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ABSTRACT

The great majority of vascular plants have
evolved to a dependence on mycorrhizae as the most
metabolically active parts of their root systems.
Most woody plants require mycorrhizae to survive, and
most herbaceous plants need them to thrive. Despite
their relatively small biomass, the mycorrhizal fungi
(mycobionts) are vital for uptake and accumulation of
ions from soil and translocation to hosts because of
their high metabolic rate and strategically diffuse
distribution in the upper soil layers. The mycobionts
produce enzymes, auxins, vitamins, cytokinens, and
other compounds that increase rootlet size and longev-
ity. They commonly protect rootlets from pathogens.
They absorb and translocate water to the host.

Most mycobionts, in turn, depend on their hosts
for carbon products. Except for orchid mycobionts,
few are capable of decomposing organic matter,
although their respiration contributes significantly
to evolution of CO 2 from soil. The fungal mycelium
and sporocarps are sources of accumulated nutrients
and energy for decomposers and consumers. Nutrients
and carbon can be translocated from one vascular
plant to another by a shared mycorrhizal mycelium.

The several thousand species of fungi believed to
form mycorrhizae encompass great physiological diver-
sity. They differ in numerous ways, including degree
of host specificity, resistance to environmental
extremes, selectivity in ion uptake, and production
of biologically active products. Net effects of one

mycobiont on a host can differ from those of another,
although overall functions are shared by most.

As key links in belowground nutrient and energy
cycling, mycorrhizae and their mycobionts can be
ignored only at substantial peril of reaching unreal
conclusions about ecosystem processes.

INTRODUCTION

In 1842 Vittadini proposed that tree rootlets are
nourished by certain fungal mycelia which mantle them,
as he had observed more than a decade earlier. This
hypothesis was elaborated to a theory of mutualistic
symbiosis by Frank (1885), who named the fungus-root
organ "mycorrhiza." The concept of fungus-root
symbiosis has since been the subject of extensive
research, much controversy, hundreds of scientific
and review papers, and numerous books (e.g., Kelley

1950, Lobanow 1960, Harley 1969, Hacskaylo 1971, Marks
and Kozlowski 1973). Despite this massive documenta-
tion plant scientists commonly seem to little heed
the phenomenon and its implications unless they are
studying mycorrhizae per se.

The purpose of this review	 is to condense con-
temporary knowledge and hypotheses about mycorrhizae
for ecosystematic researchers with emphasis on where
and how mycorrhizae function in ecosystems and their
processes. The relatively few papers to be cited
have been selected as entry points into	 the larger
body of literature.

THE SIGNIFICANCE OF MYCORRHIZAE

In broad terms, mycorrhizae function as a
mutualistic, symbiotic biotrophy between a fungus
(mycobiont) and a higher plant host (Lewis 1973).
Each organism derives physiological and 	 ecological
benefits from the other, and each accrues a net
gain. Most mycobionts and hosts have evolved to a
strong interdependence on their mycorrhizal associates
for survival in natural ecosystems (Harley 1969). The
obligate nature of this biotrophic habit is strikingly
illustrated by failures of attempts to introduce trees
by seed to soils lacking appropriate mycobionts
(Trappe and Strand 1969, Vozzo and Hacskaylo 1971,
Mikola 1973) and by the refusal	 of many mycobionts to
grow in culture in the absence of a suitable host
(Gerdemann 1968, Palmer 1971).	 Even facultatively
mycotrophic hosts (generally those with a high
root/top ratio) grow markedly better with mycorrhizae
than without (Clark 1969, Harley 1969, Khan 1972,
Kleinschmidt and Gerdemann 1972).

KINDS OF MYCORRHIZAL ASSOCIATIONS

Species of more than 200 families and 1,000
genera of vascular plants from the tropics to the
tundra have been examined for presence of mycorrhizae

(Maeda 1954, Gerdemann 1968). Of these, only 14
families are regularly nonmycorrhizal. 	 Occasional
mycorrhizal members have been found in at least one
of the 14, the Cyperaceae (e.g., Fontana 1963,
Mejsti'ik 1965). Aquatic plants	 appear to lack
mycorrhizae, but so also do roots of terrestrial
mycorrhizal species when formed 	 in near-saturated
soil (Maeda 1954, Konoe 1962, MejsCr' ik 1965).

