungi and their associations with 
plants in natural ecosystems are considered in this review. 
 
III. MYCORRHIZAL ECOLOGY 
 
Mycorrhizal associations are regulated by features of the host plant and 
rnycorrhizal fungus, as well as by soil conditions and environmental 
factors (Harley and Smith, 1983; Mosse and Hayman, 1980). Mycorrhizal 
ecology can be viewed as regions of overlap between one or more of  
these three factors (Fig. 1) and the discussion here reflects this 

 
Fig. 1. Mycorrhizal associations result from three-way interactions between mycorrhizal fungi, 
host plants and environment/soil conditions, as is illustrated by three overlapping regions in this 
figure. The labeled regions refer to mycorrhizal ecology subject areas that are sections in this 
review. 
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The life cycle of a mycorrhizal association 

 
1 . Fungal propagules  [spores hyphae, old roots etc ] 

• survival 

o disturbance, predation  

o adverse conditions 

• dispersal 

• dormancy, quiescence 

• activation- fungi may respond to: 

o environmental conditions 

o time intervals 

o presence of roots or other organisms 

3. Root growth    [young roots required to form associations] 

• regulated by phenology and environmental factors 

• production of soluble or volatile signals* 

2. Active soil hyphae 

• mineral nutrient acquisition by fungus 

• microhabitat preferences? 

• limited saprobic potential? 

• spread through soil 

• attraction to roots*?, tropic responses? 

• contact with young host roots 

4. Hyphae on root surface 

• proliferation on root surface 

• recognition of potential host? 

• fungus morphology changes 

o appressoria (VAM), mantle (ECM) 

5. Hyphal penetration into or between root cells 

• avoidance or tolerance of host defenses 

• recognition by host? (minimal response) 

• further fungus morphology changes 

6. Formation of exchange sites 

• most pronounced fungus morphology changes 

• highly branched hyphal structures 

o arbuscules (VAM), Hartig net (ECM) 

• obvious host responses (protoplasm synthesis, etc.) 

7. Active exchange processes 

• limited in duration influence of host, fungus or environment. 

8. Senescence of hyphal structures within roots 

• disorganization of exchange site hyphae 

• fungal resources withdrawn for 

o storage by hyphae, vesicles within root (VAM) 

o storage in mantle (ECM) 

o export into external mycelium 

9. Propagule formation    [the cycle recommences] 

• resting spores in soil or root (VAM) 

• sexual spores from mushrooms, truffles (ECM) 

• mycelial strands and sclerotia (ECM) 

• mycelial networks in soil 

• long-lived roots 

10. Root senescence 

• root cortex lost due to: 

o root death or secondary growth 

o parasitism or consumption  

• nutrients in root and fungus structures recycled 

o decomposition food web 

 

Fig. 2. This chart illustrates the sequence of events during mycorrhizal formation, senescence and 

propagule formation. 
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structure. Discussion topics also follow the sequence of events presented 

in Fig. 2, which is a schematic representation of the life-cycle of a 

mycorrhizal association. as much as possible. The influence of environmental 

factors on soils or plants alone have been considered in detail 

elsewhere (Barbour et al., 1987; Etherington, 1982; Fitter and Hay, 

1987). Most of the discussion which follows concerns VAM and ECM 

associations because there have been most studied, but other association types 

are also considered. 

 

A. Mycorrhizal Fungi 
 

Members of the fungus kingdom obtain nutrition from many sources. 

including decomposition of organic substrates (saprobes). predation and 

parasitism and involvement in mutualistic associations (Christensen, 

1989; Kendrick, 1985). Many soil fungi are saprobes with the enzymatic 

ability to digest organic substrates of varying degrees of complexity, but 

some subsist on very low levels of organic or inorganic substrates 

(Wainwright, 1988). Mycorrhizal fungi are a major component of the 

soil microflora in many ecosystems (Harley, 1971) and usually have 

limited saprobic abilities (Section III.F.l). Endophyte properties which 

would help determine the effectiveness of mycorrhizal associations 

include the amount of soil hyphae produced relative to root coloniza- 

tion, the rate of hyphal growth and root colony initiation, and physiological 

characteristics which regulate nutrient absorption or nutrient translocation 

by hyphae and exchange with the host (Kottke and Oberwinkler, 1986; Smith and 

Gianinazzi-Pearson, 1988). 

 Fungi forming VAM associations include about 150 species belonging 

to the genera Gigaspora and Scutellispora (Gigasporaceae), Glomus 

and Sclerocystis (Glomaceae) and Acaulospora and Entrophospora 

(Acaulosporaceae) in the Zygomycete order Glomales (Morton and 

Benny, 1990). Mycorrhizal fungi apparently can occupy a particular 

habitat for thousands of years with little genetic change (Trappe and 

Molina, 1986) and fossil evidence suggests that VAM associations have 

been present throughout most of the history of vascular plants (Pirozynski and 

Dalpé, 1989; Stubblefield and Taylor, 1988). The relatively small 

number of extant species and the scarcity of sexual reproduction in this 

group of fungi also suggest that the potential for genetic change within 

these species is limited (Morton, 1988; Tommerup, 1988). Morton 

(1990) has proposed that most of the evolution of species in the 

Glomales occurred early in their evolutionary history and that they have 

changed relatively little since then. However, the hyphae and spores of VAM 

fungi are multinucleate and probably also heterokaryotic, so 
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genetic changes may occur through hyphal anastomosis or somatic 

recombination involving different nuclei (Tommerup, 1988; Trappe and 

Molina, 1986). Careful taxonomic studies (Morton, 1988). the use of 

new methods such as isoenzyme analysis (Hepper et al., 1988) and 

variable responses to soil and environmental conditions (Section III.B.5) 

have demonstrated considerable variation within currently defined 

taxa of VAM fungi. 

 A wide range of fungi, including thousands of species, belonging to 25 

families of Basidiomycetes, seven families of Ascomycetes and a single 

Zygomycete family, can form ECM associations (Miller, 1982a). Some 

hosts form associations with many fungi while others are more specific 

(Duddridge, 1987; Trappe, 1962). Host preferences, metabolic diversity 

and responses to habitat conditions provide evidence that considerable 

diversity occurs within this group of fungi (Section III. B.6). Debaud et 

al. (1988) found that homokaryotic mycelia of the fungus Hebeloma 

cylindrosporum produced ECM associations that were similar to those 

produced by hyphae of the dikaryotic parent. Unfortunately, little is 

known about the genetics (cytology, nuclear behavior, mating systems, 

etc.) of ECM fungi (Harley and Smith, 1983; Trappe and Molina, 1986). 

The ericoid mycorrhizal fungi that have been identified include 

Ascomycetes such as Hymenoscyphus (Pezizella), Myxotrichum and 

Gymnascella (Dalpe, 1989; Read, 1983). Fungi forming mycorrhizal 

associations with orchids include many Rhizoctonia anamorphs (some of 

which have known teliomorphs), as well as other fungi that may form 

specific or non-specific associations with their hosts (Currah et al., 1987; 

Ramsay et al., 1987; Warcup, 1981, 1985). 

 

B. Edaphic or Climatic Factors and Mycorrhizal Fungi 
 

1. Propagules of Mycorrhizal Fungi  
The spread to new roots, long-range dispersal and persistence of 

mycorrhizal fungi in ecosystems is dependent on the formation of 

propagules and their interactions with soil and environmental conditions 

(Fig. 2). It is important that infective propagules are present when root 

growth activity occurs, since roots have a limited period of susceptibility 

(Brundrett and Kendrick, 1990a; Hepper, 1985) and rapid colonization 

of the root system is required for an effective association (Abbott and 

Robson, 1984a; Bowen, 1987). The activity of VAM fungi in soils is 

usually quantified by measuring mycorrhizal formation within roots with 

a microscope using a clearing and staining procedure (see Brundrett et al., 1990; 

Kormanik and McGraw, 1982). When these methods are used 
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to quantify propagules of mycorrhizal fungi it is important to consider 

the total length as well as the proportion of host root occupied by VAM 

colonies (Abbott and Robson, 199la). The number of successful root 

contacts (ECM short roots, or individual VAM colonies within roots 

(which are often called infection units) is the best criterion to measure 

the infectivity of soil fungi (Huisman, 1982), but hyphal spread along 

roots and colony extension within roots also contributes to total colon- 

ization levels (Sanders and Sheikh, 1983; Smith and Walker, 1981). 

Increased soil hyphae activity often follows association establishment so 

it is also important to grow bait plants in the soil being tested for only a 

short period (several weeks) before enumeration. 

 Propagules of VAM fungi include spores, root fragments containing 

hyphae and vesicles (storage structures) and soil hyphae (Biermann and 

Lindermann, 1983; Manjunath and Bagyaraj, 1981; Tommerup and 

Abbott, 1981). The large soil-borne spores of VAM fungi, are con- 

sidered by many to be the most important type of inoculum, but their 

numbers are often poorly correlated with mycorrhizal formation in soils 

(Abbott and Robson, 1984a, 1991a; Ebbers et al., 1987; McGee, 1989; 

Mukerji and Kapoor, 1986; Schmidt and Reeves, 1984). Spore production 

by VAM fungi is influenced by many factors including the host 

plant (Section III.D.I), and soils in ecosystems often contain low 

numbers of living spores (Brundrett and Kendrick, 1988; Gay et al., 

1982; Janos, 1980b; Read et al., 1976; Schenck and Kinloch, 1980). 

Living spores of VAM fungi present in the soil may not function as 

propagules, if they are quiescent (inactive because soil conditions are 

unsuitable) or have an innate period of dormancy-mechanisms which 

may help them survive periods of adverse soil conditions (Tommerup, 

1987). Melanins (fungal pigments) within their relatively thick walls may 

help protect the contents of VAM spores, which sometimes receive 

further protection by forming within structures such as old seed coats 

(Daniels Hetrick, 1984). Spores are generally considered to be more 

resistant to adverse conditions than other VAM fungus propagules 

(Abbott and Robson, 1990). 

  A poor correlation between spore numbers and mycorrhizal initiation, 

and the rapid initiation (within a few days) of VAM infection that often 

occurs in ecosystems suggest that a pre-existing network of soil hyphae 

is often the main source of VAM inoculum (Birch, 1986; Jasper et al., 

1989a; McGee, 1989; Powell, 1977; Read et al., 1976). Fragments of 

dead roots present in the soil can also initiate VAM, provided they are 

in close proximity to the new roots (McGee, 1987; Rives et al., 1980), 

which would happen if they occupy the same soil channels (Went and 

Stark, 1968). The vesicles produced by many VAM fungi (hyphal swellings 

containing cytoplasm and lipids) are considered to function as 
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temporary storage organs, but often elaborate multilayered walls like 

spores. Vesicles can function as propagules When isolated from roots 

(Biermann and Lindermann, 1983). Some plants in a deciduous forest 

community were found to have roots which maintained a living cortex 

for 2-10 years without undergoing secondary growth and still contained 

inactive hyphae and vesicles of VAM fungi (Brundrett and Kendrick. 

1988). These species with long-lived roots may function as keystone 

mutualists (Gilbert, 1980). benefiting all host plants by allowing VAM 

fungi to perenniate within them (Brundrett and Kendrick, 1990a). 

Coarse soil organic matter colonized by VAM fungus hyphae can also 

contribute to their survival (Warner, 1984) and function as propagules 

(Koske, 1987b; Nicolson, 1960). 

 There is evidence that some endophytes do not produce spores 

(Johnson, 1977; McGee, 1989; Powell, 1977), or fail to survive in dried 

root fragments (Tommerup and Abbott, 1981). The relative importance 

of spores, old roots and soil hyphae as propagules apparently varies 

between species of VAM fungi occurring in the same site (McGee, 

1989). Since the most important propagules of VAM fungi in soils are 

generally unknown, it is best to find some measure of the total 

infectivity of these fungi. The mycorrhizal infectivity of soils can be 

estimated by most probable number methods (serial dilutions using 

increasing proportions of sterilized soil), or "bioassays" (where the 

degree of colonization of a bait plants are measured). but it can also be 

difficult to interpret results obtained by these methods (see Abbott and 

Robson, 1991a). Mycorrhizal fungus activity, measured by the presence 

of mycorrhizal roots and spores, is generally thought to be concentrated 

near the soil surface, but propagules can be more numerous at greater 

depths (up to 2-4 m) in arid ecosystems (Virginia et al., 1986; Zajicek et 

al., 1986). 

 Propagules of ECM fungi include hyphae, mycelial strands and 

rhizomorphs (Ogawa, 1985; Read et al., 1985). basidiospores (Bowen 

and Theodorou, 1973; Fox, 1983, 1986b), sclerotia (Fox, 1986a; Gibson 

et al., 1988) and probably also mycorrhizal roots, but these fungi 

typically do not produce asexual (conidial) spores (Hutchinson, 1989). 

Boreal forest soil and leaf litter contains basidiospores which can initiate 

mycorrhizas (Amaranthus and Perry, 1987; Parke et al., 1983, 1984). 

Localized patterns of ECM fungus proliferation depend on the production  

of hyphae, mycelial strands, or rhizomorphs by a particular endophyte  

(Ogawa, 1985). Hyphal strands of some ECM fungi will only 

initiate new mycorrhizas if attached to living host roots (Fleming, 1984). 

Roots with ECM usually live for one or more years and are protected 

by mantle hyphae (Harley and Smith, 1983), suggesting that they may be 

important perenniating structures. 
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2. Dispersal of Mycorrhizal Fungi  
The spread of mycorrhizal fungi can occur by active processes (hyphal 

growth through soil) or passive dispersal mechanisms (Daniels Hetrick, 

1984). Hyphae of VAM fungi radiate outward from mycorrhizal plants 

and thus can slowly spread the association to adjacent plants (Warner 

and Mosse, 1982; Scheltema et al., 1985b). Dispersal mechanisms are 

responsible for introduction of mycorrhizal fungi to new geographic 

locations and the transfer of genetic information. The large (for a 

fungus) spores of VAM fungi can be suspended in moving air currents 

(Tommerup, 1982) and wind dispersal has been observed in arid 

ecosystems (Allen, 1988; Warner et al., 1987). Transportation of spores 

by water erosion and human activities (transport of soil and living 

plants) probably also occurs (Daniels Hetrick, 1984; Walker, 1988). 

Koske and Gemma (1990) observed that VAM fungus spores produced 

in rhizome leaf sheaths or quiescent fungal structures within old roots 

could function as inoculum, even after exposure to sea water. They 

suggest that this provides a mechanism for the dispersal of mycorrhizal 

fungi along with fragments of plants which occupy early successional 

coastal habitats. 

 The ingestion and subsequent defecation of spores by animals can 

result in the introduction of VAM into new locations, as was observed 

during the revegetation of Mt. St Helens (Allen, 1988). Trappe and 

Maser (1976) observed that VAM spores remained viable after passage 

through the digestive tract of a rodent. Animals which probably trans- 

port VAM fungus spores include small mammals, grasshoppers, worms, 

ants, wasps and birds (see Table 1). Macroarthropod detritivores such as 

woodlice (Isopoda) and millipedes (Diplopoda) ingest and disperse 

mycorrhizal inoculum and may in turn be eaten by predatory beetles 

(Rabatin and Stinner, 1988). Earthworms, which frequently ingest VAM 

fungi and expel their spores in casts, are eaten by many small animals 

which may thus act as vectors for the rnycorrhizal fungi (Rabatin and 

Stinner, 1988). Mycorrhizal fungus spores have been found within 

organisms which may act as vectors that belong to many trophic levels, 

but the distances involved and the importance of these dispersal 

mechanisms in ecosystems is usually not known. 

 Many fungi forming ECM associations have large fruiting structures 

(mushrooms) that produce abundant quantities of wind-borne spores, 

but survival and dispersal of these spores may be limited (Bowen and 

Theodorou, 1973; Harley and Smith, 1983). Sclerotia, including those 

produced by ECM fungi, can be moved in spring run-off water by 

floating or adhering to organic material (Malloch et al., 1987). Some ECM fungi 

produce hypogeous fruiting bodies that are excavated and 
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Table 1 

Organisms associated with mycorrhizal fungi 

Organism 

Mycorrhizal 

fungus 

Type of 

association References 

Bacteria    

  bacteria-like organelles VAM 1 Macdonald and Chandler (1981) 

  spiroplasma-like organisms VAM 1 Tzean et al. (1983) 

  Actinomycetes VAM 2 Ames et al. (1989) 

  Actinomycetes ECM 2 Richter et al. (1989) 

Protoctistan fungi (Chytrids)    

  Rhizidiomcopsis sp. VAM 3 Ross and Ruttencutter (1977) 

  Spizellomyces sp. VAM 3 Daniels and Menge (1980) 

Protoctistan animals (Amoebae)    

 Saccamoeha and Gephramoeba sp. ECM 4 Chakraborty et al. (1985) 

True fungi    

  Anguillospora and Humicola sp. VAM 3 Daniels and Menge (1980) 

  various fungi VAM 2 Secilia and Bagyaraj (1988) 

  various fungi ECM 2 Summerbell (1989) 

  Stachybotrys chartarum VAM 2,5 Siqueira et al. (1984) 

 unidentified fungi VAM 3 Ross and Ruttencutter (1977) 

  "Rhizoctonias"  VAM 2,3 Williams (1985) 

  aphyllophoralean fungi ECM 2 Fries and Swedjemark (1985) 

  various "fungicolous" fungi ECM 2,6 Barnet (1964), Hawksworth (1981) 

Nematodes    

  Aphelenchoides sp. Ericoid 4 Shafer et al. (1981) 

  fungus-feeding nematodes VAM 4 Jngham (1988) (review) 

  Meloidodera sp. ECM 4 Zak (1967) 

  Aphelenchus sp. ECM 4 Sutherland and Fortin (1968) 

Arthropods    

  mites all? 4 see text 

  collembola (springtails) VAM 4,7 Moore et al. (1985), Finlay (1985), 

Rabatin and Stinner (1988) 

  Pemphigus sp. (aphid) ECM 8 Zak (1965) 

  Tetraneura sp. (aphid) VAM 8 Reddy and Sharma (1981) 

  Coleoptera (25+ sp.) ECM 6,9 Fogel and Peck (1976) (review) 

 Onicus sp. (sowbugs) VAM 7,10 Rabatin and Stinner (1988) 

  Gryllus sp. (crickets) VAM 7,10 Rabatin and Stinner (1988) 

  ants and wasps VAM 10 McIlveen and Cole (1976) 

Earthworms    

  Lumbricus sp. VAM 7,10 Mcllveen and Cole (1976) 

Birds    

  Hirundo sp. (barn swallow) VAM 10 Mcllveen and Cole (1976) 

Animals    

  squirrels, other small mammals and 

marsupials 

ECM & VAM 7,9,10 Blaschke and Baumler (1989), 

Maser and Maser (1988), McIntire 

(1984), Malajczuk et al. (1987), 

Cowan (1989) 
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Table 1 Notes. 

 
* Association types:  

1, found in cytoplasm (role unknown);  

2, associated with fungi;  

3, occupy or attack spores (parasitic or necrotrophic);  

4, feed on hyphae;  

5, inhibit spore germination;  

6, feed on epigeous sporophores; 

7, ingest spores; 

8, feed on mycorrhizal roots; 

9, feed on hypogeous sporophores; 

10, move spores with soil. 
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consumed by small mammals or marsupials and thus spread to new 

locations (Table 1). Spores of ECM fungi contained in animal faeces can 

be a viable source of inoculum (Kotter and Farentinos, 1984; Lamont et 

al., 1985). In western North America, hypogeous fungi form a major 

part of the diet of squirrels, which in turn are beneficial to the 

community by transporting nitrogen-fixing bacteria and fungal spores 

which can establish new mycorrhizal fungus colonies or transfer genetic 

material to existing colonies (Maser and Maser, 1988). Similar tree-mycorrhizal 

fungus-dispersing animal inter-relationships also occur in 

Europe, Australia and New Zealand (Blaschke and Baumler, 1989: 

Malajczuk et al., 1987; Cowan, 1989). The supply of mycorrhizal 

inoculum could be limited in some recently created or disturbed habitats 

if these fungi were less readily dispersed than their host plants (Section III. F.4). 

 

3. Soil Organisms Associated with Mycorrhizal Fungi 
The wide variety of mycophilous (Barnet, 1964; Hawksworth, 1981) soil 

organisms that are known to ingest, inhabit, or associate with hyphae or 

spores/sporophores of mycorrhizal fungi are listed in Table 3. This table 

contains members of most of the trophic levels of organisms which feed 

in or on soils. Rhizosphere micro-organisms associated with mycorrhizal 

roots are considered in Section III. E.3. 

 Some organisms listed in Table 1 may be associated with moribund 

hyphae or spores and thus have little effect on mycorrhizal associations. 

but others apparently kill living hyphae and spores of these fungi. 

Chytrids may occupy VAM fungus spores that already are moribund 

(Paulitz and Menge, 1984), but in other cases contamination by these 

organisms is correlated with reduced spore germination (Sylvia and 

Schenck, 1983). Fungivorous mites are an important component of soil 

food webs (Coleman, 1985) and are also likely to be major consumers of 

mycorrhizal fungi (St John and Coleman, 1983). Dense mats of ECM 

roots and fungi in forest soils can have substantially higher populations 

of microbes and microarthropods than other areas (Cromack et al., 

1988). Fungi that may be parasitic on ECM roots have been observed to 

form hyphae in the mantle and haustoria within root cells (Agerer, 

1990; Brundrett et al., 1990). Several mycorrhizal root associates, 

including root inhabiting fungi, nematodes and an aphid-fungus partnership were 

observed during a study of Canadian forest tree roots 

(Brundrett et al., 1990) and it is certain that many more interesting 

mycorrhizal root-soil organism associations will be unearthed. 

Because of the widespread occurrence and abundance of mycorrhizal 

fungi in soils, we would expect them to be an important food source for many soil 

organisms (Daniels Hetrick, 1984; Harley, 1971; Odum and  
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Biever, 1984). Fungus-feeding nematodes and springtails have been 

observed to reduce the efficacy of mycorrhizal associations in some cases 

(Warnock et al., 1982; Finlay, 1985; Ingharn, 1988; Rabatin and Stinner, 

1988). Differences in the susceptibility of mycorrhizal fungi to antagonistic 

microbes has been reported to influence the outcome of competition between 

endophytes (Godfrey, 1957; Ross and Ruttencutter, 1977). 

 Spores of VAM fungi isolated from soils in natural ecosystems frequently 

show signs of predation (Brundrett and Kendrick, 1988; Berliner 

and Torrey, 1989; Janos, 1980a; Koske, 1988) that may be partially 

responsible for seasonal fluctuations in their abundance (Section III. 

E.1). Hyphal grazing by soil organisms has the potential to significantly 

reduce the efficacy of mycorrhizal associations in ecosystems-by limiting the 

transport of mineral nutrients to roots (Finlay, 1985; Ingham, 

1988; McGonigle and Fitter, 1988b; Rabatin and Stinner, 1988). but also 

allows nutrients contained in hyphae to be recycled (Coleman, 1985; Perry et al., 

1987). 

 

4. Soil Disturbance and Mycorrhizal Fungi 
Mycorrhizal propagules can be severely influenced by damage to vegetation and 

soils resulting from natural processes or human intervention. 

These destructive processes include intense fires (Dhillion et al., 1988; 

Klopatek et al., 1988; Wicklow-Howard, 1989), exposure of subsurface 

soil by erosion (Day et al., 1987; Habte, 1989), or by burrowing animals 

(Koide and Mooney, 1987) and volcanic activity (Allen, 1988). Human 

activities which influence mycorrhizas include; topsoil disturbance and 

stockpiling during mining (Danielson, 1985; Jasper et al., 1987; Rives et 

al., 1980; Stahl et al., 1988) and clear-cut logging (Janos, 1987; Parke et 

al., 1984; Perry et al., 1987). Agricultural practices such as tillage 

(Evans and Miller, 1988), long fallow periods (Thompson, 1987), soil 

compaction (Wallace, 1987). growth of non-mycorrhizal crops (Section 

III. F.3.a), biocide application (Haas et al., 1987; Medve, 1984), or 

flooding for rice culture (Hag et al., 1987; Nopamornbodi et al., 1987) 

can also adversely influence mycorrhizas. These processes usually result 

in greatly reduced VAM or ECM fungi formation. Forest decline 

associated with air and/or precipitation borne pollution has become a 

serious problem in Europe and North America (Klein and Perkins, 

1988; Smith, 1990) and various forms of pollution can inhibit mycorrhiza 

formation in experimental systems (Section III. E.6). Small scale disruptions due 

to frost action, shrinkage of drying soil, or the activities of soil 

animals may also be detrimental to mycorrhizal hyphae in soil (Read 

and Birch, 1988). Klopatek et al. (1988) found that high soil temperatures 

resulting from a fire were correlated with reductions in subsequent VAM 

formation. 
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 Soil disturbance may Have a direct impact on propagules of mycorrhizal 

fungi or an indirect affect through changes to soil properties. 

Disturbance impacts on VAM fungi that have been hypothesized include; (i) a 

reduction numbers of viable spores, (ii) loss of a hyphal 

network in the soil, or (iii) the prevention of hyphal growth from root 

inoculum to new roots (Evans and Miller, 1988; Jasper et al., 1989abc; 

Rives et al., 1980). The relative importance of these mechanisms has not 

been fully established and may vary in different situations. 

 A reduction in VAM endophyte diversity from 11 to one species 

occurred after disturbance in an alpine area (Allen, et al., 1987). Spores 

of these fungi are fairly resistant to physical and chemical stress 

(Tommerup and Kidby, 1980) but apparently are killed or removed by 

severe disturbance. During fallow periods or when soil is stockpiled. the 

infectivity of spores could decline as their population structure becomes 

older (without host plants to support new spore production) and as a 

result of premature germination (Section III.E.1). Daft et al. (1987) 

found that spores were still viable after topsoil storage for 12 weeks if 

temperature and humidity were moderate. They found that spores were 

more resistant to these conditions than root fragments and much more 

resistant than hyphae. A network of mycorrhizal fungus hyphae in soil is 

considered to be an important source of inoculum in natural ecosystems 

(Section III.B.1). Disruption of this network can result in a substantial 

loss of mycorrhizal infectivity (Evans and Miller, 1990; Jasper et al., 

1989a,b), or reduce the vigour of mycorrhizas that do form perhaps 

because they were no longer connected to a common resource pool 

(Read & Birch 1988). Soil structure changes resulting from disturbance 

could disrupt the spatial association between old and new roots, or 

otherwise reduce the effectiveness of root inoculum (Evans and Miller, 

1988; Rives et al., 1980). Changes to soil properties and populations of 

soil organisms which occur during soil stockpiling can reduce the efficacy 

of surviving VAM endophytes (Abdul-Kareem and McRae, 1984; Stahl 

et al., 1988; Waaland and Allen, 1987). 

 Loss of ECM inoculum can occur rapidly in the absence of host plants 

after clear-cutting. especially with burning and scarification and soil 

property changes can prevent the reestablishment of surviving fungi 

(Amaranthus and Perry, 1987; McAfee and Fortin, 1986, 1989; Parke et 

al., 1984; Perry et al., 1987). During revegetation "early stage" mycorrhizal 

fungi (Section III. B.6) such as Pisolithus tinctorius, which are 

well adapted to growth in mineral soils, become dominant until forest 

soil conditions develop (Danielson, 1985; Gardner and Malajczuk, 1988; 

Stahl et al., 1988). During the recovery process a succession involving 

increasing numbers of ECM fungi occurs as soil organic matter builds up  

(Section III.B.6). After disturbance, surviving ECM fungus inoculum 
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may be concentrated in localized soil pockets high in organic materials 

(Christy et al., 1982; McAfee and Fortin, 1989). 