Two major groups of mycorrhizae traditionally
have been separated in terms of	 infection anatomy.
One, the endomycorrhizae, is highly artificial, being
comprised of diverse categories of fungus-host asso-
ciations related only in that the mycobiont routinely
penetrates host cells to form organs that the host
cells digest. Endomycorrhizae are more	 cogently
understood as three major groups: vesicular-arbus-
cular (VA), by far the most widely distributed form
of mycorrhizae; ericaceous; and orchidaceous. Other
variants occur but are not well 	 known (Harley 1969,
Lewis 1973).
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The second major group, the ectomycorrhizae, is

reasonably coherent. Ectomycorrhizae are character-
ized by (1) a mantle of fungal tissue around the host

rootlet and (2) penetration of the fungus between
cells of the rootlet cortex (the "Hartig net") but
not into the cells themselves.	 In well developed
ectomycorrhizae, the Hartig net	 tissue completely
encloses outer cortical cells, separating them one
from the other. Morphological variants of seemingly
similar function but with intracellular fungal
growth have been termed ectendomycorrhizae.

VA mycorrhizae occur on the great majority of
vascular plant species	 and apparently in virtually all
terrestrial habitats that support those plants
(Gerdemann 1968). The	 Pteridophyta, Cupressaceae,
Taxodiaceae, and most taxa of monocotyledons and
dicotyledons characteristically	 have VA infections.
The Salicaceae often form VA mycorrhizae in youth,
but older stages are typically ectomycorrhizal in
many habitats (Dominik	 1958, Fontana 1961). The
mycobionts are chlamydosporic and azygosporic species
of Endogonaceae (Phycomycetes); 	 some 30 species are
now recognized, but many more will undoubtedly be
discovered (Gerdemann and Trappe 1974). They do not
appear to be host specific, and	 several species are
nearly worldwide in distribution.

Orchidaceous mycorrhizae, as the name implies,
are confined to the Orchidales. The restricted occur-
rence of the orchids renders this mycorrhizal type
inconsequential in most temperate and boreal ecosys-
tems, although it is often important in the tropics.
Research on these interesting complexes has been a
prime source of knowledge about some of the basic
aspects of mycotrophy. The mycobionts of orchidaceous
mycorrhizae, so far as	 known, are Basidiomycetes in
the Agaricales and Aphyllophorales (Campbell 1970,
Furman and Trappe 1971, Warcup and Talbot 1971).
Many are able to infect species	 in several orchid

genera (Hadley 1970).	 In addition to their mycorrhizal
role, they are regarded as accomplished saprophytes
or pathogens on plants other than orchids (Furman and
Trappe 1971).

The wide distribution and diversity of the
Ericales lends importance to the ericaceous mycor-
rhizae. Most members of the order form this charac-
teristic type of mycorrhiza, although some genera
(Arbutus, Arctostaphylos) form ecto- or ectendomycor-
rhizae instead (Christoph 1921,	 Trappe 1964, Zak 1974).
Little is known about the mycobionts, although sporo-
carps of a Clavaria sp. (Basidiomycetes) have been
serologically related to fungal 	 tissue in the mycor-
rhiza of Azalea sp. (Seviour et	 al. 1973). The
limited evidence available indicates that the
mycobionts are not host specific within the Ericales
(Nieuwdorp 1969).

Ectomycorrhizae are characteristic of root sys-
tems of many woody plant families, including the
Betulaceae, Fagaceae, Pinaceae, 	 Tiliaceae, and
Salicaceae. Ecto- or ectendomycorrhizae are also
formed in some genera of families whose other members
form another type of mycorrhizae; for example, the
Ericaceae, Leguminosae, Myrtaceae, and Rosaceae (Meyer
1973). The mycobiont species number in the thousands,
with representatives in many genera in the higher
Basidiomycetes, Ascomycetes, and zygosporic
Endogonaceae. Entire genera and even families consist
of obligate mycobionts. Many species associate with
only a single genus or even subgenus of hosts, while
others are nonspecific	 in this respect (Trappe 1962,
1971; Smith 1971; Chilvers 1973; Gerdemann and Trappe
1974)•

DIFFERENCES IN ACTIVITY OF MYCOBIONTS

Differences between mycobiont activities and
effects must	 be recognized in generalizations about
ecosystematic functions of mycorrhizae. The great
assemblage of fungi encompasses a broad spectrum of
physiological and ecological traits.	 Differences are

potentially magnified 	 by interactions	 with similarly
diverse hosts. Some of the conflicting views about
functions of mycorrhizae undoubtedly stem from diver-
gent experimental results attributable to use of
different hosts and fungi in different experimental
conditions.	 Indeed, little or no attention has been
devoted to identity of the mycobiont in much of the
work on mycorrhizal physiology. At	 the same time,
emphasis of differences between mycobionts should not
be permitted	 to obscure the general	 principles that
obtain, especially since a given host 	 plant in nature
more often than not will have several 	 different
mycobionts forming mycorrhizae on its	 root system
(Dominik 1961, Zak and Marx 1964).	 The following dis-
cussion is largely restricted to ectomycorrhizal
fungi,	 because information on differences in other
types is lacking or just emerging (Mosse 1972).