  Following ecosystem disturbance, a reduction in mycorrhizal inoculum 

apparently is often responsible for reduced mycorrhiza formation. The 

level of inoculum in disturbed soil will depend on initial propagule 

concentrations, the resilience of propagules, their reintroduction by 

dispersal mechanisms and on the impact of changes to soil conditions on 

the activity of surviving fungi. The mycorrhizal dependency of recoloniz- 

ing vegetation also varies (Section III.F.4), In some cases it may be 

advantageous or necessary to introduce mycorrhizal fungi to replace lost 

inoculum or, that provide a greater benefit than indigenous fungi 

(Danielson, 1985; Cook and Lefor, 1990; Jasper et al., 1988; Perry et 

al., 1987; Stahl et al., 1988). 

 

5. Climatic or Edaphic Specificity of Mycorrhizal Fungi 
Environmental factors and soil conditions influence the occurrence of 

mycorrhizal associations in ecosystems (Section III.F.5), but it is hard 

to examine the direct impacts of these factors on mycorrhizal fungi 

because they rarely occur in nature without a host and members of the 

Glomales can not be grown axenically (Harley and Smith, 1983). 

However, some evidence of the physiological diversity of mycorrhizal 

fungi has been provided by comparing experimental responses to soil 

pH, soil nutrient levels, soil moisture, salinity, temperature and other 

factors (Abbott and Robson, 1991a; Daniels Hetrick, 1984; Morton, 

1988; Slankis, 1974; Trappe and Molina, 1986). Most of this data has 

been collected using simplified experimental systems which allow the 

influence of one factor on one mycorrhizal fungus to be examined, but 

some field data are also available for comparison. 

  Changes to soil properties occurring during succession or between 

sites with similar climates can be correlated with the predominance of 

different species or isolates of VAM fungi (Bethenfalvay et al., 1982; 

Gerschefske Kitt et al., 1987; Puppi and Reiss, 1987; Rose, 1988). There 

is limited evidence that climatic factors can influence the distribution of 

mycorrhizal fungus taxa (Section III.B.6). Ebbers et al., (1987) and 

Anderson et al. (1984) discovered changes in predominate species of 

VAM fungi across a soil moisture (soil fertility) gradient in a prairie 

site, which had a much greater influence on plant populations. Henkel et 

al., (1989) observed that isolates of four VAM fungi from adjacent 

ridgetop, mid-slope and basal sites in an arid plant community were 

most infective in the soil from which they were collected and less 

infective in soil from the other two sites. They suggested that these 

isolates had adapted to phosphorus levels or other factors in the soil where they 

occur. Adelman and Morton (1986), Graham et al. (1982b), 
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Molina et al. (1978). Porter et al. (1987b) and Stahl et al. (1988) also 

observed that clonal isolates of VAM fungi were more effective when 

used in their native soil type. 

 Further evidence of the physiological diversity of VAM fungi is 

Provided by comparing responses of different species or isolates to 

physical conditions (Table 2). These comparisons have demonstrated 

variations between taxa and intraspecific variability within species of 

VAM fungi in their ability to promote plant growth when exposed to 

the factors listed in Table 2. These fungi apparently have a limited 

tolerance range to environmental conditions (Stahl et al., 1988) and 

possess specific adaptations to the soil in which they occur (Lambert et 

al., 1980). These adaptations apparently can influence the outcome of 

competition between VAM fungi (Gerschefske Kitt et al., 1987). The 

effect of low soil pH on VAM associations is discussed by Howeler et al. 

(1987) and Robson and Abbott (1989). Some endophytes can still 

provide substantial benefits to the host plant in soils with low pH and 

high aluminium levels, while others are less effective (Table 2). It has 

sometimes been observed that the fine endophyte called Glomus tenue is 

more abundant in acidic soils (Gianinazzi-Pearson et al., 1980; Wang et 

al., 1985). Porter et al., (1987a) found the distribution of VAM fungus 

taxa in Western Australia to be highly correlated with soil pH. Bethlenfalvay et 

al., (1989) proposed that the term "edaphotype" be used to describe  

intraspecific variants of mycorrhizal fungi isolated from different soils that 

differ in their physiological response to various conditions. 

There are many statements in the mycorrhizal literature about the 

physiological, ecological, or mutualistic characteristics of species of 

VAM fungi that actually only describe one particular clonal isolate 

(Morton, 1990). 

 Unfortunately, VAM research has been concerned with plant responses to 

mycorrhizas with little consideration of specific endophytes, 

thus creating the impression that these fungi are functionally equivalent 

(Abbott and Robson, 1991a; Morton, 1988; Walker, 1988). This impression 

has been strengthened by the classification problems of fungi 

such as Glomus fasciculatum which originally had a worldwide distribution 

and was accredited with remarkable genetic and physiological 

plasticity (Morton, 1988); this fungus has now been more precisely 

defined (Walker and Koske, 1987). It is probable that many of the 

earlier reports of the occurrence of Glomus fasciculatum and experiments 

conducted with this fungus refer to other, as yet unnamed fungi. 

If the taxonomy problems associated with many of the VAM fungi 

originally considered to have wide geographical ranges and the physiological 

variations that often occur within species of these fungi are considered, it becomes 

apparent that these fungi do exhibit considerable. 
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Table 2 

Evidence of the adaptation of mycorrhizal fungi to localized soil conditions as 

Provided by comparisons between species or geographic isolates of species in 

responses to various conditions 

Soil or environmental condition References 

VAM fungi  

high or low soil P levels Boerner (1990), Davis et al. (1984), Henkel et 

al. (1989), Haas and Krikun (1985), Johnson 

(1976), Krikun (1983), Thomson et al. (1986) 

soil micronutrient levels Killham (1985) 

aridity Bethlenfalvay et al. (1989). Sieverding and 

Toro (1988), Simpson and Daft (1990a), Stahl 

and Smith (1984) 

salinity Pond et al. (1984) 

low soil pH Adelman and Morton (1986), Hayman and 

Tavares (1985), Howeler et al. (1987), Koomen 

et al. (1987), Porter et al. (1987b) 

toxic levels of metals Dueck et al. (1986), Gildon and Tinker (1983) 

Koslousky and Boerner (1989) 

low or high temperatures Dodd and Jeffries (1986), Raju et al. (1990) 

Schenck and Smith (1982), Sieverding (1988) 

ECM fungi  

water stress Coleman et al (1989), Parke et al. (1983), 

Slankis (1974) 

calcium availability Lapeyrie and Bruchet (1986) 

different pH levels Hung and Trappe (1983), McAfee and Fortin 

(1987) 

toxic levels of metals Denny and Wilkins (1987), Jones and 

Hutchinson (1988), Thompson and Medve 

(1984) 

high or low temperatures Cline et al. (1987), Gibson et al. (1988), 

Ingleby et al. (1985), Slankis (1974) 

 

physiological diversity and probably have evolved specific adaptations to the 

edaphic and environmental conditions of the sites where they occur. 

  The distribution and mycorrhizal efficacy of fungi forming ECM 

associations is also influenced by climatic and edaphic factors (Bowen 

and Theodorou, 1973; Slankis, 1974; Harley and Smith, 1983). These 

fungi are generally considered to be acidophilic (preferring a low soil 

pH) inhabitants of litter layers near the soil surface (A horizon), but 

some "early stage fungi" prefer calcareous mineral soils (Section III.B.6). 

Isolates of ECM fungi show considerable inter- and infraspecific 

variations in responses to the factors listed in Table 2. Most of these results 



188 M. Brundrett 

correlated with responses to similar factors in soils (Cline et al., 1987; 

Coleman et al., 1989; Hung and Trappe, 1983). It has been suggested 

that variations in tolerances to physical factors may be responsible for 

soil specificity (Last et al., 1984) and restricted geographic ranges 

(Ingleby et al., 1985), and may influence the outcome of fungal 

competition (McAfee and Fortin, 1987) or host responses to factors such 

as drought (Parke et al., 1983). It is apparent that a wide range of 

variations in tolerance to edaphic and climatic factors (such as temperature 

extremes, drought, soil toxicity etc.) often occur both between 

and within species of mycorrhizal fungi and these variations may 

represent adaptation to specific site conditions by poorly understood 

genetic mechanisms (Morton, 1990; Tommerup, 1988; Trappe, 1977; Trappe  

and Molina, 1986). 

 

6. The Population Ecology of Mycorrhizal Fungi 
Detailed surveys of VAM fungus spores have provided information on 

the numbers of endophyte species occurring in some plant communities 

(Table 3). From these surveys it can be seen that the soil in one location 

normally contains more than one VAM fungus and may contain a fairly 

wide diversity of these fungi (considering that only about 150 species are 

known – (Morton 1990). It is not possible to use the results in Table 2 to 

examine the influence of soil conditions or environmental factors on 

VAM fungus diversity, because of differences in sampling methodologies 

(sampling intensity and the area surveyed vary considerably) and the 

limited number of surveys involved. 

  Several VAM fungi can occur within a single root (Abbott and 

Robson, 1984b, 199la). It is possible to identify particular endophytes 

by comparing their colonization patterns within roots (Abbott and 

Robson, 1982), or using recently devised immunological or biochemical 

techniques (Hepper et al., 1988; Morton, 1988; Rosendahl et al., 1989). 

However, in most cases investigators measure overall root colonization 

levels without considering the relative contribution of particular endophytes, so 

our knowledge of the ecology of VAM fungi is based on the 

occurrence of their spores. Spore occurrence data may be misleading 

because spore abundance can be poorly correlated with mycorrhiza 

formation (Section III.B.l), fungi which do not produce recognizable 

spores may be present (Johnson, 1977; McGee, 1989; Morton, 1988) 

and roots of different plants often intermingle so spores could occur 

under plants that they were not associated with. The spore characteristics  

used to identify species of VAM fungi are thought to be relatively 

conservative features so that considerable genetic variations may well 

occur within a species of VAM fungus (Morton, 1990) and this intraspecific 

diversity may also have to be considered. 
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Table 3 

Populations of VAM fungi occurring at various sites 

VAM 

species 

Habitats sampled (n) Location References 

9-18 Coastal, sand dunes (1) Eastern USA Tews and Koske 

(1983) 

11-18 Coastal, sand dunes (6) Eastern USA Koske (1987a) 

2-12 Coastal, sand dunes (4) Hawaii, USA Koske (1988) 

9 Coastal, sand dunes (4) Florida, USA Sylvia and Will 

1988 

18 Arid mountains (region) Arizona, USA Bloss & Walker 

(1987) 

4 Arid grassland (3) Wyoming, USA Henkel et al. 

(1989) 

2-5 Grasslands (27) Western USA Molina et al. 

(1978) 

21 Prairie (1) Kansas, USA Daniels Hetrick 

and Bloom (1983) 

3-6 Wheat fields (4) Kansas, USA Daniels Hetrick 

and Bloom (1983) 

6 Mediterranean 

shrubland (1) 

Southern Australia McGee (1989) 

3-5 Pasture, crop or native 

(20) 

Western Australia Abbott and Robson 

(1982) 

18 Native cerrado 

vegetation (1) 

7-15 Field crops (4) 

Brazil Schenck et al. 

(1989) 

10 Forest (1) 

7-12 Field crops (6) 

Florida, USA Schenck and 

Kinloch (1980) 

10 Forest (1) New Zealand Johnson (1977) 

1-5 Pasture or forest (37) New Zealand Powell (1977) 

3-8 Seminatural or 

agricultural (4)  

southern USA Adelman and 

Morton (1986) 

10-12 Agro-forestry (2) Iowa, USA Walker et al. 

(1982) 

7 Apple orchard (1) Quebec, Canada Dalpé et al. (1986) 
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The occurrence of several VAM fungi in soils or within roots suggests 

that interspecific competition between them is possible. Koske (1981) 

could find no evidence that any of the VAM endophytes occurring in a 

coastal ecosystem were better competitors than others and considered 

environmental factors and host plants to be more important factors 

influencing their distribution. However, Gemma et al. (1989) observed 

seasonal variations in spore production between co-existing endophytes 

and the fact that abundant spore production by one VAM fungus was 

usually correlated with lower levels of spore production by others, which 

may have been due to antagonism between species. 

 When several isolates of VAM fungi are inoculated together in pot 

culture experiments, some have proven to be better competitors than 

others (Lopez-Aguillon and Mosse, 1987; Van Nuffelen and Schenck, 

1984; Wilson, 1984). In these kinds of studies the most successful fungi 

generally were those that colonized roots most rapidly (Abbott and 

Robson, 1984b; Wilson, 1984). The outcome of competition between 

endophytes would be expected to depend on the placement and amount 

of their inoculum, their hyphal growth rates in soil and interactions 

within roots (Abbott and Robson, 1991ab; Hepper et al., 1988). Root 

elongation rates of the plants in natural ecosystems, for which this has 

been measured, are substantially slower than those of crop plants 

(Brundrett and Kendrick, 1990a; Huisman, 1982; Lyr and Hoffmann, 

1967; Russell, 1977), so rapid responses to the presence of roots and 

hyphal elongation rates should be less important in nature. It is possible 

that mycorrhizal fungi with slow hyphal growth rates would preferentially occupy 

slowly elongating roots, while faster fungi in the same soil 

colonize roots with greater rates of elongation. 

 Competition between endophytes occurring in the same soil could be 

reduced if their activities were chronologically separated by phenological 

differences, or spatially separated by substrate preferences, or host 

specificity. but the microhabitat preferences of VAM fungi have rarely 

been considered. Fungi with narrow hyphae (called fine endophytes or 

Glomus tenue) can be readily distinguished from other VAM fungi when 

cleared and stained roots are examined. Dodd and Jeffries (1986) 

observed that a fine endophyte was most active during the winter, while 

other endophytes predominated at other times. It might be expected 

that mycorrhizal fungi which have periods of activity and quiescence 

would preferentially associate with roots that were active at the same 

times of the year. McGee (1989) observed that propagules of a fine 

endophyte were more abundant near the soil surface while other fungi 

were more abundant at greater depths. Anderson et al. (1984) found 

that different VAM fungi were most common at opposite ends of a soil moisture-

fertility gradient at a prairie site. Factorial experiments involving 
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many combinations of host plants and VAM fungi have rarely 

demonstrated specificity (Section III.D.1), but almost nothing is known 

about the specificity of interactions between host plants and mycorrhizal 

fungi in nature. McGonigle and Fitter (1990) have observed that fine 

endophyte hyphae preferentially colonized roots of the grass Holcus 

lanatus, while endophytes with coarse hyphae were more common in 

other plants at the site throughout the year. This report of "ecological 

specificity" and the other examples discussed above suggest that specialization  

in the phenology, and microhabitat preferences, and perhaps 

some degree of host specificity may limit interactions between the 

isolates of VAM fungi present in a soil. 

  The fungi forming ECM associations include a large group of 

Basidiomycetes as well as other fungi and it is normal for a wide diversity of 

these fungi to be present on the roots of one host tree (Mason et al., 

1987). While it is possible to identify the ECM fungi associated with 

roots by anatomical studies (Agerer, 1986) or other means, most of our 

information about the occurrence of these fungi comes from observations of 

 their above-ground reproductive structures-which are usually closely 

 associated with mycorrhizal roots (Hilton et al., 1989; Trappe, 1962).   

Villeneuve et al. (1989) observed that the diversity of ECM fungi 

occurring in several temperate deciduous and coniferous forest sites was 

positively correlated with the dominance of potential host trees. Bills et 

al. (1986) observed that ECM fungus diversity was greater in mixed 

hardwood forests than in coniferous forests where one tree predominated. Tyler 

(1985) examined the influence of edaphic factors on the 

distribution of macrofungi in European forest sites (dominated by the 

ECM tree Fagus). In this study the relative importance of ECM fungi 

increased (and saprobes decreased) in more acidic soils and the distribution of 

many fungi was correlated with edaphic factors, such as soil 

organic matter and metal ion content. 

  Many ECM fungi have a wide host range and will form associations 

with hosts which originate on the other side of the globe, but others 

specifically associate with particular host taxa (Duddridge, 1987; Le 

Tacon et al., 1987; Malajczuk et al., 1982; Molina, 1981; Molina and 

Trappe, 1982b). Kropp and Trappe (1982) have suggested that plants 

such as Alnus rubra and Pseudotsuga menziesii. which often form pure 

stands during early succession, tend to form specific associations with 

ECM fungi, while species such as Tsuga heterophylla which become 

established in the shaded understorey of other trees usually have 

non-specific ECM associates. Fungi that have specific ECM associations 

will be restricted in their distribution by the occurrence of their hosts, 

but other fungi may have specialized habitat preferences etc. which  

influence their occurrence. When ECM fungi are introduced to a site, as 
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when inoculated host seedlings are transplanted, their success depends 

on their ability to spread through the soil to new roots and on the 

outcome of competition with indigenous fungi (McAfee and Fortin, 

1986). 

  When ecosystems recover from severe disturbance a succession of 

different ECM fungi will associate with host plants growing at a site, 

beginning with "early stage" and ending with "late stage" fungi (Fleming, 1985; 

Gardener and Malajczuk, 1988; Mason et al., 1987). "Early 

stage" but not "late stage" fungi can be easily introduced in disturbed 

sites (Danielson, 1985; Fox, 1986b). Physiological differences between 

these two groups of fungi are apparent in aseptic culture experiments 

(Gibson and Deacon, 1990). Early stage fungi are associated with young 

forests where ECM roots occur in mineral soil, while late stage fungi 

form ECM in the litter layer of mature forest soils (Dighton and Mason. 

1985; Mason et al., 1987). Fungi in the former group may be inhibited 

by changes to soil chemical and physical properties associated with tree 

leaf litter. etc. which occur during succession (Perry and Choquette, 

1987). Gardener and Malajczuk (1988) observed five ECM fungi associated 

with Eucalyptus seedlings in a 1-year-old revegetation site which 

contrasted with 40 species in a mature Eucalyptus forest. Fungal 

diversity generally increases until late in succession. when the number of 

species present may decline because those with more specialized host or 

substrate preferences predominate (Bills et al., 1986; Mason et al., 

1987). 

 Different clones of a mycorrhizal fungus may be present in the same 

soil and form colonies which expand by directional or radial hyphal 

growth. When colonies of the same mycorrhizal fungus overlap they 

may join by hyphal anastomosis (non-reproductive cell fusion). Hyphal 

anastomosis is a distinguishing characteristic of higher (Basidiomycete 

and Ascomyete) fungi and is considered not to occur in the Zygomycetes 

(Kendrick, 1985), but does occur in members of the Glomales 

(Tommerup, 1988). Anastomosis is an important mechanism by which 

mycorrhizal fungi can maintain continuity, exchange nuclear and extra- 

nuclear genetic information and reproduce sexually (Tommerup, 1988; 

Trappe and Molina, 1986). We would expect hyphal anastomosis to be 

common in ECM fungi (most of which are Basidiomycetes or Ascomycetes), 

but the frequency with which this event occurs between clones 

of VAM fungi in soil is unknown. Frequent anastomosis would appear 

to be essential, especially after a period of quiescence when fungal 

activity may have to be re-initiated form various scattered propagules. 

Otherwise clones would remain separate and compete for soil resources 

and host roots with which to form associations (this may occur to some  

extent). Tommerup (1988) has observed that spores of mycorrhizal fungi 
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isolated 5 m apart formed compatible anastomoses (evidence for original 

continuity). while the compatibility of spores which originated 150 m 

apart was lower (71%). Fries (1987b) found that many genetically 

distinct isolates of one species of ECM fungus could occur in a small 

forest area. 

 The natural distribution of plant species is limited by their tolerance 

to environmental conditions. especially periods of extremely cold tem- 

peratures, or when soils are dry, but biotic and soil factors are also 

important (Barbour et al., 1987; Woodward, 1987). One might also 

expect that the distribution of mycorrhizal fungi would also be influenced  

by similar factors, since it would be impossible for one isolate 

of these fungi to be well adapted to both high and low extremes in 

temperature, moisture, pH, etc. Some evidence for the climatic adaptation  

of endophytes is provided by the optimum, maximum and minimum 

germination temperatures of mycorrhizal fungi (Tommerup, 1983b) 

which can be higher in isolates from warmer regions than for fungi 

originally from cooler locations (Schenck et al., 1975). Koske (1987a) 

found that some VAM fungi were more abundant at the northern or 

southern end of a 355-km latitudinal (temperature) gradient of sites with 

similar coastal vegetation. 

  Environmental factors might be expected to override the more localized 

mycorrhizal fungus distribution influences (soil conditions, preferred  

host plants, dispersal effects) considered in previous sections, 

Unfortunately, there has been a tendency to promote the use of one 

particular fungus isolate (that would have a limited distribution in 

nature) as if it had universal applicability in mycorrhizal applications. 

Considerable thought has been given the criteria used to select "superior" 

isolates of mycorrhizal fungi for field inoculation programmes 

(Abbott and Robson, 1991b; Howeler et al.. 1987; Trappe, 1977), but 

we must also consider the limits to their ecological adaptability if one 

isolate is to be successfully used in a wide range of habitats/soils. 

 The diversity of ECM fungi present in communities of associated 

plants is typically much higher than that of VAM fungi (although 

additional intraspecific genetic diversity may also be important). A 

diverse assemblage of ECM fungi is present in communities which 

generally contain relatively low diversity of host plants (Section III.F.5). 

It is necessary to envisage a high degree of ecological specialization of 

ECM fungi (with regards to host, microhabitat, phenology, or substrate 

preferences), or complex biotic interactions between these fungi to 

understand why so many of them can coexist in relatively small volumes 

of soil. Little is known about the ecology of fungi forming less common 

types of mycorrhizal associations. 

  Massive destruction of native vegetation is occurring because of 
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deforestation in tropical regions (Jordan, 1985) and forest decline in 

temperate regions (Klein and Perkins, 1988). While mycorrhizal fungi 

often exhibit little host specificity, evidence is accumulating that they 

have become adapted to specific edaphic conditions. Substantial losses 

in fungal diversity occur when ecosystems are disturbed or converted to 

agriculture (Allen et al., 1987; Daniels Hetrick and Bloom, 1983; 

Schenck and Kinloch, 1980; Schenck et al., 1989). These processes are 

likely to result in a permanent loss of some of the isolates of mycorrhizal 

fungi which have become highly adapted to local conditions. 

During subsequent attempts at ecosystem reconstruction, the impact of 

this reduction in genetic resources of mycorrhizal fungi will depend on 

how rapidly surviving fungi adapt to changing soil conditions during 

succession and how effectively well-adapted isolates are dispersed from 

remnants of native vegetation. 

 

C . The Host Plant 
 

l. The Structural Diversity and Function of Roots 
With few exceptions. roots are essential to the growth and survival of 

plants. As much as 30% of the plant genome is involved in defining root 

characteristics (Zobel, 1986) and roots are normally responsible for 

acquiring the resources (water and mineral nutrients) most often limiting 

plant growth in ecosystems (Chapin et al., 1986; Fitter, 1986a). The 

primary functions of roots include (i) absorption of water and mineral 

nutrients, (ii) anchorage and physical support, (iii) storage and (iv) 

mycorrhizal formation (Esau, 1965; Russell, 1977). Roots may also 

support symbiotic nitrogen fixing associations (Gibson and Jordan, 1983; 

Torrey, 1978), influence shoot growth by growth-regulator production 

(Carmi and Heuer, 1981; Richards and Rowe, 1977) and in specialized 

cases may be involved in vegetative propagation or parasitic attachment 

(Esau, 1965). 

 The structural and functional diversity in roots is generally considered 

to be much lower than that of plant shoots (Fitter, 1987). It is certainly 

true that roots essentially are elongated cylinders which often appear 

superficially similar. However. anatomical or chemical variations between 

the roots of different species can be sufficient to allow their 

identification in soils collected from natural ecosystems (Brundrett and 

Kendrick, 1988; Brundrett et al., 1990; Chilvers, 1972). Thus with 

practice it may often be possible to identify roots in mixed samples by 

examination of their superficial characteristics, or during the course of 
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mycorrhizal assessment. Individual roots can pass through three distinct 

developmental phases: (i) growth, (ii) maturation and (iii) (in some 

cases) secondary growth. The importance and duration of these stages 

varies between plants and root system components. Plants produce a 

number of types (orders) of roots, including tap, lateral, basal and 

adventitious roots, that are physiologically, structurally and genetically 

distinct (Zobel, 1986). For example, lateral roots typically are narrower 

in diameter, grow less rapidly and have shorter lifespans than roots with 

higher branching orders (Russell, 1977). The fine laterals (feeder roots) 

of trees, especially those forming ECM, are often heterorhizic  differentiated 

into long and short elements, while those with VAM usually have 

more extensive lateral root systems, without heterorhizy (Brundrett et 

al., 1990; Kubíková, 1967). Tree roots belong to four categories 

resulting from structural differences between Angiosperms and Gymnosperms 

and those with VAM or ECM associations (Brundrett et al., 

1990). In the later group, distantly related trees have evolved similar, 

heterorhizic roots with epidermal Hartig nets. 

  Correlations between root structure and function in natural ecosystems 

are hard to establish because of the scarcity of careful morphological 

investigations and the frequent use of vague expressions such as 

"brown" or "suberized" roots (which do not distinguish between tannin 

accumulation, exodermis, periderm suberization, or root death  

Richards and Considine, 1981). There is also a paucity of information 

about root phenology (which could be used to predict when mycorrhizal 

associations are likely to be active  Section III.E.1). Root structural 

complexity (protective features such as suberized epidermal, hypodermal, 

or periderm cell walls) is often correlated with long root 

lifespans (Brundrett and Kendrick, 1988; Pienaar, 1968), or difficult 

substrates such as alpine soils (Luhan, 1955). Plants which grow in 

waterlogged soils generally have large air spaces in their cortex which 

helps them survive in anaerobic soils (Armstrong, 1979; Justin and 

Armstrong, 1987). Roots occurring in arid regions often have a cortex 

which collapses to leave an epidermal/exodermal sheath surrounding 

roots when the soil is dry (Drew, 1987; Hayden, 1919; Ginzburg, 1966). 

It is probable that many other correlations between root structure and 

function occur in natural ecosystems and would be discovered if the 

roots of plants in a variety of habitats were examined. Roots absorb and 

translocate nutrients by mechanisms that have been well examined in 

experimental systems (Marschner, 1986), but it may be difficult to apply 

some of this knowledge to plants in ecosystems because of many 

complicating factors (Tinker, 1990). These factors include pH changes, 

root hairs, exudates and bacteria in the rhizosphere (Tinker, 1990). 
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Root morphological criteria of relevance to any consideration of root 

nutrient acquisition and mycorrhizal formation include the presence of 

an exodermis (a barrier to solutes and microbes (Peterson, 1988)), 

heterorhizy (long and short roots). the proportion of roots at different 

developmental stages (primary roots with a cortex, secondary roots with 

a periderm, or senescent roots) and their duration and differences in 

root activity (lifespan and growth rate). Interactions between root 

structure and mycorrhiza formation will be considered in Section 

III.E.4.b. 

 

D. Plants and Mycorrhizal Fungi 
 

The physiology of mycorrhizal associations has been well discussed by 

Hayman (1983), Harley and Smith (1983) and Smith and Gianinazzi- 

Pearson (1988). Mycorrhizal associations are generally considered to 

benefit host plants by enhancing mineral nutrient acquisition, especially 

with regards to phosphorus (Section III.E.5). Nitrogen supply by ECM 

and ericoid associations is also considered to be important (Section 

III.F.1) and VAM associations may also improve nitrogen uptake 

(Barea et al., 1989). Increase in the absorption of minor nutrients, such 

as Mg, Cu and Zn have also been observed, but Mn uptake can be 

reduced (Arines and Vilarino, 1989; Harley and Smith, 1983; Hayman, 

1983; Killham, 1985; Pacovsky, 1986). Other less specific changes to 

host physiology, which include alterations in nutrient requirements. 

membrane composition and metabolite levels, apparently occur even 

when nutrient input is negligible (Dehne, 1986; Pacovsky, 1986). Mycorrhizal 

fungi (ECM and ericoid) apparently can influence host morphology 

and physiology by producing plant hormones, such as ethylene and 

auxins, which may be responsible for the reduced apical growth of 

mycorrhizal short roots (Berta et al., 1988; Gay and Debaud, 1987; 

Rupp et al., 1989). Root growth is usually only slightly affected by 

VAM (Section III.E.5.b), but a detrimental reduction in root elongation 

occurs in some cases (Jones and Hendrix, 1987). Mycorrhizal associations 

have been implicated in increased host resistance to disease and 

other stresses (Section III.E.6). 