The host specificity of many mycobionts, their
distinctive reactions	 to chemical reagents (Zak 1973),
and phytochemical differences (Catalfomo and Trappe
1970) all suggest a potential for functional differ-
ences between species. Such differences are expressed
in habitat preferences of different 	 fungi, successional
changes in mycobionts with aging of the host, season-
al fluctuations in prevalence of mycorrhiza-forming
activity by different	 mycobionts, etc. (Dominik 1958,
1961; Mikola	 1965; Anderson 1966).	 Specific differ-
ences between various mycobiont species and even
strains within species have been demonstrated for
temperature and moisture responses (Moser 1958,
Hacskaylo et	 al. 1965, Mexal and Reid	 1973), phosphorus
solubilization and uptake (Bowen 1973, Mejsti= ik and
Krause	 1973), nitrogen utilization (Lundeberg 1970,
Bowen 1973),	 production of enzymes,	 metabolites, and
antibiotics (Lindeberg 1948, Slankis 1973, Marx 1973),
and resistance of hyphae to decomposition by other
organisms (Meyer 1970).

Differential growth response of vascular plant
hosts to different mycobionts has been frequently
recorded (Laiho 1970,	 Bowen 1973, Mikola 1973).
Successional	 relationships of higher plants are
intimately related to mycorrhizal associations as
well.	 As Moser (1967) indicated, terrestrial plant
communities tend to be dominated either by
ectomycorrhizal or endomycorrhizal vascular plants.
Upper timberlines around the world are characteristi-
cally ectomycorrhizal. Ectomycorrhizal hosts are the
most successful woody dominants of various other
nondesert extreme environments, for example, coal
spoil banks in Pennsylvania (Schramm 1966). The
evolution of capability in woody plants to withstand
certain environmental	 extremes has	 included the
ectomycorrhizal habit, although this generalization
has its limitations.	 Select mycobionts adapted to
these extremes have evolved concomitantly (Moser 1958,
Marx and Bryan 1971).

Other adaptations in plants may also involve
mycorrhizae as pivotal factors in succession.
Attempts to establish ectomycorrhizal 	 trees such as
pines and birches in Calluna heathlands of the
British Isles have regularly failed 	 unless the Calluna
is permanently removed. Living Calluna roots and
mycorrhizae produce selective fungitoxins that inhibit
ectomycorrhizal fungi	 of trees but not the ericaceous
mycobionts of Callum	 itself. Tree species that
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compete well with other types of shrub layers suffer
mycorrhizal deficiency and 	 the accompanying severe
nutrient deficiency when grown with Calluna (Handley
1963, Robinson 1972).

SPATIAL DISTRIBUTION AND BIOMASS
OF MYCORRHIZAE

The study of mycorrhizal biomass and distribution
in soil is fraught with difficulties, and 	 data are
accordingly scanty. Ectomycorrhizae are formed mostly
on the fine root tips of the host. Generally they can
be recognized with low-power magnification, but their
separation from soil and critical examination is a
tedious task. Moreover, removal from soil severs the
fungal hyphae	 that grow from the rootlet into the
soil. VA and other endomycorrhizae present further
problems, because infections cannot be reliably
evaluated without special staining procedures or
chemical analyses. 	 Despite these limitations, some
generalizations and	 interesting facts are	 available
from work done to date.

Mycorrhizae of	 terrestrial hosts are most abun-
dant in the humus, fermentation, and immediately
underlying layers of soil. Numbers of mycorrhizae
below these layers decrease with increasing depth at
rates depending on soil structure and fertility: 	 The
better the site and	 biological conditions, the more
evenly are the root	 tips distributed within the pro-
file" (Meyer and GOttsche 1971). Reports of deepest
ectomycorrhizae range from about 1 to 3 m for differ-
ent soils and	 host plants (Meyer 1973); of VA
mycorrhizae, 1.4 to 2.2 m (Konoe 1962).

G6b1 (1965) sampled six subalpine spruce commu-
nities for total numbers of whole ectomycorrhizae.
The AF soil horizons ranged from 0 to 8,800/100 ml
soil; AH, 3,600 to 16,600; 	 and B, 30 to 1,650. Meyer

and GOttsche (1971) 	 estimated the number of root tips
in beech stands on five different soils. 	 Since whole
mycorrhizae are typically branched with two or more
tips and since nonmycorrhizal tips were included,
their count is not comparable to GObl's. 	 Number of
tips in the A horizon ranged from 560/100 ml soil in
a eutrophic brown earth to 45,600 in a podzol. They
estimated the	 biomass of fine roots, including mycor-
rhizae, of one beech stand	 at 2,600 kg/ha	 for the
entire soil profile. The upper six inches (15 cm)	 of
soil of an Australian pine forest has been estimated
to contain a mycorrhizal biomass of 1,400 kg/ha dry
weight (Marks	 et al. 1968).