 

1. Compatibility and Specificity 
Figure 2 illustrates the series of events which result in mycorrhizal 

formation. At the beginning of the process, root and mycorrhizal fungus 

activity is independently initiated and regulated (both partners may be 

responding to the same soil or environmental conditions), but there is 

strong evidence of genetic interactions between the mutualistic partners 
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in the later stages of this process. Evidence of genome expression 

changes in the fungal partners is provided by hyphal structure and 

behavior at the root surface, but the response by roots apparently is 

largely restricted to individual cells forming exchange sites (Gianinazzi- 

Pearson, 1984). The widespread susceptibility of plant roots to colonization 

by mycorrhizal fungi may be explained by specific comparability 

systems. or because mycorrhizal fungi somehow avoid or fail to elicit 

host defence mechanisms (Gianinazzi-Pearson and Gianinazzi, 1989). 

There is little evidence of host-fungus specificity in most types of 

mycorrhizal associations (Duddridge, 1987; Gianinazzi-Pearson, 1984; 

Harley and Smith, 1983). Ineffective VAM associations have been 

discovered in only a few of the many host plant and mycorrhizal fungus 

combinations tried in synthesis experiments (Johnson, 1977; Giovannetti 

and Hepper, 1985). Thus relatively few endophytes (±150 members of 

the Glomales) can form associations with most members of the plant 

kingdom (Morton, 1988, 1990). Genotypic variations within a host 

species can influence the degree of VAM formation (Azcón and 

Ocampo, 1981: Krishna et al., 1985; Lackie et al., 1988; Sieverding and 

Galvez, 1988; Thomas and Ghai, 1987). Some hosts provide more 

benefit to VAM fungi than others, as is suggested by differences in the 

magnitude of spore production. but in most cases spore formation is 

closely related to the total length of mycorrhizal roots produced by a 

given host (Giovannetti et al., 1988; Daniels Hetrick and Bloom, 1986; 

Howeller et al., 1987; Pellet and Sieverding, 1986; Simpson and Daft, 

1990b; Struble and Skipper, 1988). 

  The adaptation of mycorrhizal fungi to particular soil conditions 

(Section III.B.5). apparently is more common than specific interactions 

with host plants. Thus in experimental systems incompatible host-fungus 

combinations are rare, but in ecosystems many of these combinations 

may be less successful because the fungi are poorly adapted to the 

normal habitat of plants. However, even if environmental and soil 

conditions could somehow be excluded from consideration, particular 

endophytes are also likely to exhibit differences in metabolic competence 

(the ability to obtain and transport nutrients) (Smith and Gianinazzi- 

Pearson, 1988). McGonigle and Fitter (1990) observed the preferential 

association between a VAM fungus with fine hyphae and a 

grass species, but there have been few other attempts to identify the 

VAM fungus associates of plants in natural ecosystems (Section III.B.6).  

The assertion that VAM associations lack host-fungus specificity 

may well be a reflection of how little we known about these fungi. 

Observations of the occurrence of above-ground fructifications of 

ECM fungi has provided much information about associated host plants 
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and the geographic ranges of these fungi (Mason et al., 1987). There is 

usually a high correlation between the occurrence of fruiting structures 

and mycorrhizal formation by ECM fungi (Gardner and Malajczuk, 

1988; Trappe, 1962), but association lists produced in this way are 

certain to contain some errors. One such erroneous report involved ash 

trees (Fraxinus sp.), which are known to have VAM associations, and 

the fungus Boletinellus merulioides, which is now known to associate 

with root-feeding aphids (Brundrett and Kendrick, 1987). 

 Details of mantle structure have also been used to identify associated 

ECM fungi in some cases (Agerer, 1986; Mason et al., 1987). Most 

ECM fungi associate with a broad range of host plants, but incompatible 

host-fungus combinations have been found and some fungi specifically 

associate with one genus (or possibly a single species) of host trees 

(Duddridge, 1987). Clonal variations within Sitka spruce can influence 

populations of ECM fungi associated with their roots (Walker et al., 

1986). The compatibility of host plant-ECM fungus combinations has 

been tested using artificial conditions (host seedlings grown in aseptic 

media) and fungi that colonize roots best under these conditions are 

often those that form sporocarps in close association with the same host 

in the field (Molina and Trappe, 1982b). Attempts to form associations 

between ECM fungi and host plants that are incompatible (at least with 

the experimental conditions used) can result in a "wounding response" 

(lignification or phenolic accumulation and cell disruption) in the root 

cortex (Malajczuk et al., 1984; Molina and Trappe, 1982b). There is 

strong evidence of cellular and genetic interactions between host plants 

and mycorrhizal fungi (Gianinazzi-Pearson and Gianinazzi, 1989), but 

these relatively subtle interactions may be hard to separate from 

environmental/edaphic influences (Section III.B.6) on the occurrence of 

mycorrhizal fungi in natural ecosystems. 

 

2. Mycorrhizal Definitions 
Researchers have used different criteria to designate the mycorrhizal 

status of plants. The Hartig net-hyphae forming a labyrinthic exchange 

site between root cells (Kottke and Oberwinkler, 1986; Massicotte et al., 

1987) should be used to identify roots with functional ECM associations. 

In most cases ECM associations are quantified by counting ECM short 

root tips (using superficial dissecting microscope examinations) and 

making occasional sections to confirm the presence of a Hartig net 

(Grand and Harvey, 1982). Unfortunately, some reports of ECM are 

only substantiated by the presence of fruiting structures produced by 

putatively mycorrhizal fungi in the vicinity of a plant (Harley and Smith, 

1983). There are many early reports of VAM or ECM associations of 
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trees which have since been well established to form mycorrhizas of the 

other type (see Harley and Harley, 1987 for examples). These designations 

should perhaps be re-evaluated if they were not originally based on 

careful morphological observations. However, there are well documented 

cases of trees belonging to taxa which normally have ECM also 

forming VAM. especially as seedlings (Chilvers et al., 1987; Lodge, 

1989; Vozzo and Hacskaylo, 1974) and such dual associations apparently 

are common in Australian arid communities (Kope and Warcup, 1986; 

Warcup, 1980, 1988). Samples collected in natural ecosystems will 

almost inevitably contain roots of more than one species, which must be 

carefully separated on the basis of their anatomical characteristics to 

avoid misinterpretations. 

  The presence of arbuscules (the main site of host-fungus nutrient 

exchange: Harley and Smith, 1983; Smith and Gianinazzi-Pearson, 

1988), is normally used to designate VAM associations, but the presence 

of hyphae and vesicles alone have also been used as evidence. With 

practice, these latter structures can usually be distinguished from those 

produced by saprobic or parasitic fungi, but they make unreliable 

indicators since they also occur in senescent roots of non-host species, 

rhizome scales, etc. (Brundrett and Kendrick, 1988; Hirrel et al., 1978; 

Stasz and Sakai, 1984). Arbuscules are ephemeral structures, which may 

be absent if samples are collected when roots are inactive (Section III.E.1). 

Thus it may be difficult to designate plants as mycorrhizal if they 

only have old or senescent roots when harvested. In ecosystem surveys 

it may be best to define VAM colonization levels as the proportion of a 

plant's root system that, when susceptible to colonization, supported an 

active association with arbuscules (Brundrett and Kendrick, 1988). This 

requires a prior understanding of host root phenology, or the collection 

of root samples throughout the year. 

 Mycorrhizal surveys independently conducted in diverse localities have 

shown that members of certain plant families rarely form mycorrhizal 

associations. These typically non-mycorrhizas families are listed in Table 

4. but their have been some reports of mycorrhizas in most of these 

families (Section III.E.4). Studies of plants in ecosystems which have 

found plants within the same genus or family to have consistent 

mycorrhizal associations greatly outnumber reports of variable mycorrhizal 

relations within taxa (Brundrett and Kendrick, 1988; Brundrett et 

al., 1990; Maeda, 1954; Pendleton and Smith, 1983; Selivanov and 

Eleusenova, 1974; Trappe, 1981, etc.). 

  Host plants forming Ericoid and Orchid mycorrhizas are taxonomically 

restricted, so these associations usually do not present identification 

problems (Hadley, 1982; Read, 1983). Members of the Ericales (Ericaceae 
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Table 4 

Plant families which are predominantly nonmycorrhizal 
CLASS   Habit Accumulated chemicals 
 Subclass  and      
  Order Family* habitat§ Primative† Advanced‡ 
MAGNOLIOPSIDA        
 Magnoliidae        
  Nymphaelales 5 families Aq T±  P+  E± Ak+  
  Papaverales Papaveraceae(?) Hb T-  P-  E- Ak+  
   Fumariaceae Hb T-  P-  E- Ak+  
 Hamamelidae        
  Urticales Urticaceae(?) Hb T+  P+     
 Caryophyllidae        
  Caryophyllales Phytolaccaceae(?) Hb T-  P-  E- B+ Sp+ 
   Nyctaginaceae Hb (Sb) T-  P-  E- B+  Sp± 
   Aizoaceae Hb T-  P-  E- B+ Ak+ 
   Chenopodiaceae Hb Sa T-  P-  E- B+ Sp+ Ak+ 
   Amaranthaceae Hb T-  P-  E- Sp+ B+ 
   Portulacaceae Hb T-  P-  E- B+  
   Caryophyllaceae Hb T-  P±  E- Sp+  
  Polygonales Polygonaceae Hb (Sb) T+  P+  E+ Aq+  
 Dilleniidae        
  Lecythidales Lecythidaceae(VAM) Tr (Sb) T+  P+  E+ Sp+  
  Nepenthales 3 Families Carn T+  P+  E±   
  Capparales Brassicaceae Hb T-  P-  E- Gs+ Cy+ 
  Ebenales Sapotaceae(?) Tr Sb T+  P+  E+ St+ Tp+ 
 Rosidae        
  Proteales Proteaceae Sb (Tr) T+  P+  E- Ak+ Cy± 
  Podostemales Podostemaceae Aq ?     
  Haloragales 2 families Aq T+  P+  E+ Cy+  
  Rhizophorales Rhizophoraceae(VAM) Tr ±Aq Sa T+  P+  E+ Ak+  
  Santalales 10 Families(VAM)

1
 Para T+  P+  E- Cy± Sp± 

  Rafflesiales 3 Families
1
 Para ?     

  Sapindales Zygophyllaceae Sb T-  P-  E- Sp+ Ak± Gs± 
 Asteridae        
  Solanales Hydrophyllaceae(?) Hb T-  P-  E- Tp± Fl± 
  Scrophulariales Scrophulariaceae(VAM) Para± T-  P-  E- Ir+ Sp+ Or+ 
   Orobanchaceae

1
 Para T+  P-  E- Ir+ Or+ 

   Lentibulariaceae
1
 Carn T-  P-  E- Ir+  

LILIOPSIDA        
 Alismatidae        
  Alismatales 3 Families Aq T+  P+  E-   
  Hydrocharitales Hydrocharitaceae Aq T+  P+  E-   
  Najadales 10 Families Aq T+  P±  Cy±  
 Commelinidae        
  Commelinales Commelinaceae Hb T±   Fl+  
  Eriocaulales Eriocaulaceae(?) Aq ?     
  Restionales Restionaceae(?) Hb T+  P+    
  Juncales Juncaceae Hb T+  P+  Cy± Fl+ 
  Cyperales Cyperaceae Hb T+  P+   Al± Fl+ 
 Zingiberidae        
  Bromeliales Bromeliaceae

1
 Epi T+  P±  Enz Sp± 
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and Epacridaceae) almost always form ericoid (or arbutoid) associations 

(Read, 1983; Reed, 1987). but also form VAM associations in 

Hawaii (Koske et al., 1990). Mycorrhizas of achlorophyllous plants. 

including monotropoid plants and some orchids, may superficially resemble 

ECM but are functionally different (Furman and Trappe, 1971; 

Harley and Smith, 1983). Root-colonizing fungi that do not form 

recognized types of mycorrhizal associations can often be observed in 

natural ecosystems and are especially common in arctic and alpine 

habitats (Currah and Van Dyk, 1986; Haselwandter and Read, 1982; 

Kohn and Stasovsky, 1990). Root colonization by one of these fungi 

(which has dark septate hyphae) can be beneficial to alpine plants 

(Haselwandter and Read, 1982). Root-colonizing fungi that do not form 

mycorrhizal associations may benefit plants by conferring disease resistance 

(Dewan and Sivasithamparam, 1988). These other beneficial root-fungus 

associations differ from mycorrhizal associations because they 

show little evidence of morphological or physiological specialization by 

either organism. 

  The concept that plants have varying degrees of dependence on 

mycorrhizal associations is gaining acceptance (see Janos, 1980b; 

Marschner, 1986; Miller, 1987). Detailed examinations of plants in 

natural ecosystems often show consistently differences between host 

plants occurring in a particular habitat in the degree (proportion of 

roots) supporting rnycorrhizal associations. These observations have 

shown that species generally either have consistently high levels of 

mycorrhizas, intermediate or variable levels of mycorrhizas, or are 

non-mycorrhizal (Brundrett and Kendrick, 1988; Dominik et al., 1954b; 

Janos, 1980b; Koske and Gemma, 1990). Plants belonging to these 

categories have been designated as obligatorily mycorrhizal, facultatively 

mycorrhizal, or non-mycorrhizal. 

 

 

 

 

Notes to Table 4 (opposite) 

* ? = mycorrhizal status requires further study; VAM = family also contains 

 species with VAM; 1 = highly reduced roots. 

§ Hb = herbaceous; Sb = shrub; Tr = tree; Aq = aquatic herb; Para = parasitic on 

  other plants; Carn = carnivorous; Sa = saline habitats, Epi = epiphytes. 

† T = tannins; P = proanthocyanins; E = ellagic acid; + = present; - = absent;  

  ± = present in some. 

‡ Ak = alkaloids; B = betalains; Sp = saponiferous; Aq = anthraquinone 

 glycosides; Gs = glucosinolates; St = sterols; 

 Tp = terpinoids; Al = aluminum; Cy = cyanogenic; Ir = iridoid compounds;  

 Or = orobanchin; Enz = proteolytic enzymes. 
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 Obligatorily mycorrhizal plants have been defined as those which will 

not survive to reproductive maturity without being associated with 

mycorrhizal fungi in the soils (or at the fertility levels) of their natural 

habitats (Janos, 1980b; Kormanik, 1981). These species consistently 

support mycorrhizal colonization throughout most of their young roots. 

Facultatively mycorrhizal plants are those that benefit from mycorrhizal 

associations only in some (of the least fertile) soils in which they 

naturally occur (Janos, 1980b) (see Section III.E.4). In ecosystem 

surveys inconsistent mycorrhization (Trappe, 1987) or low levels of 

mycorrhizal colonization (less than 25%) (Brundrett and Kendrick 

(1988) have been used to designate facultatively mycorrhizal species 

when soil fertility levels could not be manipulated. The various factors, 

including soil nutrient levels, root system characteristics and host plant 

physiology, that determine the net benefit of mycorrhizal associations to 

plants are considered in Section III.E.5. 

 Non-mycorrhizal plants have roots that consistently resist colonization 

by mycorrhizal fungi, at least when they are young and healthy. These 

observations provide evidence that intrinsic properties of roots may 

regulate mycorrhiza formation, at least in some cases and possible 

mechanisms for this regulation are discussed in Section III.E.4.c. 

Nutrient levels and other soil properties (Section III. E.5) and mycorrhizal 

propagule dynamics (Section III. B.1) can also influence mycorrhizal 

associations, but in a less consistent manner. 

 

E. Edaphic / Environmental Factors, Plants and Mycorrhizas 
 

The events which occur during the life-cycle of a mycorrhizal association 

are shown in Fig. 2. The formation, survival and dispersal of mycorrhizal 

propagules have already been considered (Section III.B.1). Environmental 

factors, soil conditions, root properties, rhizosphere effects, 

etc. that influence the activity of these propagules, mycorrhizal fungus 

hyphae and roots, as well as the remaining stages in mycorrhizal 

formation and activity illustrated in Fig. 2 will now be considered. 

 

1. Mycorrhizal Phenology 
Seasonal variations in the periodicity of root growth and mycorrhizal 

activity occur in ecosystems and may be substantial enough to change 

the apparent mycorrhizal status of plants (Allen, 1983; Brundrett and 

Kendrick, 1988; Gay et al., 1982; Giovannetti, 1985; Louis and Lim, 

1987; Rabatin, 1979). There were no significant seasonal variations in 

the degree of mycorrhizal colonization of the roots of many herbaceous 

plants in a deciduous forest community, because only a fraction of their 

roots were replaced each year (Brundrett and Kendrick, 1988, 1990a). 
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These species consequently had high levels of VAM at all times year, 
but active associations with arbuscules only in their youngest roots, 
which only comprised a fraction of their root systems. Other species of 
deciduous forest plants had annual roots with well defined periods of 
growth and senescence, resulting in abrupt transitions in mycorrhizal 
colonization levels. These seasonal changes in VAM activity were 
regulated by root phenology, since VAM associations only formed in 
young roots and had a limited period of activity (Brundrett and 
Kendrick, 1990a; Harley and Smith, 1983). Moderate seasonal variations 
in the extent of mycorrhizas in the roots of European deciduous forest 
species (Mayr and Godoy, 1989) and salt marsh plants (Van Duin et al., 
1989) were also associated with new root production during the growing 
season. Allen and Allen (1986) found that mycorrhizas delayed the 
phenology of a grass that received little benefit from the association. 
Mycorrhizal strategies of plants may be correlated with the environmental 
conditions prevailing when plants produce new roots, as was 
observed in a temperate deciduous forest community (see Fig. 3). In this 
community, most species with root growth in summer (in warm soil) 
were mycorrhizal, while those with active roots in the spring or fall (in 
cold soils). had little or no mycorrhizas (Fig. 3). Species in a European 
 

 
Fig. 3. This chart shows correlations between phenological categories (major 
period of shoot activity) and mycorrhizal relationships for common species of 
herbaceous woodland plants in a temperate deciduous forest community (data 
from Brundrett and Kendrick, 1988). Species with high levels of VAM which 
grow in the spring or spring and summer periods (indicated by stars) generally 
had roots which grow in the summer, even though their shoot activity occurred 
earlier in the year. (Abbreviations; VAM = vesicular-arbuscular mycorrhizal, 
facultative = low levels of VAM, non-mycorrhizal = without any mycorrhizas.) 
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grassland community could be divided into similar summer and spring 

root phenology groups (Fitter, 1986c). Co-existing North American 

prairie grasses also belong to warm and cool season phenology groups 

and only those most active at warm times of the year are highly 

mycorrhizal (Daniels Hetrick and Bloom, 1988; Daniels Hetrick et al., 

1989). Correlations between low ambient temperatures and reduced 

mycorrhizal colonization have also been reported in a desert shrub 

(Allen, 1983), cultivated winter wheat (Daniels Hetrick and Bloom, 

1983) and with increasing altitude or latitude in arctic and alpine 

ecosystems (Appendix 1). The predominance of non-mycorrhizal plants 

in situations where cold temperatures prevail probably results because 

these conditions restrict the activity of mycorrhizal fungi (Brundrett and 

Kendrick, 1988; Daniels Hetrick et al., 1989), but this correlation could 

also have resulted because cool conditions favoured plants from non-mycorrhizal 

families (Table 4) for other reasons. 

  Roots forming ECM associations can live for several years (Harley 

and Smith, 1983). However, ultrastructural studies have shown that only 

subapical regions of ECM roots have an active host-fungus interface 

that must be renewed by further root extension (Kottke and Oberwinkler, 

1986; Massicotte et al., 1987). Root growth and mycorrhizas 

formation often parallel shoot development in crop plants, but in many 

trees root growth is suppressed during periods of rapid leaf formation 

(Lyr and Hoffmann, 1967) and some herbaceous plants form roots and 

VAM when shoots are dormant (Brundrett and Kendrick, 1988; Daft et al., 

1980). Root growth in natural ecosystems generally occurs at times 

when both temperature and soil moisture conditions are favourable 

(Allen, 1983; Gregory, 1987; Hayes and Seastead, 1986; Lyr and 

Hoffmann, 1967; Richards, 1986). Consequently, overall communitywide 

trends in mycorrhizal activity would be regulated by these environmental 

constraints on root (and fungus) activity, but variations between 

hosts would be the result of genetically regulated differences in their 

root phenology. 

 Experimental investigations have found that the benefits provided by 

mycorrhizal associations are often reduced by low temperatures and may 

be eliminated at 5-10 °C (Andersen et al., 1987; Chilvers and Daft, 

1982; Furlan and Fortin, 1973; Hayman, 1983; Smith and Bowen, 1979). 

Reduced VAM activity may result because the activity of these fungi 

stops below a cut-off temperature (±7 °C) (Hayman, 1983) while roots 

of some plants continue to grow, or because mycorrhizal exchange 

processes become inefficient at low temperatures. Smith and Bowen 

(1979) observed that low temperatures reduced VAM initiation, which 

suggests that fungal activity was affected. There are differences between 

VAM fungi in the optimum and upper and lower temperature limits for 
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spore germination (Tommerup, 1983b; Schenck et al., 1975). The 

activity of ECM fungi is also considerably influenced by temperature 

(Peredo et al., 1983; Slankis, 1974). Winter wheat (Dodd and Jeffries, 

1986) and Endymion non-scriptus (Daft et al., 1980) form VAM 

associations during mild winter conditions in the UK and some species 

are mycorrhizal (VAM, ECM or Ericoid) in all but the most extreme 

arctic and alpine sites (Appendix 1), suggesting that some host-endophyte 

combinations are effective at low temperatures. Under experimental 

conditions the efficacy of mycorrhizal associations can also be 

reduced by low light levels (Section III.E.4.a). However, woodland 

plants growing in heavily shaded conditions can be highly mycorrhizal, 

but with associations that form and senesce at relatively slow rates 

(Brundrett and Kendrick, 1990a). 

  Seasonal variations in mycorrhizal spore numbers can occur (Ebbers et 

al., 1987; Dhillion et al., 1988; Gemma and Koske, 1988b; Gemma et 

al., 1989; Giovannetti, 1985; Louis and Lim, 1987). In most cases spores 

are less abundant during periods of mycorrhizal formation and become 

more numerous during periods of root senescence, These reductions in 

spore numbers may result from spore germination, limited spore lifespans, 

or the activities of antagonistic soil organisms-which may 

coincide with root growth (Mosse and Bowen, 1968; Sutton and Barron, 

1972). Peak periods of spore production are generally thought to 

coincide with periods of fungal resource remobilization from senescing 

roots (Gemma et al., 1989; Hayman, 1970; Sutton and Barron, 1972). 

This hypothesis is supported by observations that spore production is 

greatest when root activity is interrupted by a long dry season or plants 

are harvested for agricultural purposes (Janos, 1980b; Mosse and 

Bowen, 1968; Redhead, 1977). However, substantial variations in the 

timing of spore production occur between VAM fungi associated with a 

host plant, suggesting that competition between fungi (Section III.B.6) 

and environmental factors probably also influence spore production 

(Gemma and Koske, 1989). 

  Spore numbers are not always well correlated with the degree of 

mycorrhizal formation (Section III.B.1) and their germination potential 

varies at different times of the year (Tommerup, 1983a; Gemma and 

Koske, 1988b). Other inoculum types are often considered to be more 

important in natural ecosystems (Section III.B.2), but the total inoculum 

potential of undisturbed soils been measured (by bioassays) in only a 

few cases. Bioassays of undisturbed soil did not find large seasonal 

variations in the inoculum potential of soils in Australia pasture or 

ecosystem soils (Jasper et al., 1989c; McGee, 1989; Scheltema et al., 

1985a). Fructifications of ECM fungi occur at a specific time of the year 

(usually in the fall), when spores of these fungi would be abundant in 
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their natural habitats. While seasonal variations in the capability of 

mycorrhizal fungi to initiate associations can occur, mycorrhizal formation 

requires root growth and factors influencing the latter process 

appear to be of overriding importance. 

 

2. The Activity of Mycorrhizal Fungus Hyphae in Soils 
Mycorrhizal fungi form a hyphal network in soil which can obtain and 

transport nutrients, propagate the association and interconnect plants 

(Read et al., 1985; Newman, 1988). Production of external hyphae 

varies between species and isolates of VAM fungi, can be influenced by 

soil properties and is an important determinant of mutualistic effectiveness 

(Abbot and Robson, 1985; Graham et al., 1982b; Gueye et al., 

1987). 

 Mycorrhizal fungus hyphae are normally thought to obtain poorly 

mobile nutrients from beyond the zone of nutrient depletion surrounding 

roots in soils (Section III.E.S), but may also respond to soil 

heterogeneity. Harvey et al. (1976) found that most of the ECM roots in 

a forest soil occurred within organic soil fractions, where litter, woody 

debris and charcoal decomposition was occurring. Hyphae of these fungi 

may exploit soil heterogeneity by occupying substrates with lower 

carbon/nutrient ratios (Coleman et al., 1983). Hyphae of VAM fungi 

may also preferentially occupy soil organic material (Mosse, 1959; St 

John et al., 1983; Warner, 1984), where they produce fine, highly 

branched, septate hyphae that may have an absorptive function (Mosse, 

1959; Nicolson, 1959). Roots also respond to spatial and temporal 

variations in soil nutrient supply, but they may be less efficient at this 

than are mycorrhizal hyphae (Section III.E.5). Mycorrhizal associations 

can provide the greatest benefit when plants are supplied with forms of 

phosphorus that dissolve very slowly, so producing highly localized point 

sources within soils (Bolan et al., 1987). Some mycorrhizal fungi 

apparently can utilize organic or insoluble nutrient sources that are 

normally thought to be unavailable to plants (Section III.F.1). 

Absorption of inorganic nutrients by mycorrhizal hyphae and their 

transport through soil to roots over distances measured in centimeters 

has been demonstrated by tracers such as 
32

P (Harley and Smith, 1983; 

Hayman, 1983). Similar experiments have shown rapid transport of 

carbon, nitrogen, phosphorus and water by hyphal networks of VAM 

and ECM fungi (Finlay and Read, 1986; Finlay et al., 1988; Francis et 

al., 1986; Haystead et al., 1988; Newman, 1988; Read et al., 1985; Ritz 

and Newman, 1986). In some of these experiments, nutrients transfer 

occurred between plants of the same or different species. The rapidity of 

this transfer and its correlation with the presence of mycorrhizal fungi, 

suggests that it occurs within mycorrhizal fungus hyphae, but this has 
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not been fully established (Haystead et al., 1988; Newman, 1988). 

Francis et al. (1986) reported that mycorrhizal mediated inter-plant 

nutrient transfer significantly enhanced the growth of recipient plants. 

but Ritz and Newman (1986) considered the P-transfer rates they 

measured to be substantially less than uptake rates in the field. 

Experiments invoking competition between mycorrhizal plants suggest 

that hyphal interconnections provide little benefit to other plants (Section 

III.F.2). 