All the data cited above were presumably taken
from relatively young stands. The belowground biomass
of a 450-yr-old stand of Pseudotsuga menziesii with an
understory of 150-yr-old and younger Tsuga
heterophylla in Oregon has been studied in detail by
M. Ogawa and R. D. Fogel (unpublished data). They
estimated that the top 10 cm of soil contains 5,150
to 5,420 kg/ha dry weight of ectomycorrhizae, about
llt of the total root biomass.

Biomass estimates of the mycobionts alone are
much more difficult	 to obtain, since the hyphae
grow individually or in fine strands or rhizomorphs
in the soil.	 Even the production of fruiting bodies
is a poor index, since it varies with weather and
season from year to year.	 In one study, the fruiting
bodies of a single species 	 of ectomycorrhizal fungus
during a single year totaled 180 kg/ha dry weight,
including 5 kg of nitrogen. The carbohydrate required
for this was equivalent to 	 1 m 3 of spruce	 timber, the
likely upper limit of this	 fungal use of carbon (Harley

1971).	 In some soils the black ectomycorrhizal
fungus, Cenococcum graniforme (Sow.) Ferd. and
Winge, forms abundant sclerotia. A 2-ml soil sample
from a spruce stand contained 82 sclerotia 0.5 mm or
more in diameter (GObl 1965); if representative, that
would be	 a respectable 41 billion sclerotia per ha •
cm. M.	 Ogawa and R. D. Fogel (unpublished data)
estimated that the u pper 10 cm of soil	 in the old
growth Pseudotsuga-Tsuga forest mentioned above con-
tained 148 to 209 kg/ha dry weight of Cenococcwn
sclerotia.

No biomass estimates of endomycorrhizal fungi
have been published. However, the upper 10 cm of soil
in an undisturbed Acer-dominated hardwood forest of
northern Michigan was estimated to contain nearly
7 million sporocarps/ha of VA-mycorrhizal species of
Endogonaceae (Kessler and Blank 1972).

STRUCTURE AND ACTIVITY OF MYCORRHIZAE

Although additional data on biomass of mycor-
rhizae and mycobionts would be useful, their form and
physiological activity are more important considera-
tions in	 cycling processes. 	 Ectomycorrhizae typically
have larger diameters than nonmycorrhizal rootlets and
branch in various patterns dependent on 	 physiological
interactions of the fungi with host roots (Harley
1969, Slankis 1973). Mosse (1962) has shown that
roots of Trifolium with VA mycorrhizal	 infection grow
more vigorously and are longer and more branched than
nonmycorrhizal roots of the same plant. Stimulation
of root growth by mycorrhizal fungi has been recorded
for other mycorrhizal types as well (Harley 1969).

All	 types of mycorrhizae share a feature even
more effective than expanded surface area in terms of
substrate exploitation: direct connection with the
mycobiont hyphae that grow out individually or as
fascicled strands or rhizomorphs to soil beyond the
absorbing zone of the root itself. These hyphae
function as extensions of the root system, absorbing
and translocating materials from the soil to the host
(Mosse 1959, Harley 1969, Bowen 1973). 	 Genetically
compatible hyphae can fuse, so that large networks
of mycorrhizal mycelium can form in the soil. The
networks	 vastly increase absorption capabilities of
hosts and permit translocation of materials between
hosts sharing a mycelia] system (Reid and Woods 1969,
Furman and Trappe 1971). Trappe (unpublished data)
has traced a single hypha emerging from a Pseudotsuga
+ Cenococcum mycorrhiza in a rotten log. The hypha
extended more than 2 m and had more than 120 lateral
branches or fusions with other hyphae.	 At least 43
of these branches connected to other mycorrhizae: 34
to other mycorrhizae on the same tree and 9 to mycor-
rhizae of Tsuga roots growing in the same log.
Sample counts on numerous mycorrhizae formed by
Cenococcum with various host species showed that from
200 to over 2,000 individual	 hyphae emerge from single
mycorrhizae.

The surface area represented by the mycelium may
not be as important for absorption of ions or water
as the way in which it is distributed.	 Burgess and

Nicholas	 (1961) estimated that a single 	 milliliter
of soil can contain as much as 4 m of hyphae. These
aspects of mycorrhizae are elaborated and excellently
illustrated by Bowen (1973).

Mycorrhizae and their outgrowing mycelium are
also physiologically well adapted for substrate
exploitation. The fungi produce extracellular as well
as intracellular auxins, vitamins, cytokinens,
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enzymes, and other compounds which directly influence
root tissue and ion uptake (Miller 1971, Bowen 1973,
Miura and Hall 1973, Slankis 1973). The net effects
of these fungal products can be judged by comparison
with nonmycorrhizal roots: mycorrhizae characteristi-
cally are larger and more branched, live and function
longer, and respire at greater rates (Harley 1969).