  In pot cultures, the proportion of living soil hyphae increases only 

after root colonization is established and declines rapidly when this 

process stops (Schubert et al., 1987; Sylvia, 1988). However, these 

hyphal growth and viability trends might not occur in ecosystems, where 

host plants with different periods of root activity could co-operate to 

support a network of mycorrhizal hyphae and where environmental 

constraints (temperature, soil moisture levels) would likely be the most 

important determinants of fungus activity. It has been observed that 

seedlings form mycorrhizas more rapidly, or to a greater extent when 

growing near companion plants that are already mycorrhizal (Birch, 

1986; Eissenstat and Newman, 1990; Miller et al., 1983; Read et al., 

1976). The simultaneous introduction of mycorrhizal fungi and plants to 

pots in experiments may ultimately impose a greater drain on the host 

than would occur in nature, because of the costs of creating a new 

hyphal network from quiescent propagules. The reductions in mycorrhizal 

colonization resulting from soil disturbance provide further evidence 

of the importance of pre-existing hyphae as propagules (Evans and 

Miller, 1988, 1990; Jasper et al., 1989ab). These hyphal networks may 

facilitate the absorption and transport of nutrients in soil, since their 

disruption can reduce the efficacy of mycorrhizal associations in a way 

that is independent of colonization levels (Evans and Miller, 1990). 

Mycorrhizal fungus hyphae can influence soil structure by helping to 

produce humic acids, weathering soil minerals and stabilizing large soil 

aggregates (Oades, 1984; Perry et al., 1987; Rothwell, 1984), but organic 

acids and polysaccharides produced by bacteria, fungi and roots and 

organic debris resulting from root, hyphae, or soil animal activity are 

also important components of soil structural stability (see reviews by 

Lynch and Bragg, 1985; Perry et al., 1987). Major structural contributions 

to soils by hyphae of VAM or ECM fungi has been observed in 

arctic communities (Miller, 1982b), sand dunes (Jehne and Thompson, 

1981; Rose, 1988), deserts (Went and Stark, 1968), revegetating minesites 

(Rothwell, 1984) and agricultural fields (Thomas et al., 1986; 

Tisdall and Oades, 1979). Meyer (1964) considered hyphae of the ECM 

fungus Cenococcum to be an important structural component of a boreal 

forest soil and Hunt and Fogel (1983) found this fungus alone can 
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comprise as much as 64% of all soil hyphae. Humic acids-organic 

chemicals which are important components of soil structure and fertility. 

are produced by partial decomposition of plant residues such as lignin. 

as well as microbial products-especially fungal melanins (Martin and 

Haider, 1980; Vaughan and Malcolm, 1985). Similar substances can 

accumulate in cultures of ECM fungi (Tan et al., 1978). The abundance 

of mycorrhizal fungus hyphae in many soils suggests that they may be 

important as source of humic acids as well as influencing soil structural 

properties. 

 

3. The Rhizosphere and Mycorhizosphere 
Whipps and Lynch (1986) describe the rhizosphere as consisting of three 

zones, the ectorhizosphere (soil in close proximity too roots), the 

rhizoplane (root surface) and endorhizosphere (apoplastic space within 

roots). In the rhizosphere soil properties are changed and microbial 

activity is enhanced by dead cells. mucilages and exudates from roots 

and these influences are most pronounced near young roots (Curl and 

Truelove, 1986; Newman, 1985; Uren and Reisenaur, 1988). Root 

exudates include inorganic ions, sugars, amino acids and organic acids 

which escape from root cells (Curl and Truelove, 1986). 

 Roots with ECM associations are encased by a mantle of fungal 

hyphae which would influence or mediate any exudation and cell loss 

processes that occur, so that the zone or influence surrounding these 

roots should be called a mycorrhizosphere (Fogel, 1988). The 

mycorrhizosphere of ECM roots may be expected to hate unique 

properties, including more gradual but sustained exudation, micro-organisms 

which have evolved to utilize substrates such as trehalose or 

mannitol. and tolerate defensive secondary metabolites which are of 

fungal rather than root origin (Fogel, 1988). Fogel (1988) also suggests 

that mycorrhizal fungi may have a greater influence on rhizosphere 

properties than host roots, so that the common association of one host 

with many ECM fungi could result in mycorrhizosphere heterogeneity, 

It would also be expected that VAM associations (which are a major 

sink for substrates within roots) would have a substantial influence on 

mycorrhizosphere properties. Mycorrhizosphere effects, which include 

many interactions between mycorrhizal fungi and other soil organisms. 

have been considered in reviews by Fogel (1988), Linderman (1988), 

Perry et al. (1987) and Rambellini (1973). 

 The VAM mycorrhizosphere may support substantially altered population 

of soil bacteria, actinomycetes and fungi when compared with 

non-mycorrhizal roots (Ames et al., 1984; Lawley et al., 1982; Meyer 

and Linderman, 1986b; Secilia and Bagyaraj, 1988). Vancúra et al., 

(1989) observed that soil hyphae of VAM fungi had bacteria growing on 
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them and these "hyphosphere" bacteria were a subset of the host 

rhizosphere population. Soil micro-organisms may enhance (Azcón- 

Aguilar and Barea, 1985; Meyer and Linderman, 1986a), reduce (Baas 

et al. 1989a; Daniels Hetrick et al., 1987; Koide and Li, 1989), or have 

no effect (Paulitz and Linderman, 1989) on the effectiveness of VAM 

associations (to increase host growth), relative to pasteurized soil 

controls. Different soil micro-organisms can enhance or reduce ECM 

formation, but enhancement is more common (Garbaye and Bowen, 

1986, 1989; Richter et al., 1989; Strzelczyk and Kampert, 1987). 

Garbaye and Bowen (1989) isolated micro-organisms from ECM roots 

and found that some were capable of enhancing the growth of ECM 

fungi. They suggest that a community of microbes has evolved in 

association with ECM roots. However, Summerbell (1989) found that 

most fungi associated with the mantle of ECM black spruce roots also 

occurred on non-mycorrhizal roots and roots of a non-host species. 

Wilkinson et al. (1989) found that some strains of soil bacteria, when 

co-inoculated with mycorrhizal fungi. enhanced the symbiotic germination 

of aseptic orchid seeds. 

  Spore dormancy and subsequent activation in response to relatively 

specific signals, allows fungi to survive in soil when conditions are 

unfavorable (Sussman, 1976). Germination of VAM spores and subsequent 

hyphal growth may be enhanced (Azcón, 1987; Azcón-Aguilar 

et al., 1986; Azcón-Aguilar and Barea, 1985), or may be inhibited 

(Paulitz and Linderman, 1989) by the presence of free-living bacteria 

and fungi isolated from soils. Germination of the spores of some VAM 

fungi only occurs after the completion of a specific period of dormancy 

(Bowen, 1987; McGee, 1989; Tommerup, 1983a). Roots exudates can 

promote germination and hyphal growth from VAM spores (Graham, 

1982; Elias and Safir, 1987). within a narrow zone of influence in soils 

(Smith et al., 1986). Gianinazzi-Pearson et al. (1989) observed that host 

root exudates and flavonoids they contained elicited rapid germination 

and hyphal growth responses in a VAM fungus. Volatile factors from 

roots can also attract soil hyphae or germ tubes from VAM spores 

(Gemma and Koske, 1988a; Koske, 1982; St John et al., 1983). 

Germination and survival of propagules of VAM fungi (spores) is also 

influenced by soil moisture, temperature, pH and salinity levels (Daniels 

Hetrick, 1984; Bowen, 1987). Enhancement of ECM fungus basidiospore 

germination occurs in the presence of some yeasts and filamentous 

fungi, but host root exudates often produce a greater response (Ali and 

Jackson, 1988; Fries, 1987a; Theodorou and Bowen, 1987). Hyphae of 

ECM fungi can be attracted by exudates of both host and non-host 

species (Duddridge, 1987). 

 The rhizosphere influence is most pronounced near young roots (Curl 
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and Truelove, 1986; Newman, 1985; Uren and Reisenaur, 1988), which 

may explain their greater attraction to mycorrhizal hyphae (Chilvers and 

Gust, 1982; Mosse and Hepper, 1975; Smith and Walker, 1981). 

Mycorrhizal hyphae require several days to respond to the presence of a 

growing root tip, so would first interact with root cells that are at least 2 

days old and take several more days to establish an effective association 

with a Hartig net or arbuscules (Alexander et al., 1989; Piché and 

Peterson, 1985). Gemma and Koske (1988a) found that host root growth 

and lateral root production could be stimulated by the presence of VAM 

fungi before an association was formed. 

 Plants belonging to certain families have mutualistic associations with 

N2-fixing bacteria contained within root nodules (Gibson and Jordan, 

1983; Torrey, 1978) and associative N2-fixing bacteria may occur in the 

rhizosphere of other plants (Giller and Day, 1985; Ho, 1988; Pacovsky, 

1989), or within ECM roots or basidiocarps (Li and Hung, 1987). There 

can be interactions between mutualistic nitrogen-fixing bacterial associations 

and mycorrhizas, which may result because plants with dual 

associations tend to have higher phosphate requirements (Barea and 

Azcón-Aguilar, 1983). Soil bacteria which solubilize rock phosphate may 

increase nutrient uptake by mycorrhizal associations (Piccini and Azcón, 

1987). Additional mycorrhizosphere interactions that may occur include 

inhibition of pathogenic organisms (Section III.E.6) and competition 

with other soil organisms for nutrients (Section III.F.1). 

 The rhizosphere consists of two zones inside and outside the root (the 

endorhizosphere and ectorhizosphere) which are considered to be more 

or less contiguous (Whipps and Lynch, 1986). However, roots often 

have an exodermis with suberin lamellae and Casparian bands which 

function as a peripheral apoplastic permeability barrier (Peterson, 1988). 

It seems that many roots which contain VAM associations also have an 

exodermis-the role of which should be considered in mycorrhizal 

studies (Brundrett and Kendrick, 1988, 1990b; Smith et al., 1989). The 

exodermis is a peripheral root layer, which is similar in structure and 

apparently also in function to the endodermis, that can reduce root 

permeability to water and mineral nutrients (see reviews by Drew, 1987; 

Passioura, 1988; Peterson, 1988) and thus may restrict the diffusion of 

exudates from roots. However, these substances would still be available 

in the apoplatic spaces within the root and this internal-root exudation 

could help maintain quiescent VAM fungi perenniating within roots 

(Section III.B.1). Cell walls in the exodermis and fungal mantle hyphae 

can function as permeability barriers which would isolate the site of 

nutrient exchange to Hartig net hyphae and adjacent epidermal cells in 

angiosperm roots with ECM associations (Ashford et al., 1989). Endodermal 

and exodermal Casparian bands may also help to prevent 
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losses during nutrient-exchange processes in roots with VAM associations. 

It has been suggested that mycorrhizas are more important to 

plants with a suberized exodermis than those without this layer (Brundrett 

and Kendrick, 1988; Von Endrigkeit, 1933). Unfortunately, little is 

known about root exudation in natural ecosystems. or the influence of 

mycorrhizal associations or root anatomy features such as the exodermis 

on this process. 

 

4. Regulation of Mycorrhizal Associations 
Thousands of unsuccessful root-fungus contacts may be required for 

every successful establishment of a pathogenic fungus within roots 

(Huisman, 1982), but unsuccessful contacts between mycorrhizal fungi 

and host roots apparently are rare. However, there are some plants in 

natural ecosystems which unyieldingly resist the advances of mycorrhizal 

fungi by as yet unexplained mechanisms (Section III.D.2). The roots of 

these non-mycorrhizal species may co-exist with mycorrhizal roots of 

other species, so the problem is not always a lack of inoculum 

(Brundrett and Kendrick, 1988). The failure of mycorrhizal fungi to 

colonize roots could occur at a number of the stages illustrated in Fig. 2. 

but most likely involve a lack of hyphal attraction to the root, or 

prevention of hyphal penetration of the root, since hyphal activity is 

aborted before colonies form inside the root. It has been proposed that 

mycorrhizal fungus ingress can be prevented by physical or chemical 

barriers or the absence of a factor which promotes hyphal growth 

(Bowen, 1987; Brundrett and Kendrick, 1988; Testier et al., 1987). 

Chemical, morphological and physiological properties of roots that may 

influence mycorrhizal formation are considered below. 

 

  (a) Root morphology and mycorrhiza formation. Associations between 

soil fungi and roots are thought to involve contact between fungus 

propagules with limited mobility and more rapidly growing roots; the 

number of these contacts which are successful will ultimately determine 

the intensity of the association (Huisman, 1982). If we assume that most 

root-fungus contacts will result in root colonization, the intensity of a 

mycorrhizal association will be regulated by an interaction between (i) 

the distribution of active propagules (hyphae or germ tubes) in the soil 

and the rapidity of their response to the presence of roots and (ii) the 

number of growing tips, growth rate, spatial distribution and duration of 

susceptibility of host roots (mycorrhizal initiation occurs in young roots 

and effective associations have limited lifespan) (Brundrett and Kendrick, 

1990a; Hepper, 1985). We would normally only expect mycorrhizal 

inoculum to be in short supply in disturbed sites (Sections III.B.4, 
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III.F.4). or areas where extreme climatic or edaphic conditions favour 

plants with low levels of mycorrhizas (Section III.F.5). The balance 

between fungus and root activity would result in relatively low levels of 

mycorrhizal formation if plants have active root systems in which highly 

branched, rapidly growing, narrow and relatively short-lived roots predominate. 

As will be considered further in the next section, species with 

low mycorrhizal dependency often have root systems of this type. The 

narrow cortex of fine roots may also limit mycorrhization because 

relatively few exchange sites (arbuscules) would result from each contact 

with a mycorrhizal fungus, whose hyphae may reach less of these rapidly 

growing roots while they are still young enough to form an association. 

However, species with extensive root systems may require lower levels 

of mycorrhizal colonization (measured as a proportion of root length) to 

achieve similar nutrient inflow rates than species with coarse roots. This 

hypothesis should be examined by comparing phosphorus inflow rates. 

the total volume of mycorrhizal colonies, or numbers of arbuscules 

between roots of facultatively and obligately mycorrhizal species. 

 Host roots are capable of much faster growth than ECM fungus 

hyphae, which also must contact young root cells to form an association. 

so formation of ECM associations apparently only occurs in roots with 

reduced rates of elongation (Bowen and Theodorou, 1973; Chilvers and 

Gust, 1982; Duddridge, 1987). This may explain why only plants 

belonging to a limited number of families form ECM associations and 

members of these diverse families have independently evolved similar 

heterorhizic root systems in which some lateral roots have very limited 

elongation (Brundrett et al., 1990; Kubíková, 1967). The interdependence 

of root growth and fungus activity should be considered to be one 

of the main attributes of mycorrhizal associations, 

  Some idea of the relative contribution of host and endophyte features 

to regulation of VAM formation can be obtained by contrasting different 

combinations of host plants and mycorrhizal fungi. Consistent 

features of mycorrhizal morphology that are associated with particular 

mycorrhizal fungi have sometimes been used to identify endophytes 

(Abbott, 1982; Agerer, 1986; Haug and Oberwinkler, 1987), but root 

features can also regulate mycorrhizal morphology. Their is evidence 

that arbuscule formation is primarily under fungal control but there 

were some differences in the size of arbuscules that may be attributed to 

the host (Alexander et al., 1989; Lackie et al., 1987). Gallaud (1905) 

observed that two distinct VAM morphology types occurred in the roots 

of different species, (i) the Arum series where hyphae proliferated by 

growing between cortex cells and (ii) the Paris series where hyphae 

formed coils within cells. These morphological distinctions arise because 

hyphae grow along longitudinally continuous intercellular air spaces in 
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Arum series hosts, but these longitudinal channels are absent in Paris 

series roots (Brundrett and Kendrick, 1988, 1990ab). This provides 

morphological evidence that the efficiency of VAM associations (arbuscule 

location and abundance within roots) can be regulated by root 

anatomy features and it seem likely that some aspects of root form 

evolved as means to control these associations. 

 The subepidermal layer of roots of many angiosperms differentiates 

into a suberized exodermis with Casparian bands and suberin lamellae 

(Brundrett and Kendrick, 1988; Peterson, 1988; Shishkoff, 1987). Cells 

in this layer can play an important role in the resistance of roots to plant 

pathogens (Brammall and Higgins, 1988) and may also restrict the 

passage of mycorrhizal fungi. In roots with this potential barrier, it may 

consist of uniformly suberized cells or alternating suberized long cells 

and unsuberized short cells (Shishkoff, 1987). In plants with short cells 

rnycorrhizal fungus penetration typically occurs through these "passage 

cells" (Bonfante-Fasolo and Vian, 1989; Brundrett and Kendrick, 1988; 

Gallaud, 1905), while in other cases fungal entry has been observed to 

proceed uniform exodermis suberization (Brundrett and Kendrick, 

1990a). It is not known if cells with suberized walls restrict the passage 

of mycorrhizal fungi (which may lack the enzymes necessary to degrade 

them) or if these fungi avoid them by following paths of lesser resistance 

into roots. 

 The Hartig net of ECM associations is normally confined to the 

epidermis of the roots of angiospenn hosts (Alexander and Högberg, 

1986; Massicotte et al., 1987, 1989), but occupies much of the cortex of 

gymnosperm roots (Harley and Smith, 1983; Kottke and Oberwinkler, 

1986). It seems likely that structural or chemical properties of outermost 

cortex cells prevent further ingress by ECM fungi in angiosperm roots. 

Inner-cortex cells with thick, highly refringent walls also function as 

fungal barriers in the roots of some gymnosperms (Brundrett et al., 

1990). The distribution of ECM fungus hyphae can be correlated with 

the distribution of "pectins" (acid polysaccharides that are relatively 

flexible) in root cell walls (Nylund, 1987). 

  Plants with mycorrhizal associations become less important than 

non-mycorrhizal species in some habitats with adverse soil conditions 

(Appendix 1) and this may be correlated with root structural specializations 

of plants in these communities (Section III.C.1). Mycorrhizal 

associations generally are sparse or absent in the roots of hydrophytes 

which generally have adapted to growth in anoxic substrates by having 

large cortex air spaces in their roots. We would expect these roots to be 

structurally less compatible with VAM associations, because mycorrhizal 

fungus hyphae would impede oxygen flow if they grew along air 

channels and in the case of roots with large spaces, there would be few 



214 M. Brundrett 

remaining cells with which to form an association. Plants which do not 

have roots as adults (including some parasitic, epiphytic, or submerged 

aquatic members of families in Table 4) would not be able to form 

mycorrhizal associations. Plants adapted to growth in regions were soils 

are dry most of the time. often have deep root systems or shallow roots 

that proliferate rapidly when the soil becomes wet (Eissenstat and 

Caldwell, 1988; Franco and Nobel, 1990; Richards and Caldwell, 1987). 

The rapid growth of these roots and the brief period of their activity 

could make them inefficient mycorrhiza formation. 

 

  (b) Host plant physiology. Cost benefit analysis can be used to 

weight the benefits provided by mycorrhizal associations (enhanced 

mineral nutrient uptake) against the costs (carbon supplied by the host) 

of the association (Section III.E.7). In situations where the cost of 

mycorrhizas outweigh their benefits. one would expect the host plant to 

restrict mycorrhizal formation in some way. Situations where mycorrhizal 

formation is not regulated by a balance between root growth and 

mycorrhizal fungus propagule activity (as was considered above) are 

most likely to occur when the host already has ample supply of nutrients 

or is unable to supply sufficient amounts of carbohydrates to the fungus, 

The inability to supply carbohydrates may explain why plants growing at 

suboptimal light levels and/or at low temperatures (both of which reduce 

photosynthesis) can have reduced or inefficient mycorrhizal associations 

(Graham et al., 1982a; Hayman, 1983; Son and Smith, 1988). It has also 

been proposed that the formation of ECM associations is regulated by 

root carbohydrate levels (which are influenced by plant mineral nutrition 

and light). although plant growth hormones (auxins or ethylene) produced 

by mycorrhizal fungi may also be involved (Harley and Smith, 

1983; Nylund, 1988; Rupp et al., 1989). 

 It has often been observed that VAM formation can be considerably 

reduced by growing plants at high phosphorus levels, even in the 

presence of abundant mycorrhizal fungus propagules (Amijee et al., 

1989; Menge et al., 1978; Mosse, 1973; Thomson et al., 1986), although 

at much lower levels phosphorus addition can enhance VAM formation 

(Bolan et al., 1984; Koide and Li, 1990). The greatest reduction in 

mycorrhizal fungus activity apparently occurs because of phosphorus 

levels and processes inside the root (Jasper et al., 1979; Koide and Li, 

1990; Menge et al., 1978; Thomson et al., 1986). Son and Smith (1988) 

reported that reductions in VAM caused by high phosphorus were more 

severe at low light levels and Thomson et al. (1986) associated high 

phosphorus level VAM inhibition with reductions in soluble carbohydrates 

within roots and their exudates. High phosphorus levels, which 

are correlated with reductions in root carbohydrate levels, can also 
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inhibit ECM formation (Marx et al., 1977). 

  Phosphate deficiency can increase root exudation by a potential host 

plant, which may be correlated with the degree of VAM formation 

(Elias and Safir, 1987; Graham et al., 1982a; Thomson et al., 1986), 

However, in other cases their appears to be no clear relationship 

between root exudation and VAM formation (Ocampo and Azcón, 

1985; Schwab et al., 1983). Mosse (1973) and Amijee et al. (1989) 

observed that many VAM fungus entry points aborted when Allium 

species where grown at very high phosphorus levels. These reports of 

reduced mycorrhizal formation caused by low light levels or high 

phosphorus supply in experiments may be applicable to some agricultural 

situations, but are less relevant to plants in nature where such high 

phosphorus levels are unlikely to occur and plants generally are exposed 

to the fertility and light levels to which they are adapted. 

 

 

  (c) Chemical root features. It has frequently been observed that 

plants belonging to families such as the Brassicaceae (Hirrel et al., 1978; 

Medve, 1983), Cyperaceae and Juncaceae (Powell, 1975), Proteaceae 

(Lamont, 1982), or Zygophyllaceae (Khan, 1974, Trappe, 1981) rarely 

form mycorrhizas. Additional families and orders of plants which are 

predominantly non-mycorrhizal are listed in Table 4, which is compiled 

from many sources. Some of these families contain species. which are 

aquatics, epiphytes, or parasites with much reduced roots, but in other 

cases their lack of mycorrhizas cannot be explained by habitat preferences. 

Major chemical constituents of these families (after Cronquist, 

1981) are also listed in Table 4. Many of the secondary metabolites 

listed in Table 4 can also be found in plants from predominantly 

mycorrhizal families. However, it would seem that plants in "non-mycorrhizal 

families" are more likely to accumulate chemicals which are 

considered to be evolutionarily advanced (see Cronquist, 1977, 1981) in 

comparison with more primitive chemical components, such as phenolics, 

which are often scarce or absent in these same families. 

 Plants have evolved a very wide diversity of secondary metabolites, 

but the function of these chemical is often unknown. Potential roles 

include interactions with other plants, herbivores and pathogens (Bell, 

1981). It seems likely that many of these chemicals are accumulated in 

plants for defensive purposes and that relatively advanced chemicals 

evolved because herbivores and pathogens developed resistance to older 

chemicals (Cronquist, 1977, 1981). There is reason to believe that many 

of the secondary metabolites accumulated by plants belonging to the 

families listed in Table 4 (cyanogenic glucosides, betalains, alkaloids, 

etc.), can be antagonistic to fungi. It has been suggested that these 
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chemicals are responsible for the absence of mycorrhizas in plants in 

which they accumulate (Bowen, 1987; Hayman et al., 1975; Iqbal and 

Qureshi, 1976; Kumar and Mahadevan, 1984; Lesica and Antibus, 1986) 

and there is some evidence to support this hypothesis. 

 Flavonoids include a diverse group of common root constituents. 

some of which have been implicated in plant protection from fungal 

pathogens. insects and nematodes, as well as allelopathic interactions 

(Rao, 1990). Morandi et al. (1984) reported that VAM colonization 

enhanced flavonoid production in soybean roots and in a later study 

(Morandi, 1989) could find no immediate correlations between their 

concentration (as influenced by pesticide treatments) and VAM colonization. 

Gianinazzi-Pearson et al. (1989) observed that flavonoids in root 

exudates produced by soybean roots induced rapid spore germination 

and hyphal growth responses in a VAM fungus, but exudates from 

Lupinus roots did not. Members of the genus Lupinus (in the predominantly 

VAM family Fabaceae) are resistant to colonization by VAM 

fungi (Trinick, 1977) and can inhibit mycorrhizal formation in adjacent 

roots of other plants (Moriey and Mosse, 1976). Lupinus roots are 

known to contain isoflavonoids and alkaloids with antifungal properties 

(Lane et al., 1987; Wink, 1987), which may have an adverse influence 

on VAM fungi if contained in their exudates. Betalains replace flavonoids 

in most members of the predominantly non-mycorrhizal order 

Caryophyllales (Cronquist, 1981) and their influence on fungi warrants 

investigation. Glucosinolates (isothiocyanate derivatives), which are 

characteristic components of the Brassicaceae and other Capparales 

(Cronquist, 1981; Testier et al., 1987; Table 3), also have antifungal 

properties (Drobnica et al., 1967). However, Testier et al. (1987) found 

that these compounds are also contained within many mycorrhizal 

plants. 

 In a study of Canadian deciduous forest plants most were found to 

have VAM associations, but several species had roots that remained free 

of mycorrhizal fungi (Brundrett and Kendrick, 1988). These include 

Chelidonium majus and several other members of the families Papaveraceae 

and Fumariaceae, which are known to accumulate fungistatic 

isoquinoline alkaloids (Gheorghiu et al., 1971: Hakim et al., 1961; 

Hejtmankova et al., 1984). Of these related plants, C. majus and 

Dicentra spp. were non-mycorrhizal, while Sanguinaria canadensis had 

VAM in its fine. but not its coarse lateral roots. This restriction of 

VAM to fine S. canadensis roots was negatively correlated with the 

occurrence of orange substances (that were likely to be isoquinoline 

alkaloids) in coarse roots. Kumar and Mahadevan (1984) found that all 

of the Indian medicinal plants they examined (which contain large 

amounts of secondary metabolites) were non-mycorrhizal. The above 
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evidence suggests that mycorrhizal strategies can be correlated with 

plant chemistry, but there is insufficient information is to test this 

hypothesis for many of the families listed in Table 4. 

 Tommerup (1984) compared the time-course of VAM colonization in 

Brassica and Trifolium roots. She found that Brassica roots induced 

considerably lower rates of spore germination, germ tube growth and 

successful appressoria formation than occurred in the presence of 

Trifolium roots (a potential host). In addition. few arbuscules and no 

vesicles were produced in the Brassica roots. Tommerup (1984) suggested 

that volatile or soluble compounds in Brassica roots were 

probably responsible for the observed inhibition, but a shortage of 

specific substances required by the fungus could also have been a factor. 

El-Atrach et al. (1989) found that roots of the non-host Brassica 

oleracea reduced mycorrhiza formation in Medicago sativa when spores, 

but not when bulk soil was used as inoculum. They also observed that 

Glomus mosseae spore germination was not influenced by Brassica root 

exudates, but was inhibited by a volatile factor produced by these roots. 

These experiments provide some evidence that secondary metabolites 

produced by non-host plants can adversely influence mycorrhizal fungi. 

However, Glenn et al. (1988) found that VAM formation was not 

correlated with the glucosinolate content of Brassica cultivars. In their 

study, host roots stimulated VAM fungus growth, but roots of Brassica 

did not, which may suggest that they were lacking a diffusible hyphal 

growth promoter. Ocampo et al. (1980) and Testier et al. (1987) have 

also proposed that the absence of mycorrhiza formation in non-mycorrhizal 

plants was the result of internal root or cell wall properties rather 

than secondary metabolites, but there is little evidence to support this 

theory. Further evidence that secondary metabolites can influence 

mycorrhizal fungi is provided by reports that non-mycorrhizal plants and 

their residues sometimes have an allelopathic influence on mycorrhizal 

formation (Section III.F.3.a). 