Increased rootlet longevity is a well-established
result, particularly of ectomycorrhizal infection.
Nonmycorrhizal short roots of ectomycorrhizal plants
abort relatively soon after development, probably
because their marginally 	 sized apical meristems depend
on external sources of growth regulators to continue
activity (Wilcox 1967).	 Ectomycorrhizae, in contrast,
persist and apparently function from several months to
as long as 8 years (Orlov 1968, Harley 1969).

Ectomycorrhizal infection results in increased
respiration of root systems (Harley 1969, Schweers

and Meyer 1970). By dissection of Fagus ectomycor-
rhizae, Harley (1971) found that the fungal mantle
averages about 40% of the dry weight of a mycorrhiza
but accounts for about half of the respiration. He
estimated that although the mycorrhizal mantle com-
prises only about 4% of the biomass of 55-year-old
pine, it accounts for about 25% of the CO 2 evolved by
the root system. His estimate does not include hyphae
that grow away from the mycorrhiza into the soil,
so it is conservative in 	 the proportion of CO2
respired by the total fungal components of the root
system. Since the mycobionts are essentially exten-
sions of root systems rather than decomposers, Harley
points out that "...there may be reason for doubting
whether measurement of soil respiration, even if this
can be accurately performed, will be as valuable as
we commonly suppose in estimating the rates of decom-
position processes in soil."

and deterrent metabolites produced by some mycobionts
can be highly protective against specific root patho-
gens or	 consumers (Zak 1965, Marx 1973).

Mycobionts are not	 known to fix nitrogen.

However,	 in some cases nitrogen-fixing organisms are
components of and are possibly stimulated by the
mycorrhizosphere (Rambelli 1973, Silvester and Bennett
1973).	 Association of nitrogen-fixers with mycobionts
may be analogous to that with wood decay fungi in
stems of	 living trees (Seidler et al. 1972). 	 Trappe
(unpublished data) has found chlamydospores and hyphae
of a VA-mycorrhizal fungus encrusted with Azotobacter
bacteria.

Strongly host-specific mycobionts, each pro-
ducing its own peculiar	 array of metabolites,	 can be
introduced into ecosystems by introduction of 	 the host
itself.	 Such introductions could profoundly influence
the soil	 biota and impact of root diseases (Trappe

1972).	 A good example is the widely distributed,
obligate mycorrhizal associate of Alnus, Lactarius
obscuratus (Lasch) Fr. (Froidevaux 1974). Where grows
the alder, there also grows the Lactarius, at	 least in
the Pacific Northwest.	 If alder is absent, the fungus
does not	 fruit and is presumably absent.

It	 should be noted	 that mycorrhizal fungi can
also endanger rootlets by attracting rather than
deterring deleterious organisms. Mycorrhizae	 can be
physically disrupted and even killed by mycophagous
nematodes which feed only on the fungi (Riffle 1971).
Root-feeding nematodes can also penetrate ectomycor-
rhizal mantles to create infection courts for 	 patho-
gens (Barham 1972). Some ectomycorrhizal mycobionts
seem to produce an attractant to root aphids 	 (Zak
1965).

WATER RELATIONS
THE MYCORRHIZOSPHERE

Stimulation or inhibition of microorganisms,
including mycobionts, by exudates in the rhizosphere
is a well-known phenomenon. VanCura and Hovadik
(1965) compared root exudates of a typically nonmycor-
rhizal plant (Brassica) with five species that normally
form VA mycorrhizae. The Brassica exudate differed
strikingly from the other plants in being impoverished
of sugars, both quantitatively and qualitatively.

Inclusion of a mycobiont in a rhizosphere alters
the rhizospheric chemistry. The fungus utilizes some
fractions of the root exudate and, in turn, contrib-
utes its own exudates to produce a mycorrhizosphere.
Zak (1971) proposes that ectomycorrhizal fungi addi-
tionally deactivate or filter soil phytotoxins that
are potentially damaging to 	 roots.