  The potential role of secondary metabolites in regulating mycorrhizal 

relationships is complex and would involve many factors that are not 

well understood. These factors include (i) the accumulation and 

compartmentalization of secondary metabolites in active or inactive forms, 

(ii) the susceptibility of mycorrhizal fungi to these chemicals, (iii) the 

quantity and activity of these chemicals released as soluble or volatile 

forms from roots and (iv) if they are released or activated by plants in 

response to mycorrhizal fungi. 

 Many secondary metabolites are toxic to the cells that make them, so 

are stored in inactive forms, are compartmentalized in vacuoles, or are 

detoxified in the cytoplasm (Matile, 1987; McKey, 1979). Thus, it may 

be possible for mycorrhizas to form an association with roots without 
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being exposed to appreciable quantities of chemicals they contain. 

 Suberized or lignified structures (which may function as constitutive 

mechanical defences) were usually well developed in the roots of 

obligately mycorrhizal deciduous forest plants. but were conspicuously 

absent from those of non-mycorrhizal species (Brundrett and Kendrick, 

1988). This may provide evidence that other more potent chemical 

defences are present. Primitive chemical constituents of plants, frequently 

include phenolics and flavonoids which are also potentially 

fungitoxic (Friend, 1981; Rao, 1990). However, most roots contain 

phenolics, so mycorrhizal fungi may well have developed tolerance to 

these chemicals or detoxification mechanisms (Duchesne et al., 1987). in 

a similar fashion to non-biotrophic plant pathogens (De Wit, 1987) and 

may even use them as signals to indicate susceptible roots (Brundrett 

and Kendrick, 1990b: Gianinazzi-Pearson et a1., 1989). Wacker et al. 

(1990) observed that ferulic acid (a simple phenolic compound) produced 

by asparagus roots was inhibitory to VAM fungus growth at 

higher soil concentrations. 

 Unlike physical defences, chemical defences apparently decline in 

effectiveness as roots age. Low levels of colonization have been reported 

in the roots of non-mycorrhizal plants, especially when they are old or 

growing in close proximity to mycorrhizal roots (Glenn et al., 1985; 

Hirrel et al., 1978; Miller et al., 1983; Ocampo et al., 1980; Ocampo and 

Hayman, 1981). These atypical VAM infections did not supply nutrients 

to non-mycorrhizal plants (Ocampo, 1986) and often occur in moribund 

roots (Ocampo and Hayman, 1981; Brundrett and Kendrick, 1988). It is 

possible that many of the reports of VAM in non-mycorrhizal families 

(see Harley and Harley, 1987; Testier et al., 1987; Table 2) represent 

non-functional infections (without arbuscules) that were induced by the 

presence of host roots or occurred in senescent roots. 

 Non-mycorrhizal plants may passively release secondary metabolites 

into their rhizosphere. Morphological comparisons between the roots of 

non-mycorrhizal and highly mycorrhizal plants provide evidence (such as 

highly active and extensive roots systems and the absence of an 

exodermis) that the roots of non-mycorrhizal plants would be likely to 

produce more exudates (Table 5). Darnall and Burns (1987) were able 

to detect glucosinolates (but not free HCN) released into the rhizosphere 

by plants, but the influence the concentrations they measured 

would have on fungi is unknown. The volatile factor released by 

Brassica roots that El-Atrach et al. (1989) found could inhibit Glomus 

spore germination may have resulted from glucosinolate breakdown. 

Rhizosphere factors have been implicated in the inhibition (in the case 

on non-mycorrhizal plants) or promotion (in the case of potential hosts) 

of mycorrhizal fungus activity. It is not known if mycorrhizal fungi can 
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Table 5 

Root system features correlated with mycorrhizal dependency 

Typical trends in root features Mycorrhizal dependency continuum 

 High Low 

Surface area of absorbing roots 
a
 Low High 

Root length/biomass ratio 
b
 Low High 

Lateral root branching orders Few More 

Branching frequency Sparse Frequent 

Root hairs  Few/short Many/long 

Root system activity Low High 

Root growth Slow Fast 

Responsiveness 
c
 Slow High 

Root lifespan (in primary growth) Months/years Weeks/months 

Protective features   

Structural 
d
 Strong Weak 

Chemical 
e
 Relatively primitive Relatively advanced 

Rhizosphere influences 
f
 Slight May occur 

Root activity at low temperatures Usually stops May be considerable 

Efficient Inefficient Formation of mycorrhizas 

Well regulated May be inhibited 

a Relative to plant biomass; b specific root length; c roots respond to temporary or 

localized soil conditions; d suberization or lignification of primary root structures;  

e accumulated secondary metabolites may be relatively primitive (tannins etc.) or advanced 

(alkaloids, cyanogens, etc.); f that influence the availability of soil nutrients. 

 

detect differences in the rhizosphere properties of susceptible vs non-  

susceptible roots (which would result in fungus gene expression changes) 

or if they are influenced by these properties in other ways (perhaps 

through physiological processes). 

 A distinction also needs to be made between chemicals which are part 

of a plant's constitutive defences and those induced as a result of injury. 

Codignola et al. (1989) did not detect increased cell-wall phenolic 

production in Allium epidermal and exodermal cells after colonization 

by a VAM fungus, but phenolic wall depositions in these cell layers can 

be an important part of a resistant host plant's response to invasion by a 

pathogenic fungus (Brammall and Higgins, 1988). Amijee et al. (1989) 

and Mosse (1973) observed that very high phosphorus levels resulted in 

aborted VAM fungus penetration of roots by a reaction at the root 

periphery and their illustrations suggest that this process occurred within 

exodermal short cells. Allen et al. (1989a) found that a similar wounding 

response resulted in aborted VAM fungus colonization of roots of the 
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non-host plant Salsola kali. Duc et al., (1989) produced mutants of two 

normally mycorrhizal species which would not allow VAM fungi to 

occupy their roots. Their results suggest that host plants have potential 

mechanisms for excluding fungi from their roots which can be used to 

exclude pathogens, but which are normally not activated during mycorrhizal 

formation. Interactions between biotrophic plant pathogens and 

compatible hosts apparently also involve a failure of the host to respond 

adequately to the presence of the fungus (De Wit, 1987). Roots of host 

plants forming VAM or ECM associations often intermingle in natural 

ecosystems and would be exposed to propagules of both types of fungi, 

but normally only form one type of association (Section III.D.2). This 

may suggest that roots of ECM hosts repel or fail to attract VAM fungi 

and vice versa. 

 It would appear that the major difference between facultatively 

mycorrhizal and non-mycorrhizal plant species is that facultative species 

lack the ability possessed by non-mycorrhizal species to exclude mycorrhizal 

fungi from their roots completely. Plants in both these categories 

are more likely to grow in habitats where mycorrhizal fungi would be of 

limited benefit (Section III.F.5). As a consequence, it may have been 

advantageous for these plants to evolve mechanisms which prevent 

mycorrhizal colonization and the resultant loss of energy to the fungus. 

Alternatively, they might have been excluded indirectly by a process 

evolved as a defence against pathogenic organisms, if mycorrhizas no 

longer were of much value. It appears likely that non-mycorrhizal plants 

have evolved potent mechanisms for excluding mycorrhizal fungi from 

their roots, which may include the stockpiling of fungistatic chemicals 

such as the alkaloids in Chelidonium roots, active defensive reactions, 

the absence of signals mycorrhizal fungi use to "recognize" susceptible 

roots, or other forms of chemical or structural incompatibility. There is 

insufficient evidence to determine which of these hypothetical mechanism(s) 

are used by non-mycorrhizal plants in natural ecosystems. These 

complex interactions provide evidence of the co-evolution of host plant 

chemical root properties and mycorrhizal fungi. 

 

 

5. Mycorrhizal Dependency 
  (a) Soil properties. Plants in natural ecosystems have varying degrees 

of dependence on mycorrhizal associations which are the result of 

inherent properties of the plants themselves and the availability of 

nutrients in the soils in which they naturally occur (Janos, 1980b). 

Mycorrhizal dependency is simply a measure of the benefit provided by 

mycorrhizas and will depend on the relative contribution of root and 
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mycorrhizal mediated nutrient uptake to plants. The outcome of this 

competition between the roots themselves and their mycorrhizal associations 

would depend on the root system properties considered in the 

next section and soil characteristics influencing nutrient availability. 

 The supply of a particular mineral nutrient to a plant depends on its 

availability and mobility in soils, as well as the plants internal requirement 

for that nutrient (Marschner, 1986; Russell, 1977). Phosphorus is 

generally considered to be the most important plant-growth limiting 

factor which can be supplied by mycorrhizal associations, because of the 

many abiotic and biotic factors which can restrict its mobility in soils 

(Harley and Smith, 1983; Hayman, 1983; Marschner, 1986; Wood et al., 

1984). Reductions in the benefit provided by mycorrhizal associations 

(mycorrhizal dependency) to plants caused by increasing soil phosphorus 

levels have often been observed (Baylis, 1975; Crush, 1973b; Daniels 

Hetrick et al., 1989, 1990; Gerschefske Kitt et al., 1988; Johnson, 1976). 

 In general, both mycorrhizal and non-mycorrhizal roots access the 

same "available" sources of soil phosphorus (Harley and Smith, 1983; 

Hayman, 1983), but there is some evidence that mycorrhizas may have a 

greater effect when phosphorus is present in less soluble forms. Bolan et 

al. (1987) observed that VAM provided the greatest benefit when plants 

were supplied with iron phosphates, which are poorly soluble, so would 

provide highly localized phosphorus sources. Jayachandran et al. (1989) 

observed enhanced growth of plants with VAM (but not non-mycorrhizal 

plants) after the addition of an iron chelator to an infertile soil. 

These studies suggest that a high phosphorus fixing capacity within a soil 

may contribute to mycorrhizal dependency by impeding the uptake of 

“available phosphorus" to plants. Sainz and Arines (1988) reported that 

soil sterilization and the activities of mycorrhizal fungi can result in 

changes in the relative proportion of phosphorus contained in different 

organic or inorganic soil fractions (as measured by different extraction 

procedures). The abundance of organic vs inorganic nutrient sources 

(see Section F.1) and variations in soil phosphorus-fixing capabilities, 

may influence the relative availability of phosphorus to roots and 

mycorrhizal fungi in natural soils, but this requires further investigation. 

 

  (b) Root properties. Considerable variations in root system extensiveness, 

geometry, depth distribution and plasticity occur between plant 

species (Crick and Grime, 1987; Fitter, 1987; Richards and Caldwell, 

1987). Plants with extensive (highly branched, fine, long roots with 

numerous root hairs) have often been observed to have sparse mycorrhizas 

in natural ecosystem soils or derive little benefit from mycorrhizas 

in experiments. Observations of this type have involved plants in 

Amazonian rainforests (St John, 1980b). New Zealand forests (Baylis, 
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1975; Johnson, 1976), prairies (Daniels Hetrick et al., 1988; Miller, 
1987), temperate deciduous forests (Fig. 4), arctic communities (Miller, 
1982a) and peatlands (Hoveler, 1892). 
 Mineral nutrients such as phosphorus have very limited mobility in 
soils so that depletion zones, where much of the available nutrient has 
been utilized, quickly form around roots (Kraus et al., 1987; Marschner, 
1986; Russell, 1977). Thus to obtain more phosphorus, plants must 
bypass the depletion zones surrounding existing roots by further root 
activity elsewhere in the soil. The outcome of this quest for phosphorus 
(and other relatively immobile soil resources) should largely be determined 
by the surface area of a plant's root system, which in turn is a 
product of the length and diameter of roots, the abundance and length 
of root hairs and branching properties (architecture). These properties 
have been found to be positively correlated with a plant's ability to 
absorb phosphorus in a variety of situations (Bolan et al., 1987; Cardus, 
1980; Crush, 1974; Fohse et al., 1988; Itoh and Barber, 1983, etc.). 
Mengel and Steffens (1985) found that absorption of potassium (a 
nutrient of intermediate soil mobility) was also correlated with root 
length differences between species. 
 Some plants, like rye grass, have narrow, highly branched roots with 

 
Fig. 4. The relationship between active area index (which is an arbitrary sum of 
root diameter, branching order, hair developments, lifespans and suberization 
indices) and VAM colonization (% of primary root length). Data was obtained 
from a study of deciduous forest plants (Brundrett and Kendrick, 1988) and 
includes common trees, shrubs and herbaceous plants-which have been separated 
into the phenological categories used in Fig. 3. 
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numerous root hairs forming a vast surface area in contact with the soil: 

one rye plant can produce 600 km roots with a 600 m2 surface area 

(Dittmer, 1937). Other plants. such as onion (Bhat and Nye, 1974) and 

most of the temperate forest plants examined by Brundrett and Kendrick 

(1988), have coarse, infrequently branched roots with few root 

hairs. resulting in substantially less soil contact. Root hairs can make a 

large contribution to root surface area, but usually are short-lived 

structures and considerable variations in their length and abundance 

occur between species (Dittmer, 1949) or as a result of soil conditions 

(MacKay and Barber, 1985). 

 In ecosystem studies, total biomass is the parameter most often used 

to quantify roots, but provides much less information than root length 

or specific root length (length/unit root weight) data (Fitter and Hay, 

1987; Kummerow, 1983). Parameters that could be used to predict 

nutrient absorption are; total root biomass < fine root biomass < root 

length < root surface area < root surface area and activity < rhizosphere 

volume, arranged in increasing order of predictive ability. These 

measurements would all be relative to whole plant (or shoot) biomass. It 

is sometimes possible to provide good estimates of root surface area 

from root biomass after careful study of roots in a particular ecosystem 

(Kummerow, 1983). Investigations of crop plants have shown that the 

biomass, length. volume, growth rate. activity, depth and water conductance 

and strength of roots can influence cultivar responses to nutrient 

levels, temperature, drought, hard soil layers, wind, disease and poor 

drainage (O'Toole and Bland, 1987). 

 There are considerable variations between plant species in the degree 

of root system architecture (distribution and branching pattern) changes 

that occur in response to localized sources of nutrients and water in soil, 

but it appears that variations occurring within species are considerably 

less than variations in root system plasticity between species (Crick and 

Grime, 1987; Drew and Saker, 1975, 1978; Fitter, 1987; Grime et al., 

1986; St John et al., 1983). The responsiveness of plant root systems to 

small scale or short duration changes in water or nutrient availability is 

thought to be an important determinant of their success during competition 

for soil resources (Campbell and Grime, 1989; Franco and Nobel, 

1990; Jackson and Caldwell, 1989). Powell (1974) found that non-mycorrhizal 

Carex coriacea plants grown at low soil phosphorus levels had a 

greater specific root length (finer roots) but a similar root:shoot ratio 

than plants grown at a higher fertility levels. Moderate reductions or 

increases in the relative area of root systems have been observed when 

mycorrhizal plants were compared to non-mycorrhizal controls (Anderson 

and Liberta, 1989; Daniels Hetrick et al., 1988; Graham, 1987; Price 

et al., 1989). However, these responses (which probably result from 
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competition for carbohydrates or differences in phosphorus nutrition) 

are apparently much less plastic than those of plants with little mycorrhizal 

dependency. Koide et al. (1988) observed that wild oats had a 

root system that is more responsive to soil nutrient levels than cultivated 

oats and the latter received more benefit from mycorrhizas. Root system 

plasticity (or responsiveness to changes in soil heterogeneity) apparently 

allows plants to forage for soil nutrients without relying on mycorrhizal 

associations, but probably results in high root system maintenance costs 

(due to growth and respiration rates). 

 Extensive, highly active root systems alone may not be enough to 

ensure adequate mineral nutrient capture for non-mycorrhizal plants. 

Fohse et al. (1988) observed that onion, tomato and bean plants (which 

often benefit from VAM) had substantially lower phosphorus uptake 

efficiency per unit root length than rape and spinach (non-mycorrhizal 

species). Van Ray and Van Diest (1979) found that buckwheat (Fagopyrum 

esculentum), a plant that has been reported to be non-mycorrhizal 

(Harley and Harley, 1987), was able to obtain phosphorus from 

sources that were unavailable to other species. Some plants have the 

ability to change rhizosphere conditions, such as pH, which influence 

nutrient availability (see Marschner, 1986; Uren and Reisenaur, 1988). 

However, this influence of roots on soil will also depend on the 

extensiveness and activity of their root system, since young roots are the 

primary source of exudates (Curl and Truelove, 1986; Uren and 

Reisenaur, 1988). 

 Mycorrhizal fungus hyphae primarily function by effectively increasing 

the soil volume from which immobile nutrients are absorbed and 

provided to roots (Hayman, 1983; Harley and Smith, 1983). By comparing 

their relative diameters, Harley (1989) has estimated that, per unit 

length, fungus hyphae would be approximately 100 times less expensive 

to form and maintain than roots. Mycorrhizal associations and extensive, 

highly active root systems are two alternatives in the quest for non- 

mobile soil nutrients and mycorrhizal fungus hyphae should be a more 

cost-effective means of exploring large soil volumes. It is becoming 

increasingly apparent that variations between species in roots system 

properties such as extensiveness, responsiveness, growth rates, rhizosphere 

modification and mycorrhizal colonization (which are often 

correlated) correspond to substantial differences in their below-ground 

strategies for nutrient uptake. Root system features that are often 

correlated with the mycorrhizal dependency of plants are summarized in 

Table 5. 

 The root system properties described above can be used to formulate 

an active area index, which is the sum of separate arbitrary scales 

referring to root hair length and abundance, root diameter, branching 
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orders. root suberization and root lifespan data. An index of this kind 

has been formulated for 26 temperate deciduous forest plants and 

contrasted with their degree of mycorrhizal colonization in Fig. 4. The 

inverse correlation between this index (which provides a crude estimate 

of a plant's ability to absorb nutrients from the soil) and mycorrhizal 

formation suggests that a continuous range of mycorrhizal strategies 

apparently exists-ranging from species with coarse, long-lived roots of 

which almost all form mycorrhizas at one end of the continuum, to 

those with little or no mycorrhizas that have highly active and extensive 

roots at the other. 

 

6. Mycorrhizas and Plant Responses to Pollution and Other Stresses 
Plants that are dependent on mycorrhizas require them to supply 

nutrients at adequate levels to sustain "normal" growth and reproduction 

where they occur in natural ecosystems (Section III.E.7), but 

mycorrhizas may have other less-direct influences on plant fitness and 

survival. The indirect mycorrhizal benefits that have been most often 

reported include increased tolerance to various biotic or abiotic stresses. 

 Associations with ECM or VAM fungi have been reported to increase 

host resistance to pathogens (Chakravarty and Unestam, 1987; Dehne, 

1986; Duchesne et al., 1987). This increased resistance may involve 

improvements to host plant mineral nutrition, physical protection of 

roots by mantle hyphae in the case of ECM, phytoalexin production antimicrobial 

chemicals such as flavonoids or phenolics – or other mechanisms 

that are not well understood (Bagyaraj, 1984; Duchesne et al., 

1987; Harley and Smith, 1983; Morandi et al., 1984). Davis and Menge 

(1980) were able to demonstrate disease-suppression benefits from a 

VAM association when mycorrhizal roots were isolated from diseased 

roots (in a split root experiment), which suggested that the beneficial 

effects of VAM were due to enhanced host plant mineral nutrition. 

Fungi forming ECM can be antagonistic to other microbes, perhaps by 

producing antibiotics (Garrido et al., 1982; Kope and Fortin, 1989; 

Rambelli, 1973). Kope and Fortin (1989) found that cell-free extracts 

from cultures of 7 out of 16 isolates of ECM fungi they screened 

inhibited the growth of many of the root-pathogenic fungi they tested 

and in some cases cell lysis was observed. Duchesne et al. (1989) 

reported that oxalic acid, which was produced by an ECM fungus 

(Paxillus involutus), inhibited a Fusarium pathogen of pine roots. There 

are some instances when mycorrhizal associations do not reduce disease 

severity. For example. Afek et al. (1990) observed a negative interaction 

with VAM (reduced root colonization) caused by several common soil 

pathogens when crop plants were grown in non-fumigated soil. 
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Interactions between nematodes and VAM are complex (see review 

by Ingham, 1988). Plant-feeding nematodes generally reduce the growth 

of mycorrhizal plants, but they still usually grow better than non-mycorrhizal 

control plants. Plant-feeding nematodes generally avoid roots 

already containing VAM and vice versa (although in some cases the 

activity of VAM fungi and nematodes are mutually enhanced). Fungal-  

feeding nematodes can reduce root colonization or mineral nutrient 

uptake by the soil hyphae VAM fungi, but these effects may not be 

large enough to influence host plants. Nematodes and other mycophilous 

soil organisms can also have detrimental influences on ECM 

associations (Section III.B.3). 

 There is a report that the fitness of insect larvae feeding on mycorrhizal 

plants can be reduced relative to those feeding on non-mycorrhizal 

plants (Rabin and Pacovsky, 1985). There apparently is little 

interaction between herbivore grazing of leaves and mycorrhizal colonization 

of roots (Allen et al., 1989b; Wallace, 1987). although severe 

grazing can substantially reduce mycorrhizal colonization, presumably 

due to a reduction in photosynthate available to maintain root processes 

(Bethlenfalvay et al., 1985; Borowicz and Fitter, 1990). 

 Lapeyrie and Chilvers (1985) reported that a Eucalyptus species could 

grow in calcareous soil when associated with ECM but not with VAM. 

Mycorrhizal associations with certain isolates of VAM and ECM fungi 

can reduce hosts plant susceptibility to toxic metal ions (Denny and 

Wilkins, 1987; Dixon, 1988; Dueck et al., 1986; Jones and Huchinson, 

1988; Koslowsky and Boerner, 1989; Schuepp et al., 1987). However, 

mycorrhizal fungi themselves exhibit varying degrees of susceptibility to 

these factors and may enhance metal ion uptake in some cases (Smith, 

1990). Ericoid mycorrhizal associations effectively "detoxify" metal ions 

and phenolic compounds which can occur in phytotoxic levels the acidic 

soils in which their host plants grow (Leake et al., 1989; Read 1983). 

Pesticides generally have little effect on mycorrhizal associations if used 

at recommended rates, but there are exceptions (Trappe et al., 1984). 

There is evidence that VAM associations can increase the uptake of soil 

pesticide residues by plants (Nelson and Khan, 1990). 

 Acidic precipitation and atmospheric ozone and sulphur dioxide 

pollution have been implicated in the serious forest decline problems 

occurring in Europe and Eastern North America (Klein and Perkins, 

1988; Smith, 1990). Forest decline is a complex process involving many 

biotic and abiotic factors, of which the disruption of nutrient cycling 

appears to be one of the most important (Klein and Perkins, 1988). In 

experiments, pollution in the form of O3, SO2, S dust, or acid rain can 

reduce VAM or ECM formation, but mycorrhizal plants were more 

tolerant to these stresses in some cases (Danielson and Visser, 1989; 
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Garret et al., 1982; Ho and Trappe, 1984; Reich et al., 1985; Shafer et 

al., 1985). Reductions in the biomass of feeder roots and mycorrhizas 

have been observed in forests where trees are declining (Mejstrik, 1989; 

Vincent. 1989), but it has not been determined if this is a cause or a 

symptom of tree decline. 

  VAM colonization of roots may be associated with increased salinity 

tolerance in some saltmarsh plants (Rozema et al., 1986), but many 

plants in these habitats are non-mycorrhizal (Appendix 1). Graham and 

Syvertsen (1989) found that associations with a VAM fungus did not 

influence the tolerance of citrus seedlings to salinity, but enhanced 

chloride uptake. Pfeiffer and Bloss (1988) found that a VAM association 

increased plant growth in a saline soil, but so did the application of 

additional phosphorus. 

 There is experimental evidence that mycorrhizal fungus hyphae can 

transport water, perhaps in sufficient quantities to help sustain plants 

during periods of water stress (Read and Boyd, 1986). However, the 

increased growth of mycorrhizal plants in dry soils is normally considered 

to occur by less direct mechanisms and often involves enhanced 

transpiration (Allen and Allen, 1986; Nelsen, 1987; Parke et al., 1983; 

Sieverding and Toro, 1988). Mycorrhizal increases to drought tolerance 

can be explained by improved phosphorus nutrition in many cases 

(Fitter, 1988; Nelsen, 1987). but there may still be transpirational 

differences between mycorrhizal and non-mycorrhizal plants of similar 

size and phosphorus content (Augé, 1989). 

  In many of the experiments described above, mycorrhizal benefits to 

plants were assessed by contrasting the response of mycorrhizal and 

non-mycorrhizal plants to stresses at the same fertility levels, so it is 

often difficult to separate mycorrhizal benefits due to mineral uptake 

from other less-direct mechanisms (see Fig. 5). While there may be 

more subtle indirect effects of mycorrhizas on plants, it seems that most 

of the increased stress tolerance of mycorrhizal plants can be directly 

related to enhanced uptake of mineral nutrients, especially phosphorus 

(Graham, 1987; Marschner, 1986; Nelsen, 1987). 

 

7. The Value of Mycorrhizas to Plants in Natural Ecosystems 
The numerous factors which interact to determine if mycorrhizal associations 

are beneficial to plants in natural ecosystems or experiments are 

summarized in Fig. 5. As was considered in Section III.E.5, the 

cost-effectiveness of mycorrhizal vs non-mycorrhizal root systems will 

largely depend on the availability of nutrients in soils and the relative 

expense of producing and maintaining root systems which are well suited 

for direct vs mycorrhizally mediated uptake (Table 5). Baylis (1975) was 
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Fig. 5. Diagrammatic summary of factors with the potential to influence the 
effectiveness of mycorrhizal associations in natural ecosystems (part A: upper) 
and experimental systems (part B: lower). These factors are discussed in various 
sections of the review, but their relative importance is unknown. The last two 
factors in part B (lower) indicate that measured plant responses to mycorrhizas 
are relative to control plants grown without mycorrhizas (see text). 
 
 
one of the first systematically to consider that these factors regulated 
variations between plants in their responsiveness to mycorrhizal colonization 
and the critical levels of nutrients, especially phosphorus, above 
which they no longer benefited from mycorrhizas. Evidence that there 
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are variations in the mycorrhizal dependency of plants has been provided 

by experiments where plant mycorrhizal responses are determined 

at soil nutrient levels comparable to those found in their natural habitats 

(Table 6). Many of the plants in Table 6 were found to be highly 

dependent on mycorrhizas, but these associations provided little or no 

benefit in other cases. 

 Despite having relatively extensive fibrous root systems, most sand 

dune and prairie grasses benefit from VAM associations, but grasses 

from other habitats may not (Table 6, Miller, 1987). Reports of 

non-mycorrhizal trees are rare and there is a substantial body of 

physiological evidence that trees normally are highly dependent on 

VAM or ECM associations (Fitter and Hay, 1987; Harley and Smith, 

1983; Kormanik, 1981; Le Tacon et al., 1987: Lyr and Hoffman, 1967; 

Meyer, 1973). This may result because trees generally have relatively 

low root:shoot ratios and they often have short, heterorhizic lateral 

roots (Kubíková, 1967; Lyr and Hoffman, 1967). Salix nigra, a tree 

which grows in wet soils, is an exception to this rule, since it has 

elongated lateral roots, of which only a fraction develop ECM (Brundrett 

et al., 1990). 