Since fungal exudates commonly include antibi-
otics, the mycorrhizosphere exerts a selective force
on its microbial populations (Rambelli 1973).
Mycobionts with strong antibiotic activity can
strikingly influence populations of organisms in soil
well beyond the mycorrhizosphere (Ohara and Hamada
1967). Specific effects of mycobiont-produced anti-
biotics in the mycorrhizosphere can vary drastically,
depending on the mycobiont 	 involved, and few generali-
ties can be induced from available data. However, the
protective effect exerted by ectomycorrhizal fungi
against root parasites is 	 Jell documented. The
fungal mantle physically	 rs invading parasites.
Penetration of mycobion' 	 to root tissue elicits a

resistance response by I, , 	 cells that deters patho-
gens (Krupa and Nylund 15/2, Marx 1973). Antibiotics

Numerous experiments indicate that, for a given
host species, mycorrhizal seedlings resist drought
better than nonmycorrhizal ones (Shemakhanova 1962,
Bowen 1973). Ectomycorrhizal fungi have been demon-
strated to grow in solutions of much higher osmotic
pressure than that which plasmolyzes root hairs of
nonmycorrhizal	 roots, although tolerance of low water
potentials varies markedly between mycobionts
(Shemakhanova 1962, Mexal and Reid 1973). VA
mycorrhizal infection has been shown to markedly
increase water	 transport from soil through roots to
host plant leaves (Safir et al. 1971).

Perhaps the most dramatic illustration of the
water transporting role of mycorrhizal mycelium is
the accidental	 discovery of a mycobiont supplying
moisture to a severed spruce shoot (Simonsberger and
Koberg 1967).	 Seedling shoots ., cut off for other
experimental purposes, were left lying on the soil
surface.	 One of these was colonized by a mycobiont
from the soil. The shoot retained green, apparently
normal leaves for 8 months after decapitation; non-
colonized	 shoots were desiccated and dead soon after
decapitation.

Transport of water by mycobiont hyphae from soil
to hosts may well be important to plants of limited
root penetration. However, its significance to vege-
tation with deep roots that tap ground water is not
obvious.	 Especially in regions of extended seasonal
drought, the soil layers in which mycorrhizae are
concentrated can be exhausted of available water. 	 In
such cases it seems more likely that the host would
supply water from deep in the soil to the mycobionts
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and mycorrhizosphere organisms. Since fungal tissues
act as nutrient sinks (Harley 1969, Stark 1972), the
chemical	 potential	 gradient could well be in the direc-
tion of root to fungus as well as from soil to fungus.
When water is not available to the mycobiont from soil,
the gradient from root to mycobiont might overcome
some of the water demand from other parts of the plant.
Indeed, provision of water from host 	 to mycobiont might
make possible the exploitation of nutrients from soil
when upper soil layers are dry.

NUTRIENT CYCLING

Radiotracer studies with virtually all the macro-
nutrients	 and several micronutrients 	 have invariably
confirmed uptake by mycobionts and translocation to the
vascular plant hosts. Numerous experiments have con-
firmed with similar constancy that woody plants
absolutely require the mycobiont for adequate nourish-
ment from soil and	 that herbaceous mycorrhizal hosts
at the very least grow better and have higher nutrient
contents with the fungal symbiont than without. Uptake
of phosphorus and certain micronutrients is particu-
larly dependent on	 activity of the fungal symbionts
(Gerdemann 1968, Clark 1969,	 Harley 1969, Trappe and
Strand 1969, Gilmore 1971, Hayman and Mosse 1972, Daft
and Nicolson 1972,	 Kleinschmidt and Gerdemann 1972,
Bowen 1973, Jackson et al. 1973).

The	 implications of this dependence on mycobionts
for active ion uptake are far-reaching. Perhaps no
other aspect of ecosystem research calls for greater
heed to Harley's (1971) admonition:	 "...the investi-
gation of	 the physiology of ecosystems is so arduous
that, whenever there is a reasonable doubt about the
validity of a method or a question, it is important to
try to resolve that doubt before embarking on a process
of field	 sampling with all the labour that	 this
entails.	 Too little time is	 usually	 spent	 on

methodology because of an impatience	 to get results."

The physiology of ion uptake and translocation
in mycorrhizal systems has been reviewed in detail by
Harley (1969) and Bowen (1973) and is beyond the scope
of this paper. However, it seems useful to exemplify
the risks	 inherent	 in disregarding mycorrhizal fungi
in nutrient uptake	 studies.	 Conflicting reports on
availability of nitrate nitrogen to conifers have
appeared	 in the literature. 	 Douglas-fir roots do not

reduce nitrate and	 therefore cannot be expected to
use it 	 However, some (but not all) 	 mycobionts of

Douglas-fir have the nitrate 	 reductase enzyme system.
Experiments with nonmycorrhizal seedlings or seedlings
with mycorrhizae formed with mycobionts lacking
nitrate reductase would show	 that nitrate is unavail-

able to the tree.	 Experiments with seedlings having
mycorrhizae formed with nitrate-reducing mycobionts
would show the opposite (Li et al. 1972).	 I. Ho and

C. Y. Li	 (unpublished data) have demonstrated that

Glomus mosseae (Nicol. & Gerd.) Gerd. & Trappe, a
widely distributed	 mycobiont of VA mycorrhizae, also
reduces nitrate.