 Variations in mycorrhizal colonization resulting from changes in the 

nutrient status of plants/soils have been demonstrated in many experiments 

(Section III.E.4), but correlations between mycorrhizal colonization 

and plant or soil phosphorus contents are usually weak or non-existent 

in field trials (Abbott and Robson, 1991a; McGonigle, 1988) or 

natural ecosystems (Franklin and Harrison, 1985; Lee and Lim, 1989; 

McAfee and Fortin, 1989; Noordwijk and Hairiah, 1986). Boerner 

(1986) observed that more VAM colonization occurred in Geranium and 

Polygonatum spp. roots from less-fertile North American deciduous 

forest soils. Species in these genera have relatively finer root systems 

and lower levels of VAM when compared with many other plants in 

deciduous forests (Brundrett and Kendrick, 1988), so may have more 

facultative (and thus more variable) VAM associations. Correlations 

between soil nutrient levels and mycorrhizal formation in natural ecosystems 

would be expected to be uncommon, because natural soil nutrient 

levels are normally much lower than those reported to reduce mycorrhization 

in experiments, many plants are highly dependent over a range 

of soil fertility levels and plants and mycorrhizal fungi are adapted to 

the fertility of the soils in which they occur. 

 It is an interesting paradox that plants in natural ecosystems are often 

less efficient at absorbing nutrients from soil than more opportunistic 

ruderal species or crop plants, but they generally also have lower 

requirements for nutrients such as phosphorus (Begg, 1963; Cardus, 

1980; Chapin, 1988: Chapin et al., 1986). Herbaceous plants which grow 
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Table 6 

Mycorrhizal growth responses of plants from natural ecosystems 
Ecosystem type  

 plant 

Mycorrhizal 

dependency*  

References 

Tropical forest   

 trees, herbs (28 spp.) 23+ ,5 – Janos (1980a) 

Mediterranean   

 shrub (Cistus sp.) + (ECM) Berliner et al. (1986) 

 shrubs (Acacia spp.) + Jasper et al. (1988, 1989c) 

Broadleaved evergreen forest   

 trees, herbs + Baylis (1967), Hall (1977), Johnson 

(1977) 

Deciduous forest   

 trees + Kormanik (1981), Kormanik et al. 

(1982), Pope et al. (1982), Tobiessen 

and Werner (1980) 

 shrubs (3 spp.) + Sylvia (1987) 

 herbs (4 spp.) + Mosse (1978) 

 herb (Geranium sp.) ± Boerner (1990) 

Prairie   

 grass (Schizachyrium sp.) – 

 grass (Andropogon sp.) + 

 warm-season grasses and 

forbs 

+ 

Anderson and Liberia (1989), 

Gerschefske Kitt et al. (1988, 1989), 

Daniels Hetrick et al. (1989), Daniels 

Hetrick and Bloom (1988) 

 cool-season grasses – Daniels Hetrick et al. (1989) 

 forbs (3 spp.) + Anderson and Liberta (1987), 

Zajicek et al. (1986a) 

Temperate arid ecosystems   

 grasses (Agropyron spp.)  – Allen and Allen (1986), Loree and 

Williams (1987), Henkel et al. 

(1989) 

 shrub (Atriplex sp.) + Miller et al. (1983) 

Alpine   

 grasses – Allen et al. (1987) 

Coastal  sand dunes   

 Grass (Uniola sp.) + Sylvia (1989) 

Disturbed habitats   

 weed (Ambrosia sp.) + Crowell and Boerner (1988) 

 wild oats (Avena sp.) – Koide et al. (1988) 

Rushes and sedges (4 spp.) – Powell (1975) 

Aquatic plants   

 submerged (Ranunculus sp.) – Tanner and Clayton (1985) 
Notes: Responses are to VAM unless otherwise stated: + substantial growth response to 

mycorrhizal inoculation when grown at realistic nutrient levels: – little or no growth response to 

inoculation; ± response varied with soil used.  
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in fertile soils often have greater relative growth rates than plants from  

infertile sites (Grime, 1979; Tilman, 1988). Plants in natural ecosystems  

may be more tolerant of low nutrient levels because their slow growth  

results in less demand for nutrients. These plants also conserve resources  

within long-lived shoot and root structures, efficiently reclaim  

minerals from senescing tissues (Boerner, 1986; Chapin, 1988) and  

establish carefully regulated mycorrhizal associations (Brundrett and  

Kendrick, 1990b). Long-lived roots (with structural defensive features,  

such as an exodermis – (Section III.C.I) would initially be more expensive  

to produce, but thereafter confer increased resistance to adverse  

physical or biological soil factors. 

 Despite their extremely fine lateral roots, plants with ericoid mycorrhizas  

are considered to be highly dependent on these associations,  

which are required to detoxify the soils in which they often occur  

(Leake et al., 1989). The achlorophyllous. subterranean protocorms of  

orchid seedlings are completely dependent on mycorrhizas but photosynthetic  

adult plants may be less so (Harley and Smith, 1983). Some adult  

plants with monotropoid, arbutoid, or orchid mycorrhizal associations  

lack chlorophyll and are completely dependent on these associations for  

their sustenance (see Section III.F.1). 

 Most of our knowledge about mycorrhizal benefits comes from studies 

of crop and forage plants. Pasture plants often occur naturally in similar  

habitats, but many crop plants have been changed considerably by  

selection and breeding programs. Wild oat (Avena fatua) is less  

dependent on mycorrhizas than cultivated oat (Avena sativa) because  

the former has a higher root/shoot ratio and adaptations to low nutrient  

levels such as inherently slower growth (Koide et al., 1988). Other  

comparisons between domesticated plants and their wild relatives would  

be instructive, since selection of plants that perform well in agricultural  

conditions may well also have resulted in the opposite situation reduced  

mycorrhizal dependency. Many crop plants might be expected  

to be facultatively mycorrhizal because they have ruderal ancestors and  

were selected for rapid growth in high fertility soils. Mycorrhizal  

associations have been found to provide little benefit or even reduce the  

yield of some temperate field crops or pasture species (Jones and  

Hendrix, 1987; McGonigle and Fitter, 1988a). but many other cultivated  

plants receive a substantial benefit from these fungi (Hayman, 1987;  

Mosse and Hayman, 1980). Tropical crops and forage species often  

grown in acidic, highly infertile soils and many are highly dependent on  

mycorrhizas (Crush, 1974; Saif, 1987; Howeler et al., 1987).  

 Morphological criteria (the proportion of a plants absorbing root 

system containing mycorrhizas) have been used to designate plants with  

different degrees of mycorrhizal dependency (Section III.D.2), but  
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physiological evidence (the relative benefit provided by mycorrhizas at  

realistic nutrient levels) would provide a more consistent basis for these  

designations. Unfortunately, it is difficult to use physiological definitions  

during mycorrhizal surveys in natural ecosystems, because it usually is  

not possible to manipulate (and may be difficult to measure) soil  

nutrient availability. Plants in natural ecosystems belong to a continuum  

ranging from plants which consistently have mycorrhizas in almost all of  

their roots to those that never do (Fig. 4). Morphological and physiological  

definitions of mycorrhizal dependency would probably be in close  

agreement when applied to plants from either end of this spectrum.  

However, there is likely to be less agreement about the value of  

mycorrhizas to plants with intermediate levels of mycorrhizas. since  

there is little information about the proportion of a plant's root system  

which is required to form an effective association (and this proportion  

may be influenced by soil and other environmental conditions). 

 The use of fungicides which fairly selectively inhibit mycorrhizal fungi,  

provides another approach to analysing the benefit of mycorrhizal  

associations in natural communities. Benomyl application to soils can  

substantially reduce VAM formation. phosphorus inflow and shoot  

biomass in experiments (Borowicz and Fitter, 1990; Fitter and Nichols,  

1988; Daniels Hetrick et al., 1989; Trappe et al., 1984). When applied to  

an alpine grassland community, benomyl reduced mycorrhizal infection,  

but had no consistent influence on plant phosphorus content (Fitter,  

1986b). Gange et al. (1990) reduced mycorrhizal colonization and plant  

productitity by applying the fungicide Rovral (iprodione) to an early  

successional community. Koide et al. (1988) found that fungicide application  

had little effect on VAM. but increased plant abundance in an  

annual plant community. Ideally, it would be possible to find a  

mycorrhizal inhibitor that could be applied to shoots and would be  

phloem-translocated to active roots, which would then remain free of  

mycorrhizas (Fitter, 1989). A fungicide of this type would have minimal  

influence on soil nutrient cycling processes or the mycorrhizal associations  

of untreated plants. Poor correlations between experimentally  

induced changes in mycorrhizal colonization levels and plant growth  

responses or phosphorus contents in field experiments may occur  

because; (i) mycorrhizal associations provided little benefit to the  

species involved or are only required during certain stage in their life  

history (Fitter, 1989), (ii) plants normally form more mycorrhizas than  

they actually need so that changes have little effect below a certain  

threshold (McGonigle, 1988), (iii) roots were not very active at the time  

of application, or (iv) the effects require long periods to develop  

because plants grow very slowly. 

 A detailed cost-benefit analysis of a rnycorrhizal association must  
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balance productivity gains (resulting from enhanced mineral nutrient  

uptake) against the costs of maintaining these associations (Koide and  

Elliott, 1989). Root production and turnover rates are difficult to  

measure accurately but are thought to account for 40-85% of the net  

primary productivity of plants in ecosystems (Fogel, 1985; Hayes and  

Seastedt, 1986; Vogt et al., 1987). This energy is used to support root  

growth, respiration, exudation, as well as mycorrhizas and other associations  

(Lambers, 1987). By comparing mycorrhizal and phosphorus fertilized  

plants with similar relative growth rates. Baas et al. (1989b)  

found that mycorrhizal Plantago major sp. plants had 30% higher root  

respiration rates. Koch and Johnson (1984) found that 3-5% of 
14

C labeled  

photosynthate was supplied to mycorrhizal fungi in half of the  

root system in a split root experiment. Jakobsen and Rosendahl (1990)  

found that approximately 20% of the photoassimilate of cucumber  

plants with VAM was required for mycorrhizal events (using a "CO2  

labeling experiment). It is considered that trees in boreal forests expend  

about 50% of their primary productivity below ground (Fogel, 1980,  

1985; Vogt et al., 1982) and it has been estimated that 20-30% of this  

energy is supplied to ECM fungi to form mycorrhizas. hyphae, sclerotia  

and reproductive structures (Harley, 1971; Odum and Biever, 1984).  

However, these estimates of mycorrhizal costs are rather preliminary  

(because of inaccuracies in root turnover rate measurements and yearly  

variations in ECM fungus reproduction). In general it seems that VAM  

associations utilize 7-17% of the energy translocated to roots (Harris  

and Paul, 1987; Lambers, 1987), but ECM associations may require  

20-30% of this energy (Harley, 1971; Odum and Biever, 1984).  

 Nutrient uptake without mycorrhizal mediation also requires respiratory 

energy and in the case of two Carex species (most sedges are  

non-mycorrhizal: Powell, 1975) this can amount to 25 to 35% of their  

total respiration (Van der Werf et al., 1988). Mycorrhizal roots would  

still expend some energy on direct ion uptake, but these expenditures  

would almost certainly be much less than those of non-mycorrhizal  

species. which generally have more extensive and active root systems  

and higher root/shoot ratios than mycorrhizal plants (Table 5). There is  

also some evidence that plants growing in full sunlight can have excess  

photosythetic energy that overflows into an alternative (cyanide-resistant)  

respiratory pathway where it is lost (Lambers, 1985). Cost-benefit  

analysis calculations based on photosynthetic energy would be less  

relevant if plants in natural ecosystems are able to capture photosynthetic  

energy that is in excess of their needs for well regulated growth,  

respiration and storage. When plants that would obtain little or no  

benefit from mycorrhizas in natural ecosystems are compared with  

plants that are dependent on mycorrhizas, the former would normally  
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have root systems that are more expensive to maintain. However, when  

the costs vs benefits of one plant's mycorrhizal associations are being  

considered the results may well depend on soil fertility levels and other  

factors. 

 The benefit provided by mycorrhizal associations to plants has been  

established by numerous glass-house and growth-chamber experiments.  

but less often under field conditions and rarely in ecosystems (Abbott  

and Robson, 1991a; Fitter, 1985; Nelson, 1987). There has also been a  

tendency to use experimental conditions which would maximize mycorrhizal  

growth responses, without considering complicating factors (as  

shown in Fig. 5) which would reduce mycorrhizal efficacy (Fitter, 1985).  

Despite these criticisms, there is little doubt that mycorrhizal associations  

have an important role in nutrient uptake in natural ecosystems.  

This assertion is supported by the following indirect evidence: 

(i)  The majority of plants growing in natural ecosystems have mycorrhizal  

 associations (Appendix 1). 

(ii)  Experiments with plants from natural ecosystems have demonstrated  

 benefits from mycorrhizas at appropriate nutrient levels  

 (Table 6). In places where mycorrhizas are absent. their reintroduction  

 may result in increased plant productivity (Sections III.B.4.  

 III.F.4). Application of fungicides to natural communities has  

 resulted in measurable reductions in plant production or diversity,  

 at least in some cases. As was considered in the previous section,  

 mycorrhizal associations may reduce the impact of various plant  

 stresses, largely through enhanced plant nutrition. 

(iii)  Mineral nutrients (especially phosphorus and nitrogen) provide  

 most of the beneficial effects of mycorrhizal associations observed  

 in experimental studies (Hayman, 1983; Harley and Smith, 1983)  

 and are amongst the most important factors limiting plant production  

 in ecosystems (Coleman et al., 1983; Chapin et al., 1986;  

 Kramer, 1981; Fitter, 1986a). Mineral nutrient constraints on plant  

 growth are considered to be important in tropical forests (Janos,  

 1987; Jordan, 1985), deserts (Noy-Meir, 1985), mediterranean regions  

 of South Africa and Australia (Jeffrey, 1987; Lamont, 1982).  

 temperate deciduous forests (Wood et al., 1984). prairies (Risser,  

 1985). boreal coniferous forest (Larsen, 1980) and arctic vegetation  

 communities (Chapin and Shaver, 1985; Tieszen, 1978). In these  

 regions many plants have strategies to ensure nutrient uptake and  

 conservation, including long-lived evergreen or xeromorphic (desiccation  

 resistant) leaves which thought to conserve nutrients as well  

 as water (Chabot and Hicks, 1982; Fitter, 1986a; Jeffrey, 1987).  

 (iv) In experiments radioactive tracers have demonstrated the rapid  

 transfer of nutrients to roots, that most probably occurs through a 
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 network of mycorrhizal fungus hyphae (Section III.E.2). 

(v)  The extensiveness, responsiveness and activity of a plant's root  

 system will determine its ability to obtain relatively immobile soil  

 resources and these root characteristics are often negatively correlated  

 with mycorrhizal colonization or mycorrhizal dependency  

 (Table 5). Some mycorrhizal species in natural ecosystems have  

 coarse, relatively inactive roots that would be hopelessly inefficient  

 at direct nutrient absorption. Comparing the biomass of similar  

 lengths of roots and mycorrhizal fungus hyphae, suggests that  

 hyphae are a considerably less expensive way of exploring the soil  

 (Harley, 1989). 

(vi)  As was considered above, host plants spend a significant proportion  

 of their energy budget to support mycorrhizal fungi. Ecological  

 factors (such as low light levels) that should limit the plant's  

 ability to supply photosynthate, if anything favour mycorrhizal  

 species over those that are non-mycorrhizal (Brundrett and Kendrick,  

 1988). 

 

F. The Ecology of Mycorrhizal Plants 
 

Interactions between plants which are mediated by above-ground processes  

include competition for light and space and variations in direct  

responses to the physical environment (Grime, 1979; Tilman, 1988), but  

it is difficult (and perhaps irrelevant) to completely eliminate soil factors  

and mycorrhizal fungal influences from consideration. Many mycorrhizal  

ecology topics are poorly understood, because plant ecologists rarely  

consider mycorrhizas and mycorrhizal investigations usually are not  

conducted in ecosystems (Fitter, 1985; 1989; Harley and Harley, 1987;  

St John and Coleman, 1983). However, much relevant information  

about both mycorrhizal partners alone, or in association has been  

obtained from experimental or agricultural situations and is of value in  

predicting the response of mycorrhizas in ecosystems. Papers on mycorrhizas  

in ecosystems (especially regarding regeneration after disturbance  

or forestry) are now appearing in the literature with increasing frequency.  

 

1. Mycorrhizas and Nutrient Cycling in Natural Ecosystems 
Mycorrhizal fungi are generally considered to be incapable of utilizing  

complex substrates such as cellulose and lignin as energy sources and to  

depend on their host plant for nutritional support (Harley and Smith,  

1983). The intimate association of mycorrhizal roots with leaf litter has  

resulted in the hypothesis that mycorrhizal fungi could be directly  

involved in leaf litter decomposition, but there is no good evidence that  
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this occurs in ecosystems (Harley and Smith, 1983). Some ECM fungi 

have the enzymatic ability to degrade cellulose and pectin, but this 

activity is generally much less than that of saprobes (Dahm et al., 1987; 

Harley and Smith, 1983; Haselwandter et al., 1987). It has recently been 

discovered that some ECM fungi can utilize organic (protein) sources of 

nitrogen (Abuzinadah et al., 1986; Abuzinadah and Read, 1986) and 

phosphorus (Haussling and Marschner, 1989; Ho, 1989). In soils where 

ECM trees occur. 50% of the phosphorus can be in organic forms that 

could be broken down by rhizosphere phosphatases produced by ECM 

fungi (Haussling and Marschner, 1989). 

 Soil minerals are weathered by microbial activity as well as physical 

processes (Coleman et al., 1983; Robert and Berthelin, 1986). Hyphae 

of the ECM fungi Hystangium sp. and Paxillus involutus apparently 

weather clay minerals by producing calcium oxalate (Cromack et al., 

1979; Lapeyrie, 1988). Oxalates produced by ECM fungi may chelate 

iron to release phosphorus from iron phosphates (Cromack et al., 1979; 

Lapeyrie, 1988) and siderophore production has also been proposed as a 

mechanism for enhanced phosphorus absorption by VAM fungi (Bolan 

et al., 1987; Jayachandran et al., 1989). Reducing activity can be 

detected in the rhizosphere of ECM roots and may be an important 

mechanism to enhance the absorption of oxides of nutrients such as 

manganese (Cairney and Ashford, 1989). Ericoid mycorrhizal fungi 

apparently normally utilize organic sources of nitrogen (amino acids) 

and phosphate (Bajwa and Read, 1986; Read, 1983; Straker and 

Mitchell, 1986) and can degrade lignin, at least in some cases (Haselwandter 

et al., 1987). These specialized nutritional abilities of ericoid 

mycorrhizal fungi are likely to be particularly valuable in heathland soils 

where organic forms of nutrients, such as free amino acids, may 

predominate (Abuarghub and Read, 1988; Leake et al., 1989). The 

influence of mycorrhizal fungi on forms of soil minerals that are 

generally considered not to be available to plants requires further 

investigation. 

 Monotropoid and some arbutoid and orchid mycorrhizal hosts have a 

highly reduced root system and are without chlorophyll, so must rely on 

mycorrhizal fungi to supply all of their needs (Furman and Trappe, 

1971) - a reverse of most relationships between higher plants and fungi. 

Isotope tracer studies have demonstrated nutrient transfer to plants with 

monotropoid mycorrhizas from nearby trees, presumably through a 

common mycorrhizal fungus (Bjorkman, 1960; Newman, 1988; Vreeland 

et al., 1981). Plants with arbutoid mycorrhizas usually have chlorophyll, 

but also associate with the same fungi as adjacent trees (Molina and 

Trappe, 1982a). Members of the Gentianaceae that have VAM associations 

may not support further spread of the fungus (Jacquelinet - Jeanmougin 
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and Gianinazzi - Pearson, 1983; McGee, 1985). Warcup (1988) found 

that Australian members of the genus Lobelia (and its allies) 

were often highly dependent on VAM or ECM associations during 

seedling establishment and apparently required the presence of a companion 

plant for subsequent growth. These experiments with gentians and 

lobelias suggest that some plants in natural ecosystems greatly benefit 

from mycorrhizal associations, but provide little to the fungus in return, 

so these fungi (and to some extent the lobelia or gentian) would be 

supported by other members of their community. 

 Orchid mycorrhizal fungi can transfer 
14

C to their host plant especially 

when they are young (Alexander and Hadley, 1985). but the source of 

this carbon has not been determined. Endophytes isolated from orchid 

roots are often designated as Rhizoctonias – a diverse group of non-sporulating 

fungi which include plant pathogens as well as saprophytes 

(Hadley, 1982; Warcup, 1981; 1985) and similar fungi have been found 

to occupy hyphae and spores of VAM fungi (Williams, 1985). However, 

detailed studies of orchid endophytes suggest that many of these fungi 

may have fairly specialized associations with orchids (Currah et al., 

1987; Ramsay et al., 1987; Warcup, 1981). The nature of interactions 

between orchid mycorrhizal fungi and other plants in their native 

habitats warrants investigation. Orchid endophytes may be saprophytes, 

but it is possible that many of these fungi have a detrimental influence 

on other plants or their mycorrhizal fungi and this is almost certain to 

be the case with achlorophyllous orchids that require photosynthetically 

acquired energy from some other source. Armillariella mellea, a fungus 

which can be parasitic on plants, forms mycorrhizal associations with 

some chlorophyll-free orchids (Campbell, 1962; Terashita, 1985). It is 

interesting to note that chlorophyll-free and green individuals of the 

normally photosynthetic orchid Epipactis helleborine apparently had a 

common mycorrhizal fungus, which was able to support the growth of 

fully heterotrophic individuals (Salmia, 1988; 1989). It has been suggested 

that epiphytic orchids sometimes have a detrimental effect of 

their host trees (Johansson, 1977). Plants such as orchids. gentians and 

lobelias are renowned for their showy flowers, which are often  

disproportionately large. It may be that growth of these plants occurs partially 

at the expense of other members of the community (by way of their 

mycorrhizal fungi). However, these fascinating plants are usually not 

abundant in ecosystems so would have little impact on their fully 

autotrophic neighbours. 

 Energy and nutrients from plants are recycled through six major 

pathways in ecosystems; (i) grazing, (ii) seed consumption, (iii) feeding 

on nectar, (iv) loss of soluble exudates, (v) active extraction by parasitic 

and mutualistic organisms and (vi) decomposition of plant structures 
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(Odum and Biever, 1984). The last process (litter decomposition) is the 

most important, but energy and nutrient flow through the other cycles is 

usually also significant (Odum and Biever, 1984). Decomposition processes 

in the soil involve many organisms in a complex food web, which 

culminates in nutrient absorption by roots (Coleman, 1985). This food 

web consists of hierarchies of microbes, microbe-feeding and predatory 

soil fauna, which form a pyramid with the more primitive organisms that 

feed on organic substrates at its base (Price, 1988). Measurements of 

root litter production in natural ecosystems indicate that below-ground 

litter (dead roots and mycorrhizas) can amount to 2-5 times aboveground 

litter production (Fogel, 1988; Raich and Nadelhoffer, 1989). 

 It has been suggested that the presence of mycorrhizal roots can 

reduce the rate of leaf litter decomposition, perhaps by absorbing 

nutrients required by saprobic organisms (Cuenca et al., 1983; Gadgil 

and Gadgil, 1975). However, mycorrhizal roots had a greater influence 

on moisture levels in litter and their exclusion did not influence 

decomposition rates in other cases (Harmer and Alexander, 1985; Staaf, 

1988). It seems likely that factors other than mycorrhizal fungus activity 

are responsible for the slow nutrient cycling which occurs in ECM tree 

dominated forests (Section III.F.5). In a microcosm experiment, 

Dighton et al. (1987) reported increased rates of decomposition of some 

organic substrates when mycorrhizal roots were present and this effect 

on decomposition was reduced by the presence of a saprobic fungus 

 Hyphae from one mycorrhizal fungus are often associated with several 

different host plants in ecosystems to form a common pool of nutrients, 

but it is not known if all associated plants have equal access to this pool 

(Newman, 1988). It has been hypothesized that mycorrhizal fungus 

hyphae that are already present in senescing host roots may scavenge 

mineral nutrients before they escape into the soil solution or are 

absorbed by saprobes. and then transfer them to other associated roots, 

thus partially bypassing the soil food web (Newman, 1988; Newman and 

Eason, 1989). Dying plants roots can loose 60% of their nitrogen and 

70% of their phosphorus within 3 weeks and much of this ends up in 

neighboring plants (Eason and Newman, 1990). The magnitude of this 

rapid dying-living root nutrient transfer was substantially greater if 

cohabitating plants were mycorrhizal, providing evidence that the transfer 

occurs through VAM fungus hyphae links (Newman and Eason, 

1989). 

 As was considered above, mycorrhizal fungi are generally considered 

to enhance plant uptake of inorganic nutrients, but organic nutrient 

sources may also be important in some ecosystems and much of the soil 

nutrient pool is likely to be contained within the living biomass of 

organisms belonging to a complex decomposition food web. This likely 
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results in competition between mycorrhizal fungi and other soil organisms 

for nutrients, but the nature and importance of this competition is 

unknown (St John and Coleman, 1983). It is possible that mycorrhizal 

fungi co-operate with other soil organisms to obtain nutrients that are 

spatially or chronologically separated from roots. There are seasonal 

variations in the availability of nutrients in natural ecosystem soils 

(Gupta and Rorison, 1975; Versoglou and Fitter, 1984), which may not 

always coincide with periods of maximum mycorrhizal root activity. 

Other soil microbes and non-mycorrhizal plants may help to prevent 

nutrient loss from the system at these times. 

 Mycorrhizal roots or hyphae are often spatially associated with soil 

organic material in natural ecosystem soils (Section III.E.2). Efficient 

conservation of minerals, especially phosphorus, has been observed in 

deciduous forests, eucalyptus forests and tropical rain forests and is 

thought to result from the combined activities of microbes and roots 

(Attiwill and Leeper, 1987; Jordan, 1985; Wood et al., 1984). This 

efficient conservation suggests that the release of nutrients by the 

activities of saprobic organisms is tightly coupled with uptake by roots. 

bacteria and fungus hyphae concentrated near the soil surface (Wood et 

al., 1984). It is probable that mycorrhizal fungi have an important role 

in the later stages of this process, but this role has not been directly 

investigated. 

 

2. Mycorrhizas and Plant Nutrient Competition 
The supply of resources such as light, water and nutrients often limits 

the growth of plants in natural habitats, but to obtain a greater 

proportion of one resource, plants must allocate more of their growth to 

the structures responsible for obtaining it, which may reduce their ability 

to compete for other resources (Tilman, 1988). For example, plants 

must balance their expenditures on stem and leaf growth required to 

obtain light against root costs associated with water and nutrient uptake. 

Root competition for soil resources is often more important than shoot 

interactions (Wilson, 1988) and root biomass in a particular site has 

been found to be inversely correlated with soil nutrient levels in natural 

ecosystems (Lyr and Hoffmann, 1967; Gower, 1987; Vogt et al. 1987). 

Plant root systems usually intermingle with those of other plants, so 

would normally be competing for the same soil resources (Brundrett and 

Kendrick, 1988; Caldwell, 1987; Caldwell and Richards, 1986; Chilvers, 

1972; Kummerow, 1983; Richards and Caldwell, 1987). 

 The relative availability of different soil resources can influence the 

outcome of competition between species with different capacities to 

obtain these resources (Tilman, 1982). Genetically determined characteristics 

of root systems that would influence the ability of plants to 
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obtain immobile soil nutrients such as phosphorus include total root 

length. rooting depth, geometry and plasticity (Section III.E.5). Root 

length and rooting depth relative to leaf transpirational area are 

particularly important for water acquisition, but other factors such as 

root xylem characteristics and the proportion of roots which can absorb 

water are also important (Crombie et al., 1988; Eissenstat and Caldwell, 

1988; Fitter and Hay, 1987; Hamblin and Tennant, 1987; Richards, 

1986; Richards and Caldwell, 1987). Differences in root system responsiveness 

to temporarily available water or nutrients also influence the 

outcome of interspecific competition (Campbell and Grime, 1989; 

Franco and Nobel, 1990; Jackson and Caldwell, 1989). Co-existing 

plants in natural communities may avoid competition for nutrients by 

having roots which are active at different times of the year (Brundrett 

and Kendrick, 1988; Fitter, 1986c; Daniels Hetrick et al., 1989; Veresoglou 

and Fitter, 1984). 

 The outcome of competition between plants with different mycorrhizal 

strategies will depend on the nature of soil resource(s) that are limiting 

plant productivity. Resources such as water and some mineral nutrients 

can move rapidly through soil by diffusion and would be obtained 

directly by roots even if they were non-mycorrhizal. while poorly mobile 

nutrients such as phosphorus are more efficiently obtained by fungus 

hyphae if plants are mycorrhizal (Section III.E.5). Thus, the outcome of 

competition between mycorrhizal and non-mycorrhizal plants should 

favour the former species if phosphate is limiting, but the extensive 

roots of non-mycorrhizal of facultative species should be more effective 

if water is in short supply. These differences in the efficiency of resource 

acquisition may be less important than other factors in communities 

where plant growth is restricted by severe edaphic or climatic conditions 

and non-mycorrhizal species are often common (Section III.F.5). 

When growing together, plants with the same type of mycorrhizal 

association may be more equal competitors than plants without mycorrhizas 

or with different types of mycorrhizas (Newman, 1988). Mycorrhizas 

should partially alleviate differences in the competitive ability of 

species to obtain immobile nutrients such as phosphorus by increasing 

the functional similarity of roots that differ in form. This may explain 

why species with highly mycorrhizal, coarse roots as well as those with 

extensive, fine root systems and lower levels of mycorrhizas successfully 

coexist in habitats such as deciduous forests and prairies (Brundrett and 

Kendrick, 1988; Daniels Hetrick and Bloom, 1988). However, in these 

communities plants belonging to these two contrasting groups also avoid 

competition by having periods of maximum root activity at different 

times of the year. 

 Different forms of competition may occur between plants which differ 
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in their mycorrhizal dependency, but there is little available experimental 

evidence to support these suggestions. Fitter (1977) reported that 

the addition of VAM to two grasses increased dominance of Holcus 

lanutus over Lolium perenne when compared to root competition alone. 

Crush (1974) and Hall (1978) found that VAM increased the growth of 

clover grown in competition with ryegrass (which suffered from nitrogen 

deficiency) at low soil phosphate levels. In experiments with Agropyron 

species. which receive little benefit from mycorrhizas, these associations 

had little impact on the outcome of competition with other species 

(Allen and Allen, 1986). Daniels Hetrick et al. (1989) studied competition 

between two prairie grasses – Andropogon gerardii, a species which 

was highly dependent on mycorrhizas (in the soils used) and Koeleria 

pyramidata, which did not respond to VAM. They found that the 

outcome of competition favoured A. gerardii when mycorrhizas were 

present or phosphorus was added, while K. pyramidata was only 

successful when mycorrhizas were suppressed and phosphorus levels 

were low. 

 In natural ecosystems the diversity of host plants is often substantially 

greater than the diversity of mycorrhizal fungi and there is no reason to 

believe that individual plants could maintain separate networks of 

mycorrhizal hyphae. Thus, it would be normal for different individuals, 

species, ages or growth forms of plants to be interconnected by one or 

more rnycorrhizal fungus (Harley and Smith, 1983). It has been suggested 

that these mycorrhizal hyphae networks could reduce plant 

nutrient competition and help support subordinate species (such as 

seedlings, shaded by a canopy of mature plants) by interplant nutrient 

transfer (Francis et al., 1986; Grime et al., 1987; Newman, 1988; 

Ocampo, 1986). In the experiments described above, mycorrhizal influences 

on the outcome of competition do not seem to involve nutrient 

transfer (or ryegrass would have obtained nitrogen from clover in 

Crush's (1974) or Hall's (1978) experiments). 

 Grime et al. (1987) demonstrated increased diversity (survival of 

subordinate species) in a microcosm experiment when species were 

growing with VAM fungi. They proposed that interplant nutrient 

transfer (measured by 
14

C) was an important mechanism for maintaining 

higher plant diversity in this system. However, Bergelson and Crawley 

(1988) and Newman (1988) consider it more likely that this microcosm 

experiment demonstrated that the subordinate species had a greater 

requirement for mycorrhizas so their growth was increased relative to 

that of dominant grass plants when mycorrhizas were present in the 

system, while the grass plants (which have fine root systems) were at a 

greater competitive advantage when mycorrhizas were withheld. In 

separate experiments using Sorghum and Plantago, Ocampo (1986) and 
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Eissenstat and Newman (1990) could detect little P-transfer between 

mature plants and seedlings of these species when they shared the same 

VAM fungus and competition with mature plants adversely influenced 

the seedlings. Mycorrhizas may reduce nutrient competition between 

plants by some interplant nutrient transfer (Section III.E.2), but they 

also increase the functional similarity of roots and this later role would 

appear to be more likely to help maintain plant diversity in ecosystems. 

It seems likely that competition occurs between plants connected to a 

common network of mycorrhizal fungus hyphae for nutrients obtained 

by that fungus (Newman, 1988). It might be expected that the outcome 

of this type of competition would depend on the energy a particular host 

invests on mycorrhizal formation, since exchange across mycorrhizal 

interfaces occurs simultaneously in both directions. Thus plants which 

support more active mycorrhizal exchange sites in their roots (arbuscules, 

Hartig nets, etc.) should be at a competitive advantage, but subtle 

differences in the efficiency or compatibility of different host-fungus 

combinations may also be a factor. The level of support plants provide 

to mycorrhizal fungi (in the form of root carbohydrates) is thought to be 

an important regulator of mycorrhizal formation (Section III.E.4.a). 

However, some heterotrophic or partially heterotrophic plants have 

unexplained mechanisms that allow them to obtain inorganic and 

organic nutrients from hyphal networks in sufficient quantities to sustain 

their growth, without providing any reciprocal benefit to the mycorrhizal 

fungus (Section III.F.1). 

 A wide range of different ECM fungi may be present in a community 

and some of these fungi preferentially associated with a certain host 

(Section IlI.D.1), suggesting that interactions between mycorrhizal fungi 

may sometimes be a factor in plant nutrient competition. Perry et al. 

(1989) conducted competition experiments using two different coniferous 

host trees growing together with different combinations of ECM fungi. 

In these experiments mycorrhizal fungi greatly reduced competitive 

effects by increasing phosphorus uptake by both species. In another 

microcosm experiment, Finlay (1989) grew seedlings of Pinus sylvestris 

and Larix eurolepis together with one of three ECM fungi, two of which 

are considered to be specific associates of Larix spp. Growth of Pinus 

was found to be substantially better when the non-specific ECM fungus 

was present than when Larix - associates were used, while these latter 

fungi resulted in the best growth and phosphorus uptake by Larix 

seedlings. This experiment provides evidence that the presence of 

host-specific fungi can shift the balance of nutrient competition in favour 

of their hosts. 

 The outcome of nutrient competition between mycorrhizal and non-

mycorrhizal plants has also rarely been considered. In a study of early 
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successional species, Crowell and Boerner (1988) found that non-mycorrhizal 

Brassica plants could have a greater influence on mycorrhizal 

Ambrosia plants than other Ambrosia neighbours, but this effect was 

not consistent. The presence of VAM fungi can increase the growth of 

host plants (grasses) in the presence of non-mycorrhizal competitors 

(Allen and Allen, 1984; Ocampo, 1986). In studies of this type it can be 

difficult to separate the competition for resources by roots and mycorrhizas 

from the growth benefits provided by mycorrhizas (when compared 

to growth when mycorrhizas are withheld – (see Fig. 5). Other 

factors such as allelopathy (Section III.F.3.a), that way influence the 

outcome of competition between mycorrhizal and non-mycorrhizal species, 

also need to be considered. It has been suggested that mycorrhizal 

fungi may have an adverse effect on non-mycorrhizal plants that is not 

related to nutrient competition (Allen and Allen, 1984). The sequestering 

of nutrients in mycorrhizal fungus hyphal pools may provide a 

competitive advantage to highly mycorrhizal over those with other 

nutrient uptake strategies (Newman, 1988). 

 Root systems must evolve in response to the environmental factors 

most limiting to plant growth (Caldwell, 1987; Fitter, 1986a; Tilman, 

1988). However, these factors may be in conflict (for example a root 

system optimized for water uptake would be very different than one that 

is most efficient at mycorrhizal formation), so it is not surprising that 

results of evolutionary processes have often produced plants with 

substantially different root systems (strategies) even in the same habitat. 

These differences in root strategies may influence the outcome of 

competition between species and ultimately the composition of plant 

communities. 

 

3. Other Mycorrhizally Mediated Interactions Between Plants 
In addition to their roles in nutrient cycling and competition for soil 

resources, mycorrhizal associations may be involved in other interactions 

between coexisting plants. The presence of plants which are strongly 

dependent on VAM can substantially increase mycorrhizal colonization 

of more facultative plants that would otherwise form little VAM (Hirrel 

et al., 1978; Miller et al., 1983; Stejskalová, 1989). However, it is known 

if this type of mycorrhizal enhancement is detrimental or beneficial to 

facultative species, or if this depends on soil fertility. Attempted 

colonization of non-host roots by mycorrhizal fungi can result in 

wounding responses which may have an adverse influence on these 

plants (Allen et al., 1989a). 

 

 (a) Allelopathic interactions involving mycorrhizal fungi. Chemical 

substances liberated in soil by plants can have adverse effects on other 
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plants (Rice, 1984) and these amensalistic interactions may involve 

mycorrhizal fungi (Perry and Choquette, 1987). Leachates from the 

leaves of some plants (Coté and Thibault, 1988; Iyer, 1980; Rose et al., 

1983) and lichens (Brown and Mikola, 1974; Fisher, 1979; Goldner et 

al., 1986) can inhibit ECM fungi. However, Pteridium aquilinum 

(bracken), Helianthus occidentalis and Salsola kali, which are considered 

to be allelopathic, have little influence on the mycorrhizas of 

other species (Acsai and Largent, 1983; Anderson and Liberia, 1987; 

Schmidt and Reeves, 1989). Roots of Calluna vulgaris, a species with 

ericoid mycorrhizas, produce factors inhibitory to fungi forming other 

types of mycorrhizas (Robinson, 1972). The growth of plants with 

ericoid mycorrhizas can result in the accumulation in soils of phenolic 

compounds (as well as a low pH and metal ions) which can be toxic to 

plants and mycorrhizal fungi but are detoxified by ericoid mycorrhizal 

endophytes (Leake et al., 1989). Tobiessen and Werner (1980) and 

Kovacic et al. (1984) have suggested that chemical properties of leaf 

litter from Pinus trees with ECM may inhibit VAM fungi in soils under 

these trees. Chemical properties of leaf litter produced by trees may 

specifically inhibit some ECM fungi allowing other more tolerant fungi 

to become dominant (Perry and Choquette, 1987). There is some 

evidence that ECM fungi can produce substances that inhibit the growth 

of other ECM fungi (Kope and Fortin, 1989). 

 The roots of non-mycorrhizal species apparently contain chemical 

factors inhibitory to mycorrhizal fungi (Section III.E.4.c), so these 

substances could adversely influence mycorrhizal formation in other 

species if released into the soil. The previous growth of non-mycorrhizal 

plants in a soil has been observed to have a detrimental effect on the 

subsequent infectivity of VAM fungi, in some cases (Baltruschat and 

Dehne, 1988; Hayman et al., 1975; Iqbal and Qureshi, 1976; Morley and 

Mosse, 1976; Powell, 1982), but not in others (Ocampo and Hayman, 

1981; Schmidt and Reeves, 1984; Testier et al., 1987). Ferulic acid, an 

allelopathic agent produced by Asparagus officinalis, has an inhibitory 

effect on VAM fungus activity, even though this plant normally benefits 

from mycorrhizas (Wacker et al., 1990). Roots contain many secondary 

metabolites that have the potential to have allelopathic influences on 

plants and their mycorrhizal associates, but the role of these substances 

in soils is very difficult to resolve (Section III.E.4.c). Allelopathic 

interactions between mycorrhizal and non-mycorrhizal species, plants 

with separate types of mycorrhizas, or trees with different populations of 

ECM fungi may be one of the factors that influences the composition or 

stability of plant communities. 

 

4. Mycorrhizas and Plant Succession 
Successional changes to plant populations occur during ecosystems 
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recovery from disturbance or establishment on new substrates (Barbour 

et al., 1987; Grime, 1979). During this process opportunistic (ruderal) 

species are gradually replaced by more specialized plants as competition 

for space and soil resources becomes more important (Grime, 1979). 

Ruderal species, which are usually rare or absent from undisturbed sites 

(Grime, 1979), apparently often have root systems that would make 

them less dependent on mycorrhizas (Table 5) than climax vegetation 

species. The proportion of mycorrhizal roots has been observed to 

increase along with plant cover during succession in several natural 

ecosystems (Khan, 1974; Lesica and Antibus, 1985; Miller et al., 1983; 

Pendelton and Smith, 1983; Red and Haselwandter, 1981; Rose, 1988). 

In tropical forests (Janos, 1980b) and arid shrub/grass communities 

(Allen, 1984; Allen and Allen, 1984; Miller, 1979; 1987; Reeves et al., 

1979) the first colonizers of disturbed sites are often non-mycorrhizal or 

facultative species, while obligately mycorrhizal plants became dominant 

later in succession. Miller (1987) has suggested that obligately mycorrhizal 

plants are more likely to be found where soil nutrient levels are 

low and disturbance is minimal, while moderate disturbance and soil 

nutrient levels favour facultatively mycorrhizal species and a combination 

of severe disturbance and high nutrient levels will favour non-mycorrhizal 

plants (severe disturbance and low nutrient levels tends to 

eliminate plants altogether) (Grime, 1979). There is evidence that 

succession in many communities follows these generalized trends, but 

there are also many exceptions.  

 In arid regions non-mycorrhizal plants may dominate severely  

Disturbed sites and the proportion of mycorrhizal plants may only reach 

previous levels after 20-30 years, but in other regions with more mesic, 

climates mycorrhizal plants are often common during the initial stages of 

succession (Miller, 1987). In the temperate deciduous forest region 

plants with VAM such as Solidago and Aster are important in early 

succession and non-mycorrhizal species only become dominant after 

massive fertilizer or biocide applications (Medve, 1984). Gange et al. 

(1990) found that the inhibition of VAM formation by the application of 

a fungicide significantly reduced the growth and recruitment of some 

species during the first year of succession after cultivation. In some arid 

habitats mycorrhizas may provide little benefit if the establishment of 

early successional species with low mycorrhizal dependency normally 

precedes successful establishment of mycorrhizal species (Allen and 

Allen, 1988; Loree and Williams, 1987). In coastal sand dunes most 

colonizing species form VAM and benefit greatly from this association, 

even though propagules of VAM fungi must often be in short supply 

(Koske, 1978b). Apparently propagules of both host plants and VAM 

fungi are co-dispersed to coastal habitats as plant colonization begins 

(Koske, 1988; Koske and Gemma, 1990). During succession in prairie 
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ecosystems the proportion of mycorrhizal roots (but not total colonization 

levels) can decline during succession as fine roots (which are poorly 

colonized) become more prevalent (Cook et al., 1988). 

 In deciduous forests, annuals and other ruderal (weed-like) species 

Which are normally present only in disturbed sites (Rogers, 1982), tend 

to be non-mycorrhizal or have facultative VAM associations (Brundrett 

and Kendrick, 1988). These relatively opportunistic species respond to 

openings in the tree canopy more rapidly than obligately mycorrhizal 

species, which generally have slow growth rates and lower reproductive 

potentials, but mycorrhizal species gradually regain dominance. Janos 

(1980b) observed similar trends in tropical forests and found that early 

successional species often had lighter seeds (aiding long range dispersal) 

than obligately mycorrhizal plants from climax communities (where 

seedling survival would be more important). 

 In boreal coniferous forests ECM inoculum levels decline rapidly after 

clear-cutting and changes to soil properties can inhibit surviving fungi, 

thus preventing tree regeneration (Section III.B.4). In these forests a 

succession of increasingly specialized fungi parallels re-establishment of 

host trees and soil conditions (Section III.B.6). It has been proposed 

that the absence of ECM inoculum may be one of the factors responsible 

for the absence of host trees in temperate grasslands (Harbour et 

al., 1987). While it is true that propagules of ECM fungi are generally 

absent from prairie soils (Meyer, 1973; White, 1941; Wilde, 1954), other 

factors such as low water availability and frequent fires are considered 

to be responsible for the absence of trees (Risser, 1985). Abundant 

VAM fungus inoculum is normally present (Liberia and Anderson, 

1986; Miller, 1987), but poor growth of trees with VAM associations has 

also been reported in prairie soils (White, 1941; Wilde, 1954). In some 

boreal coniferous forests the soil does not contain VAM inoculum 

(Kovacic et al., 1984; Tobiessen and Werner, 1980). Seedlings of some 

trees may initially have VAM associations when growing in disturbed 

sites, but generally only form ECM when they are mature (Gardener 

and Malajczuk, 1988; Lapeyrie and Chilvers, 1985). This mycorrhizal 

flexibility may help them colonize sites where inoculum of ECM fungi is 

absent, but suggests that mature plants are more specific in their 

mycorrhizal requirements than seedlings. In boreal forests species with 

VAM and nitrogen fixing shrubs with ECM are important during early 

succession before ECM trees regain dominance and may help maintain 

mycorrhizal fungi (Cromack, 1981; McAfee and Fortin, 1989). The 

impact of soil disturbance, which may precede succession, on mycorrhizal 

fungus propagules was considered in Section III.B.4. 

 After the last ice age, the revegetation of glaciated regions in North 

America and Europe was a gradual process (Davis, 1981; Delcourt and 
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Delcourt, 1987). Initially tundra was replaced in North America by 

Picea spp. forests which dominated until Larix, Abies, Betula and 

Pinus species migrated northwards and finally trees from present day 

deciduous forests (such as Fraxinus, Ulmus and Quercus, which were 

early migrants, and Acer, Carya and Fagus, which were slower) 

extended to their present ranges. From our knowledge of the present 

day mycorrhizal associations of these trees, it seems that postglacial 

succession initially resulted in the dominance of trees with ECM, while 

trees with VAM were slower to become dominant or codominant. These 

trends may have resulted because the prevailing climatic conditions 

favoured trees with ECM associations, VAM fungi were slower to 

disperse than ECM fungi, VAM host trees had more limited dispersal 

than trees with ECM, or a combination of these factors were involved. 

The early pleistocene occurrence of fossil VAM fungus spores (Pirozynski 

and Dalpé, 1989) suggests that inoculum dispersal was not the most 

important limiting factor. 

 There is evidence that in some situations mycorrhizal inoculum levels 

may be one factor influencing the rate of succession, but changes to soil 

properties, or root system characteristics of plants may also be important 

and the gradual replacement of non-mycorrhizal species by those 

with VAM or ECM does not always occur during this process. While, 

successional processes often result in the increasing dominance of 

obligately mycorrhizal plants, there are many exceptions to this generalization 

and facultatively mycorrhizal or non-mycorrhizal plants may 

remain dominant or co-dominant in communities where severe edaphic 

or climatic conditions prevail, as will be considered in the next section. 

 

5. The Distribution of Plants with Different Mycorrhizal Strategies 
A compilation of reports on the mycorrhizal status of selected plants in 

major world ecosystems and edaphically limited vegetation communities 

is presented in Appendix 1. Trappe (1987) has calculated that about 3% 

of angiosperms have been examined for mycorrhizal associations (coverage 

of the pteridophytes would be similar, but a much higher proportion 

of the gymnosperms have been examined). Mycorrhizas have been most 

studied in temperate ecosystems, especially in the northern hemisphere, 

where there have been numerous studies especially of dominant trees 

(there are more than 75 reports concerning Pinus sylvestris or Fagus 

sylvatica (Harley and Harley, 1987), but in other areas sampling has 

been sparse (in tropical forests very high plant diversity makes this 

almost impossible) (Janos, 1987). From the evidence presented in 

Appendix 1 and other compilations of the mycorrhizal literature (Harley 

and Harley, 1987; Kelly, 1950; Meyer, 1973; Newman and Reddell, 
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1987; Trappe, 1987) correlations between environmental or soil conditions 
and the distribution of plants with different types of mycorrhizas 
can be established. Less is known about the occurrence of species with 
low or highly variable levels of mycorrhizas, since many separate reports 
are required to determine if a species is inconsistently mycorrhizal 
(Trappe, 1987). Plants that can form more than one type of functional 
mycorrhiza are rare in most ecosystems (Section III.D.2). The available 
evidence is more than sufficient to conclude that plants in most 
ecosystems are predominantly mycorrhizal and this fact is now as well 
established as many of the other assumptions on which science is based. 
 Trappe (1987) has compiled information about the mycorrhizal status 
of angiosperms from the mycorrhizal literature to allow comparisons 
with plant growth forms and ecological functions (Fig. 6). In general 
there are few correlations between mycorrhizal strategies and plant life 
history (annuals vs perennials) or growth form (herbaceous plants, trees, 
etc.). Exceptions to this rule include the fact that trees and shrubs are 
much more likely to have ECM associations than annuals and herbaceous 
plants (Harley and Smith, 1983). Parasitic plants usually are 
 

 
Fig. 6. Data from a mycorrhizal database compiled by Trappe (1987) is charted 
to illustrate mycorrhizal trends amongst the Angiosperms as a whole and within 
some specialized groups of plants (numbers of species examined for each 
category = 6507, 674, 679, 455, 293, 53, 66, 84 respectively). The question mark 
for epiphytes indicates that sampling of this group has been very limited and 
biased. "Several" refers to species which have been reported to have more than 
one type of mycorrhizas, while other terminology is the same as that used in 
Fig. 2. 
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non-mycorrhizal (Currah and Van Dyk, 1986; Harley and Harley, 1987; 

Lesica and Antibus, 1986): some plant families, such as the Scrophulariaceae, 

contain both mycorrhizal non-parasitic and non-mycorrhizal 

parasitic members, the latter having probably evolved from the former 

(Alexander and Weber, 1984). The proportion and importance of plants 

with different mycorrhizal strategies in a North American hardwood 

forest community are shown in Fig. 3. In this community, the mycorrhizal 

relations of plants is more closely related to root phenology than 

plant growth forms or above-ground phenology. 

 Epiphytes, plants which grow attached to tree branches or rocks 

rather than in soil. are most common in humid tropical sites (Benzing 

1973). Limited surveys of epiphytic Orchidaceae have found many to 

have sporadic infection by orchid mycorrhizas (Benzing, 1982; Hadley 

and Williamson, 1972). The mycorrhizal status of other important 

groups of epiphytes – Filicales, Araceae, Bromeliaceae, Gesneriaceae, 

etc. has largely remained unexplored, although there is a report of ECM 

roots within bromeliad leaf-base tanks (Pittendrigh, 1984). 

 A shortage of mycorrhizal inoculum can occur during early succession 

(Section III.F.4), or in habitats where host plants normally do not occur 

(Berliner et al., 1986; White, 1941; Wilde, 1954), but it seems that 

factors influencing the distribution of plants with a particular type of 

rnycorrhizal strategy are usually more important. However, the distribution 

of individual mycorrhizal fungi could influence the occurrence of 

plants which have relatively specific associations with these fungi, as is 

the case with some terrestrial orchids (Ramsay et al., 1987; Warcup, 

1981). 

 Vegetation on the Earth's surface can be classified into a number of 

distinct ecosystems with characteristic climates, soils and vegetation 

(Walter, 1979). These natural ecosystems occupy different parts of the 

Earth's land surface as a result of variations in the climatic factors with 

the greatest influence on plants-temperature and moisture availability 

(Billings, 1974; Osmond et al., 1987; Whittaker, 1975). Thus tropical 

vegetation changes along a moisture gradient extending from rain forests 

to deserts, while temperate ecosystems follow a similar gradient from 

deciduous forests to grasslands and cool deserts (see Fig. 7). Other 

factors which can influence the distribution of vegetation include competition 

(which is most extreme in moist and warm regions and least 

severe in extremely cold or dry habitats) excessive radiation in arctic or 

alpine sites, localized edaphic factors and human activities such as 

agriculture and forestry (Barbour et al., 1987; Osmond et al., 1987). 

 One ecosystem type may occur in widely separate regions or continents 

with similar climates (Walter, 1979). Despite overall similarities in 

growth form, major taxonomic differences often occur between the 
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Fig. 7. Low temperature and drought stress are the two most important factors 
responsible for the distribution of world ecosystem types. Competition and other 
biological interactions are also important and would have the greatest influence 
in warm and/or wet ecosystems and less important in cold or dry habitats. This 
figure is based on similar charts in Billings (1974). Osmond et al. (1987) and 
Whittaker (1975). 
 
 
vegetation in these separate floristic regions (Takhtajan, 1986). Because 
of these differences in host genetic background. generalizations about 
the mycorrhizal status of plants in one floristic region should not be 
indiscriminately applied to another. However, the relative importance of 
host genetic background and environmental factors in determining 
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mycorrhizal strategies may be elucidated by their comparison. In general, 

it appears that similar mycorrhizal strategies occur throughout an 

ecosystem, even though they often include plants which are widely 

separated taxonomically or geographically (Appendix 1). Thus, environmental 

influences would appear to be more important determinants of 

mycorrhizal strategies than host taxonomic relationships or geographic 

barriers to host and fungus dispersal. 

 Within an ecosystem, variations in soil conditions. such as excess 

water and salinity, can cause localized changes in community structure 

(Etheringion, 1982; Whittaker, 1975). Mycorrhizal strategies in edaphic 

communities have been separately considered in Appendix 1, in an 

attempt to gain some understanding of the influence of gradients in soil 

factors or climatic conditions on these associations. Care must be taken 

in drawing conclusions from correlations between these gradients and 

the mycorrhizal relations of plants in natural ecosystems, because of the 

limits to our current knowledge of the environmental physiology of 

mycorrhizas. 

 Excess water and/or poor drainage in wetlands and aridity or excessive 

salinity in arid regions can restrict root growth (Gregory, 1987) as 

well as influencing the composition of plant communities (Etherington, 

1982). Vegetation in temperate, arid, tropical or arctic regions has been 

observed to have less mycorrhizas where soils are wet (Anderson et al., 

1984; Khan, 1974; Miller and Laursen, 1978; Read et al., 1976, etc.), but 

plants with VAM or ECM are usually present and some plants that are 

totally emersed in water can still form VAM (Appendix 1). The 

mycorrhizal inoculum potential of soils can be much reduced by flooding, 

as is the case with VAM after rice culture (Hag et al., 1987; 

Nopamornbodi et al., 1987). Mejstrik (1965) observed that most VAM 

activity in the roots of plants in a wetland community occurred at the 

times when the water table was lowest. The occurrence of plants with 

ericoid mycorrhizal associations is thought to be restricted in waterlogged 

soils, where plants with air-channels in their roots (such as non- 

mycorrhizal members of the Cyperaceae) become dominant (Leake 

et al., 1989). 

 Kim and Weber (1985) found that mycorrhizas declined in sites with 

higher salinity and were absent in the centre of salt playas where salinity 

levels were extremely high. Members of the plant family Chenopodiaceae 

frequent saline soils (Etherington, 1982) and are usually non-mycorrhizal 

(Harley and Harley, 1987; Trappe, 1981), although some 

woody members of the genus Atriplex have VAM (Williams et al., 

1974). 