The high respiration and diverse enzyme systems
of mycobionts indicate strongly active ion	 uptake
(Theodorou 1968, Harley 1971, Bartlett and	 Lewis 1973).
Stark (1972) found	 that sporocarps of ectomycorrhizal
fungi commonly contain substantially greater concen-
trations	 than pine	 needles of Cu, K,	 N, Na, P, and Zn

on a dry weight basis. Sporocarps usually decay or are
eaten by	 insects or larger animals within a few weeks
after they appear. Thus they are ephemeral	 but rela-

tively concentrated sources of macro- and micronutri-
ents to decomposers and consumers. The longer lived '
fungal rhizomorphs	 in soil, however,	 contained even

higher concentrations (expressed 	 as significantly
higher multiples of the concentration in pine needles):

Ca (6.3	 to 8.1), Cu (4.1 to 6.7), Fe	 (18.8 to 26.3),
N (1.9 to 2.7), and Zn (2.0 to 11.0).	 Some rhizomorph
samples	 also	 significantly exceeded pine needles in
concentrations of Mg (up to 2.4), Mn	 (up to 2.3), Na

(up to 1.4),	 and P (up to 2.2).	 Only K was consis-
tently found at lower concentrations 	 in rhizomorphs
than in	 pine	 needles.

The rhizomorphs studied by Stark were not
necessarily formed by mycobionts. However, Harley
(1969) and his colleagues have demonstrated that
mycorrhizal mantles accumulate phosphate which passes
steadily to the host. Stark's data on 	 rhizomorphs
suggest	 a likelihood that mycobionts 	 function similarly
with cations. Moreover, mycelia] networks of
mycobionts shared	 by two or more plants probably permit
interchange of ions from one host to another (Woods
and Brock 1964).	 In effect,	 the	 sharing of mycorrhizal
fungi lends credence to the concept of ecosystems
operating as	 polymerous organisms.

In	 addition to absorbing and translocating ele-
ments, the fungal	 tissues serve as sinks for nutrients
that might otherwise be leached from soil. Stark

( 1 972) exposed living rhizomorphs and rhizomorphs
killed both by autoclaving	 and oven drying to leaching
equivalent to a year of precipitation at the collec-
tion sites.	 In all cases,	 rhizomorphs	 retained more

than 99% of the elemental content under study. Pre-
sumably, these elements would be available to rhizo-
morph decomposers or consumers, as is the case with
nutrients in	 sporocarps.

CARBON CYCLING

14c.. labeled photosynthate moves	 readily from
chlorophyllous hosts to their mycobionts (Melin and
Nilsson	 1957, Reid and Woods	 1969, Ho and Trappe
1973).	 In view of the high respiration rates and
considerable biomass production of the mycobionts,
neglecting mycobiont use of photosynthetically fixed
C in calculations of gross	 primary productivity of
hosts can substantially increase margins of error.
The photosynthate	 is available to the fungi in many
and varied products (VanCura	 and	 Hovadik 1965, Slankis
et al. 1964). Which of these are important to the
fungi is unknown,	 except for	 simple carbohydrates and
thiamin	 (Hacskaylo 1973).	 In any event, the fungi
generally fruit only when linked 	 to a host; many do

not grow at all, even in the most sophisticated culture
media, without their host (Gerdemann 	 1968, Laiho 1970,
Hacskaylo 1973).

I4 C research on achlorophyllous	 epiparasitic

Ericales such as Monotropa and Hypopitys spp. has
demonstrated	 that	 photosynthates as well as cations
are transferred from one mycorrhizal	 host to another

through a shared mycobiont.	 In these cases the
achlorophyllous members are the most dependent com-
ponents of an anatomically	 linked system. They rely
on the mycobiont for nutrient absorption and on a
photosynthesizing	 plant for energy translocated via
the mycobiont (13jOrkman 1960, Furman	 and Trappe 1971).
The dependence of epiparasitic Ericales on the coinci-
dence of two other compatible organisms probably

accounts	 for	 their localized occurrence, which older
hypotheses on saprophytism by these plants could not
explain.

Transfer of I4 C from one green plant to another

via mycobionts has	 been demonstrated	 in laboratory
experiments (Reid and Woods 1969). This phenomenon
probably also occurs in ecosystems. 	 If so, concepts
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of shade tolerance may need revision, since under-
story plants could epiparasitize overstory plants

when mutually compatible mycobionts were present.

The orchidaceous, mycorrhizae deserve special
mention, because their mycobionts appear to be effec-
tive saprophytes or even parasites on other plants.
Armillariella mellea (Vahl ex Fr.) Karst. is a wide-
spread orchid symbiont (Campbell 1962, 1970) as well
as an effective saprophyte and pathogen on diverse
other plants.	 Campbell (1962) has found that	 its
rhizomorphs connect achlorophyllous orchid mycorrhizae
with tree roots that the fungus is actively parasit-
izing.	 Even in green orchids, I4 C moves from	 the

mycorrhizal fungus to the orchid when the fungus has
an exogenous supply of carbohydrate (Smith 1967).