 Soil parent material composition influences soil chemical properties 

and vegetation types (Jefirey, 1987; Proctor and Woodell, 1975). Soil 
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pH and calcium levels can also influence plant distribution since some 

species (calcicoles) prefer alkaline, calcareous soils while others  

(calcifuges) characteristically occur on acidic soils where metal ions may 

occur at toxic levels (Kinzel, 1983; Rorison and Robinson, 1984). In 

alpine vegetation communities plants growing on crystalline substrates 

had significantly lower levels of mycorrhizas than plants growing on 

calcareous substrates (Lesica and Antibus, 1985). In alpine or arctic 

regions many plants growing in rocky soils were non-mycorrhizal, while 

plants growing in soils with more organic matter were more likely to 

have VAM (Currah and Van Dyk, 1986; Miller, 1982b). Soils based on 

serpentine rock parent materials often have distinctive vegetation and 

may have toxic metal ion levels or lower nutrient levels (Proctor and 

Woodell, 1975). Plants in a serpentine grassland in California were 

mostly well colonized by VAM (Hopkins, 1986). Further investigations 

are likely to unearth other correlations between soil properties and plant 

mycorrhizal strategies, but these factors apparently have a much greater 

direct influences on plants. 

 There are many reports of mycorrhizal plants in arid ecosystems 

(Appendix I), but within these habitats gradients of decreasing soil 

moisture availability can be correlated with reductions in the proportion 

of mycorrhizal plants (Selavinov and Elusenova, 1974; Schmidt and 

Scow, 1986). Mycorrhizal activity in arid regions may also occur at 

greater soil depths than is usual in other habitats (Virginia et al., 1986; 

Zajicek et al., 1986b). 

 There are substantial reductions in the proportions of plants with any 

kind of mycorrhizal association in high altitude or high latitude sites 

where cold climatic conditions prevail (Christie and Nicolson, 1983; 

Dominik et al., 1965a; Haselwandter, 1979; Read and Haselwandter, 

1981; Trappe, 1988). Christie and Nicolson (1983) observed that some 

plants had VAM on sub-Antarctic islands but no mycorrhizal plants 

were found on continental Antarctic sites and they suggest that inoculum 

of VAM fungi may be lacking from the latter sites. Plants with 

VAM can be uncommon relative to those with ECM or ericoid 

associations, or non-mycorrhizal roots in high arctic habitats (Appendix 

1), perhaps because the short growing season, or very slow nutrient 

cycling limit the effectiveness of VAM in these habitats (Kohn and 

Stasovski, 1990). The root length (relative to leaf surface area) of alpine 

vegetation is greater at higher altitudes and may compensate for lower 

mycorrhizal levels (Korner and Renhardt, 1987). 

 It would seem that the climatic gradients that have resulted in the 

formation of ecosystems (Fig. 7) have had little influence on the 

distribution of mycorrhizal associations as a whole (especially VAM 

which occur in almost all habitats), except that increasing severity of soil 
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or environmental conditions is often correlated with a gradual decline in 

the importance or mycorrhizal plants relative to those that are non-mycorrhizal. 

There is evidence that mycorrhizal roots are more efficient at 

nutrient capture than non-mycorrhizal roots in most communities (Section 

III.E.5). In communities where plant productivity is severely 

restricted by environmental factors, photosynthetic energy capture is less 

likely to be limited by above-ground competition for light, while soil 

resources are often in short supply. Apparently this excess in photosynthate 

production relative to nutrient supply allows plants with diverse 

capture strategies-including extensive non-mycorrhizal or proteoid 

roots, carnivory, or parasitism, to compete more effectively with mycorrhizal 

plants. Indeed, plants with these specialized nutrient strategies are 

more common in communities such as mediterranean shrublands, where 

nutrient supply is severely limited (Jeffrey, 1987; Lamont, 1982). 

 More specialized types of mycorrhizas (Ericoid, Orchid, Monotropoid 

etc.) are present in most ecosystems but are rarely dominant (Appendix 

1). Ericaceous shrubs (presumably with ericoid mycorrhizas) are common 

in the understorey of many dry, nutrient-poor forests in North 

America (Hicks and Chabot, 1985). Plants with ericoid mycorrhizas are 

more likely to be abundant or dominant in soils which are acidic and 

very nutrient deficient (Leake et al., 1989; Read, 1983). Ericoid 

mycorrhizal fungi can greatly increase the tolerance of host roots to the 

toxic phenolic compounds and metal ions that occur on these soils 

(Leake et al., 1989). Non-mycorrhizal plants or those with other types 

of mycorrhizas would be at a disadvantage in these communities if they 

cannot tolerate these soil conditions, or utilize organic nutrient sources 

(Section III.F.l). Litter from plants with ECM or ericoid mycorrhizal 

associations, apparently influences soil properties in ways that would be 

deleterious to plants with other other root strategies (Section III.F.3.a), 

which suggests that these plants may form communities which have a 

tendency to be self-perpetuating. 

 Trees are the dominant form of vegetation in habitats where they are 

not excluded by adverse environmental conditions (aridity or low 

temperatures) or disturbance. Forests containing mixtures of tress with 

VAM and ECM associations are generally less common than those 

where trees with one type of mycorrhizas predominate and non-mycorrhizal 

trees have rarely been observed (Appendix 1). Trees with VAM 

occur in many families, while those with ECM belong to a smaller 

number of diverse families (Harley and Smith, 1983; Malloch et al., 

1980). 

 Lodge (1989) compared VAM and ECM formation in Populus and 

Salix (trees which can form both types of associations) over a range of 

natural and experimental soil moisture levels. He found that VAM 
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associations were more common in field soils that were drier or wetter 

than those in which ECM predominated, although VAM activity 

also found to be optimal in soils that were not flooded or dry in 

experiments. These results provide evidence of antagonistic interactions 

between mycorrhizal associations since VAM was only dominant where 

ECM activity was low (Lodge, 1989). 

 Trees with ECM are dominant in forests with relatively low plant 

diversity at high longitudes or altitudes where cool temperatures prevail 

(Appendix 1; Harley and Smith, 1983; Read, 1983; Singer and Morello, 

1960). It has been suggested that only trees with ECM can grow in these 

forests (Tranquillini, 1979). However, this restriction is not due to the 

mycorrhizal fungus, since herbaceous plants with VAM are present in 

these forests and well beyond the tree line in arctic and alpine 

communities (Appendix 1). Similarly, the lack of trees above the tree 

line does not result from the absence of ECM fungi which still form 

associations with shrubs in much more severe sites. 

 Trees with ECM dominate most deciduous forests in Europe (Appendix 

1). In North America, trees with ECM are more likely to be 

dominant in sites in warmer and dryer regions or where soils are poor 

(ridgetops, sandy glacial till) (Chabot and Hicks, 1982). In Europe, 

management practices have resulted in the predominance of Fagus 

sylvatica (Walter and Breckle, 1985), an ECM tree, while in northeastern 

North America, human activities have favoured Acer saccharum 

(VAM) over Fagus grandifolia (ECM). Girard and Fortin (1985) 

observed that coniferous forests in Quebec occurred on sites with soils 

that were less fertile, more acidic and had much slower organic matter 

decomposition rates, relative to sites with similar climates where VAM 

trees were also present. 

 Most tropical plants have VAM associations, but areas where ECM 

trees are locally dominant occur in tropical forests throughout the world 

(Appendix 1). These ECM forests are warm throughout the year, but in 

some cases are subject to periodic drought (in Africa), or flooding (in 

South America). In these forests, trees with ECM are not randomly 

distributed but tend to occur in low-diversity stands or "groves" where 

VAM trees are excluded (Högberg, 1986; Newbery et al., 1988; Singer 

and Araujo, 1979). Hart et al. (1989) considered reasons for the local 

dominance of Gilbertiodendron deweveri (which has been reported to 

have ECM) in tropical forests in Zaire. These reasons were complex, 

but included the large seeds with limited dispersal and shade tolerance 

of seedlings of G. deweveri, which apparently were related to a gradual 

increase in dominance by this species during long periods without 

disturbance. Trees that form low-diversity stands in other tropical 

regions, often have similar reproductive characteristics (Hart et al., 
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1989) and in many cases represent islands of ECM activity surrounded 

by larger regions where trees with VAM are dominant (Malloch et al., 

1980). In temperate regions forests dominated by ECM trees also 

generally have lower plant diversity than those containing trees with 

VAM (Berliner and Torrey, 1989; Malloch et al., 1980). 

 Högberg (1986) reported that soil phosphate levels were lower in 

ECM forests than in VAM communities in tropical Africa, but Newbery 

et al. (1988) found that seasonal variations in nutrient levels obscured 

these trends. Semi-arid African forests are often dominated by leguminous 

trees in the families Papilionaceae and Caesalpiniaceae, which have 

either ECM or both VAM and nitrogen fixing Rhizobium associations) 

suggesting that conservation of soil nitrogen by tight nutrient cycling 

may reduce the benefit of nitrogen fixing associations in ECM communities 

(Högberg, 1986). Ammonium and organic forms of nitrogen, are 

considered to be more restricted in supply that phosphorus in ECM 

forests, while phosphorus and nitrate may be more important limiting 

factors in VAM communities (Alexander, 1983; Girard and Fortin, 

1985; Read, 1983). In the Amazon basin of South America, ECM trees 

occur in Igapó forests-areas where periodic inundation by "black 

water" rivers occurs, but trees in Várzea forests-where "white water” 

rivers cause flooding, have VAM (Singer, 1988). "Black water" rivers 

carry water which is nutrient poor and acidic relative to "white water" 

rivers (Kubitzki, 1989). In this case there appears to be a good 

correlation between soil quality (low-nutrient supply, or acidity) and 

ECM tree dominance. 

 It has been suggested that forests of trees with ECM can "degrade" 

soils by causing increased soil acidification (Harley, 1989). However, 

these trees may also be more likely to occur on soils that are naturally 

acidic, because they have a greater tolerance to low soil pH and high 

levels of aluminium or other toxic ions (Högberg, 1986). Litter 

characteristics of ECM trees may be responsible for changes to soil 

properties, such as slow nutrient cycling, soil acidification and adverse 

allelopathic influences on other species (Section III.F.3.a). Leaf litter 

accumulation, as apposed to rapid mineralization or consumption of 

leaves by soil biota, is a distinguishing feature of both tropical and 

temperate ECM forests (Chabot and Hicks, 1982; Singer and Araujo, 

1979). In ECM-dominated boreal forests nutrient cycling occurs slowly 

because decomposition is inhibited by the high lignin and tannin content 

of leaf litter (Horner et al., 1988). Litter decomposition may be further 

inhibited by low soil pH, or the withdrawal of water and nutrients by 

mycorrhizal fungi and roots (Section III.F.l). The activity and diversity 

of litter decomposing fungi can be substantially lower in ECM forests 

than in VAM forests (Singer and Araujo, 1979). Earthworms play an 
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important role in decomposition processes in forests with VAM hut are 

absent in boreal forests (Girard and Fortin, 1985) and termites may also 

be important in tropical forests with VAM. There is evidence that 

substantial differences in decomposition processes, which regulate the 

form and availability of nutrients, occur between ECM and VAM 

communities, but how this relates to the mycorrhizal strategies of 

dominant trees is uncertain. 

 Estimates of carbon cycling in mycorrhizal associations support the 

contention that ECM associations are more expensive to maintain than 

VAM associations (Section III.E.7), originally proposed because of the 

higher fungal biomass associated with ECM roots (Harley, 1989, Harley 

and Smith, 1983; Read, 1983). Thus ECM associations require more 

investment in energy from the host than VAM associations, but in 

regions with short growing seasons ECM may be more advantageous if 

the function as perennial storage organs (Harley and Smith, 1983; 

Högberg, 1986). Limited seed dispersal by ECM trees in tropical forests 

(Hart et al., 1989; Newbery et al., 1988) and support of seedlings by a 

pre-existing hyphal network (Newman, 1988) may also favour seedling 

establishment close to trees with the same type of mycorrhizas. It 

appears that ECM forests are more likely to occur in regions with cool 

climates or nutrient-poor acidic soils that limit plant productivity. 

However, there is no evidence that trees with ECM associations in 

temperate regions are inherently less productive than those with VAM 

associations. In tropical regions ECM trees may be marginally more 

efficient than VAM trees, since groves of ECM trees gradually expand 

into VAM forests during long periods without disturbance. It would 

appear that host leaf-litter characteristics, substrate utilization by mycorrhizal 

fungi, soil pH, nutrient levels, etc. and environmental factors are 

the most important factors correlated with the mycorrhizal strategies of 

dominant trees, but their relative importance has not been established. 

 The best way to summarize the information presented in this section 

is to present the following list of generalizations. (i) Most of the plant 

species present in natural communities throughout the world normally 

have mycorrhizal associations. (ii) On a worldwide basis, plants with 

VAM are predominant, ECM relationships are very common (and tend 

to dominate where they occur), while other association types (ericoid, 

orchid, etc.) are present in most ecosystems, but usually form only a 

small part of the community. (iii) Non-mycorrhizal or facultatively 

mycorrhizal plants are more likely to occur in habitats where (a) there 

has been severe, recent disturbance, (b) soils are very dry and/or saline 

and/or wet, (c) low temperatures prevail, or (d) soil fertility is abnormally 

high or extremely low. (iv) Dominant trees in a community may 

have either ECM or VAM associations, less often trees with both occur 
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together, but trees rarely if ever are non-mycorrhizal. (v) Throughout 

the world, plants in similar habitats usually have similar mycorrhizal 

strategies. (vi) Plants within a family usually have similar mycorrhizal 

relationships and plants within a genus nearly always do. We can be 

fairly confident that these generalizations would be reliable when used 

to predict mycorrhizal relationships at the community or ecosystem 

level, but they obviously should not be used to predict the mycorrhizal 

status of individual plants. 

 

 

IV. CONCLUSIONS 

 
There has been considerable progress in our understanding of the 

occurrence and multifaceted role of mycorrhizas in ecosystems during 

the last 100 years, but despite increasing interest there is still much to be 

learned. It is now well established that the most plants in ecosystems 

have mycorrhizas, so studies of nutrient uptake, soil resource competition. 

nutrient cycling etc. in ecosystems may be of little value if they do 

not consider the role of these associations. The value of mycorrhizal 

associations to plants which occur in natural ecosystems, has been 

demonstrated for a limited number of species by growth experiments at 

realistic nutrient levels (Table 6). However, mycorrhizas provided little 

benefit to host plants in some of these experiments and attempts to 

demonstrate their value in natural communities (using fungicides which 

inhibit mycorrhizal activity) have largely been unsuccessful (Section 

III.E.7). While it is possible successfully to manipulate mycorrhizal 

associations in experiments using controlled conditions in a glasshouse 

or growth chamber, there may be difficulties when extrapolating these 

results to natural ecosystems. In particular, it is difficult to (i) find a 

substitute for undisturbed soil, (ii) remove mycorrhizal fungi from soils 

without substantially altering other biotic and abiotic soil properties and 

(iii) grow control plants without mycorrhizas without changing many 

aspects of their physiology. 

 Experimental systems that have been used include (i) axenic culture 

of mycorrhizal fungi, (ii) mycorrhizal synthesis experiments using sterilized 

soil or axenic conditions, (iii) microcosm experiments, (iv) experiments 

using soil from ecosystems and (v) experiments in ecosystems arranged 

in increasing order of complexity and predictive ability. The 

axenic culture of mycorrhizal fungi allows the influence of a single factor 

such as temperature to be tested on a range of endophytes, but some 

fungi cannot be grown in this way and in other cases results can be 

misleading (Section III.B.5). Mycorrhizal synthesis experiments are 



258 M. Brundrett 

more laborious but can allow the influence of one factor on a range of 

host-fungus combinations to be considered while environmental conditions 

are carefully controlled. Microcosm experiments can be used to 

study the influence of additional microbes or host plants in mycorrhizal 

experiments. These experiments have been used to study mycorrhizal 

influences on interplant nutrient transfer, competition between plants 

and decomposition processes (Dighton et al., 1987; Finlay, 1989; Grime 

et al., 1987; Perry et al., 1989). The interpretation of data from 

mycorrhizal synthesis experiments is complicated by the absence of 

complicating factors that occur in nature (Fig. 5.A) and the interactions 

between root properties. soil nutrient availability and mycorrhizal fungus 

activity which determine mycorrhizal responses in experiments (Fig. 

5.B). Intact cores of unmodified soil from natural ecosystems can be 

used to study mycorrhizal establishment while maintaining control of 

environmental factors (Jasper et al., 1989c; Scheltema et al., 1985a) and 

it is also possible to transplant seedlings into ecosystems and measure 

mycorrhizal formation (McAfee and Fortin, 1986; 1989; McGee, 1989; 

McGonigle and Fitter, 1988a). 

 Most mycorrhizal experiments have been conducted using simplified 

systems (monocultures, dual-organism cultures, or sterilized soils) because 

it is expected that more complex systems would produce results 

that were highly variable or difficult to interpret. However, real soil 

conditions must still be kept considered when interpreting results of 

these experiments. For example, soil sterilization can create toxic 

conditions or increase nutrient levels (Sparling and Tinker, 1978b) and 

may enhance plant growth by removing pathogens (Afek et al., 1990). 

The relatively small volume of soil available to plants in pots can reduce 

mycorrhizal benefits (Bääth and Hayman, 1984). Additional complicating 

factors that may be important in ecosystems, but are usually 

excluded from experimental systems include preferences by endophytes 

for certain hosts or soil conditions which may occur in nature (Section 

III.D.l), soil organisms that may enhance the growth or germination of 

(Section III.E.3), or are antagonistic to mycorrhizal fungi (Section 

III.B.3) and the impact of mixing or storing soil on mycorrhizal fungi 

(Section III.B.4). It should also be noted that pre-existing hyphal 

networks which may influence nutrient completion or reduce association 

costs are absent from most experiments (Section III.E.2) and variations 

in the mycorrhizal dependency of plants can mask competition effects in 

experiments (Newman, 1988). It is easy to criticise experiments conducted 

under controlled conditions because of their artificial nature, but 

results from experiments in natural ecosystems may not produce clear 

cut results if treatment effects are overwhelmed by other sources of 

variability (Allen and Allen, 1986; Allen et al., 1989b). 
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 Measured responses of plants to mycorrhizal fungi will largely depend 

on soil properties which regulate nutrient availability (Section III.E.4). 

host plant nutrient requirements (Section III.E.7) and root system 

characteristics which determine nutrient uptake efficiency (Table 5). 

These mycorrhizal responses must be measured by comparing improvements 

in plant growth, stress tolerance, etc. with those in a non-mycorrhizal 

control plant. However, most plants in natural ecosystems are 

normally mycorrhizal, so we are really measuring the magnitude of 

growth depression resulting from mineral deficiency in the non-mycorrhizal 

control plants and this will depend on the factors listed above (see 

Fig. 5b). When quantifying mycorrhizal benefits, it is best to construct 

response curves that compare the nutrient use efficiency of mycorrhizal 

and non-mycorrhizal plants over a wide range of nutrient levels (Abbott 

and Robson, 1984a, 1990b), or compare mycorrhizal and non-mycorrhizal 

plants with similar relative growth rates and phosphorus contents 

by manipulating soil phosphorus levels (Augé, 1989; Baas et al., 1989b; 

Graham, 1987; Pacovsky, 1986). Facultatively mycorrhizal plants should 

make the best experimental subjects, because these species can occur 

naturally without mycorrhizas. The existence of non-nutritional physiological 

differences between mycorrhizal and non-mycorrhizal control 

plants has not been properly established (Section III.E.6), but these 

would be more likely to occur in obligately mycorrhizal species which 

are not found without these associations in nature. 

 Roots in ecosystems have a much greater diversity in morphological 

features than is usually considered and this diversity involves features 

with the potential to influence water uptake, nutrient absorption and 

mycorrhizal formation (Sections III.C.l, III.E.4). For example, the 

mycorrhizal dependency of plants is influenced by root surface area and 

activity; long-lived roots often have suberized or lignified peripheral 

layers, which may enhance their survival when exposed to desiccation, 

pathogens etc., but should also restrict nutrient absorption; mycorrhizal 

associations may be regulated by root anatomical or chemical features; 

and root phenology can also influence the mycorrhizal relations of plants 

(Table 5). Many mycorrhizal morphology studies would benefit from a 

greater understanding of root phenology and structure and ultrastructural 

investigations should include a preliminary survey of root features 

using histochemical staining procedures (Brundrett et al., 1990). 

 It is likely that root systems have evolved in response to the plants 

need to obtain adequate soil resources (water and nutrients) while 

minimizing carbon costs, but optimal root system features for obtaining 

different resources may be in conflict (Section III.F.2). Correlations 

between root structure and mycorrhizal formation (Section III.E.4-5) 

suggest that the regulation of mycorrhizal associations as well as the 
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need for efficient water and nutrient acquisition have influenced the 

evolution of root form. Agricultural selection may have also resulted in 

changes to root parameters that influence nutrient uptake and mycorrhizal 

formation (Section III.E.5; O'Toole and Bland, 1987). 

 We are just beginning to understand the attributes of clonal isolates of 

mycorrhizal fungi that would result in the greatest benefit to associated 

plants and how they interact with environmental factors or soil conditions 

(Section III.B.5). In the future, careful identification of mycorrhizal 

isolates and progress in mycorrhizal taxonomy (especially with 

VAM fungi) may well reveal a much higher degree of fungus specialization 

with regard to these conditions. For this reason, it is advisable to 

assign isolate numbers to endophytes used in experiments, keep herbarium 

specimens and accurate information about where fungi were 

isolated so that future knowledge about taxonomic relationships and 

edaphic or climatic interactions can be taken into account (Morton, 

1988, 1990; Trappe and Molina, 1986; Walker, 1988). Careful taxonomic 

studies and investigations of mycorrhizas in undisturbed ecosystems 

should be considered to be essential foundations which ultimately 

benefit all mycorrhizal research. It could also be argued that we have 

much to learn about the ecology of mycorrhizal fungi in the natural 

ecosystems and soils where they evolved. Unfortunately, it is much 

easier to receive funding for research with more practical objectives 

involving domesticated plants or disturbed ecosystems. 

 There are many questions involving the ecology of roots and mycorrhizal 

ecology that cannot be adequately answered at this time. There is 

evidence that the evolution of root form is regulated by trade-offs 

between features required for efficient direct nutrient absorption and 

water uptake on one hand and efficient mycorrhiza formation on the 

other, while minimizing root system costs (Section III.E.5). Roots 

exhibit less structural diversity than shoots. Has the need to form 

associations with a limited group of fungi (especially in the case of 

VAM) placed restrictions on the chemical and morphological evolution 

of roots? Have roots of non-mycorrhizal plants diverged more substantially 

(at least chemically) because this constraint on selection has been 

removed? Are processes such as rhizosphere modification, in addition to 

extensive root systems, used to help extract soil nutrients by non-mycorrhizal 

plants, such as members of Cruciferae, Cyperaceae and Proteaceae? 

Plants have evolved a very wide range of secondary metabolites 

and these chemicals appear to be more highly evolved in many non- 

mycorrhizal plant families (Table 4). Do these chemicals play a role in 

preventing mycorrhizal fungus establishment within the roots of non- 

mycorrhizal species? Are non-mycorrhizal more likely to have adverse 

allelopathic effects on mycorrhizal plants or their associated fungi? Do 
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mycorrhizal associations with local "edaphotypes" of mycorrhizal fungi 

help roots adjust to local soil conditions? Do associations with well 

adapted mycorrhizal fungi increase host tolerance to pollution, disease, 

etc., or are these benefits entirely due to increased mineral nutrient 

supply? How rapidly (and how) do mycorrhizal fungi adapt to soil or 

environmental conditions? How important are organisms or processes 

which act as dispersal agents and consumers of mycorrhizal fungi in 

natural ecosystems? 

 The role of mycorrhizal relationships in competition for soil resources 

requires further investigation. Nutrient cycling in ecosystems involves a 

large and complex web of saprobic organisms which usually culminates 

in mycorrhizally mediated uptake by roots. Thus nutrient uptake likely 

involves co-operation between mycorrhizal fungi and other members of 

this food web to obtain nutrients which are spatially or chronologically 

separated from roots. There is increased evidence that mycorrhizal 

fungi, especially those forming ECM or ericoid associations, can obtain 

nutrients from some (relatively simple) organic substrates that are 

usually not considered to be available to plants. Interplant nutrient 

transfer through a common mycorrhizal mycelium has been demonstrated 

experimentally (Section III.F.l). Most evidence suggests that this 

transfer is not large enough to influence plant population dynamics, but 

some achlorophyllous plants live entirely by this means. 

 There are a number of examples where interactions involving mycorrhizal 

associations appear to be important in ecological interactions 

between plants. Different forms of nutrient competition may occur 

between plants with different mycorrhizal strategies (Section III.F.2). 

Mycorrhizas may ameliorate plant competition by increasing the functional 

similarity of roots (Section III.F.2). Plant succession may involve 

changes to dominant mycorrhizal strategies or populations of mycorrhizal 

fungi (Section III.F.4). Plants with a particular type of mycorrhizal 

associations can be dominant in some areas and subservient or 

absent in others, apparently as a result of environmental or edaphic 

factors (Section III.F.5). Some vegetation communities may have a 

tendency to be self-perpetuating because plants with other mycorrhizal 

types are inhibited by allelopathic interactions or soil property changes 

which they cause (Sections III.F.3.a, III.F.5). There is much scope for 

future ecological research which considers the role of mycorrhizal 

associations. 

 The occurrence of mycorrhizas in ecosystems has been the subject of 

numerous investigations which have demonstrated their worldwide importance 

(Appendix 1). However, there is need for more research (i) in 

ecosystems where sampling has been limited and which allows a range of 

geographic locations within an ecosystem to be compared, (ii) which 
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considers the relative abundance of plants examined – so that the 

importance of mycorrhizal strategies can be determined at the community 

level (St. John and Coleman, 1983), (iii) which measures changes in 

mycorrhizal relationships or taxa along environmental gradients, such as 

soil moisture levels (Anderson et al., 1984; Ebbers et al., 1987; Lodge, 

1989) or temperature (Koske, 1987a), (iv) which involves in situ 

identification of endophytes by mycorrhizal morphology or other means 

(McGee, 1989) and (v) which incorporates an understanding of root 

phenology and uses rigorously applied definitions to distinguish between 

different types or degrees of mycorrhizal associations. These types of 

studies may appear to be of little immediate practical value, but will 

inevitably be of great benefit to research involving forestry, revegetation 

etc. and will also help us understand the functioning of roots and 

mycorrhizas in agricultural situations. 

 

 

V. APPENDIX 1 

 
The following table contains a summary of our knowledge of the 

mycorrhizal relations of plants in natural ecosystems. Ecosystems are 

classified following Walter (1979). Only references in which roots were 

microscopically examined to confirm the presence and type of mycorrhizas 

are used in the table. If many references on mycorrhiza in an 

ecosystem were available, preference has been given to the most recent 

or concise surveys. The numbers of plant species sampled is provided 

for surveys of the latter type. Mycorrhizal studies which use the relative 

abundance of species examined to determine mycorrhizal colonization 

levels in the community as a whole are rare (St John and Coleman, 

1983). but in most ecosystems a good appreciation of the overall 

importance of mycorrhizal can be obtained by combining floristic data 

(Hicks and Chabot, 1985; Larsen, 1980; Takhtajan, 1986) with mycorrhizal 

information from a number of surveys. No attempt has been made 

to distinguish between facultative (poorly developed or inconsistent) and 

highly developed mycorrhizas. This table should only be used to obtain 

an overall picture of the worldwide importance of mycorrhizas and 

general changes in mycorrhizal strategies resulting from climatic or 

edaphic trends, since the available data is often insufficient to allow 

accurate predictions of mycorrhizal relations in vegetation communities. 
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