Except for the orchidaceous fungi, the great
majority of mycobionts exhibit little or no sapro-
phytic ability	 (Gerdemann 1968, Harley 1969). 	 Some
ectomycorrhizal fungi violate this generalization and
conceivably can be locally significant in decomposi-

tion processes	 (Lindeberg 1948, Laiho 1970). 	 Results
of field experiments by Gadgil and Gadgil (1971), how-
ever, suggest that some mycobionts can even inhibit
litter decomposition by antagonizing the saprophytic
fungi.

Mycorrhizal fungi contribute energy directly to
animal mycophagists, including nematodes, arthropods,
molluscs, and mammals (Ingold 1971, Riffle 1971). 	 The

mycophagists play an important role in dispersal 	 of
fungal propagules, especially of truffles and 	 other
mycobionts of subterranean fruiting habit. Some ani-
mals are highly specialized in this food habit. 	 For
example, the red-backed mouse, Clethrionomys
occidentalis californicus (Merriam), appears to sub-
sist almost entirely on hypogeous mycobionts through-
out the year (C. Maser, R. Nussbaum, and J. M.	 Trappe,

unpublished data).

A conceptual model of carbon cycling in ecosys-
tems, diagrammed by Harley (1971), sums up the
relationships discussed here.

CONCLUSIONS

Mycobionts join other soil organisms in addition-
al effects on ecosystems, for example, soil aggrega-
tion (Bowen 1973). They constitute, in fact, 	 vital
components of many ecosystematic processes. The
ecosystem investigator cannot ignore them if his 	 goal
is to understand the real world. To paraphrase Harley
(1971) in a somewhat broader context, the difficulties
in estimating the ecological roles of fungi will 	 not
disappear by ignoring them as so many have done in 	 the
past. The 16th century poet, Robert Southwell,
presaged these	 remarks in a book of verse sympatheti-

cally entitled	 "Sainte Peter's Complaynte." In one,
"Scorne not the least," he wrote: "He that high
growth on Cedars did bestow: Gave also lowly
mushrumpes leave to grow."
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DISCUSSION

Ql.	 Barber.	 On the relationship of mycorrhizae
and phosphorus nutrition it is known 	 that there is
less phosphorus	 uptake	 in wheat grown in nonsterile
soil compared with	 sterile soil. Would you	 comment
on this?

Al.	 Trappe.	 Nonsterile	 soil does not	 necessarily
mean mycorrhizal.	 Unless the	 roots were examined 	 for
mycorrhizal infection,	 there	 is no way to tell what
was involved in	 such	 results.

Q2.	 Peterson.	 Does the	 lack of mineral nutrients
control growth in a wet climate?

A2.	 Trappe.	 Not	 necessarily;	 mycorrhizal fungi
are strongly aerobic	 and the	 low rate of diffusion of
oxygen is	 likely	 to control their growth.

Q3.	 Mark.	 Is there any	 significance in the	 pre-
dominance of ectotrophic mycorrhizae near the treeline?
I ask this since	 in New Zealand, where endotrophic
mycorrhizae appear	 to be almost universally	 important,
we nevertheless	 find the ectotrophic	 type in our main
treeline genus Nothofagus.

A3.	 Trappe.	 Moser was	 referring to woody species
in which case we would expect	 such a	 relationship.

Q4.	 Billings.	 Are differences	 in the mycorrhizal
association of gymnosperms and of nongymnosperms
expected?

A4.	 Trappe.	 Yes; host	 specificity is	 common in

ectomycorrhizal	 fungi,	 although some species such as
Cenococcum graniforme form mycorrhizae with both
gymnosperms and nongymnosperms.
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Q5. Romney. What are the upper temperature
limits for mycorrhizal growth?

A5. Trappe. Ectomycorrhizae generally grow
well up to 20 or 25°C in experiments; 30°C or higher
seems to be limiting. Of course, species and ecotypes
of both fungi and hosts differ in response to tempera-
ture, so exceptions can be expected. I am not aware
of good temperature data on endomycorrhizae.

Comment: Romney.	 In the Mojave Desert, the
temperature at the 10-cm soil depth can exceed 30°C
for 6 months of the year. Under these conditions,
abundant mycorrhizae are found in the litter but not
elsewhere.

Reproduced from "The belowground ecosystem: A synthesis of plant-associated processes, p. 205-214, Range
Sci. Dep. Scl. Ser. No. 26, Colorado State Univ., Fort Collins, by the Forest Service, U.S. Department of
Agriculture, for official use.	 1977
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