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nantly to lack mycorrhizae, as already reported for the small
family Resedaceae (60) but not yet investigated in Moringaceae,
Salvadoraceae, and Tropaeolaceae. Such a relationship might
have to do with the inhibitory action of chemical substances on
fungal growth.

At least two genera of Nyctaginaceae, Neea (26, 27) and
Pisonia (24), are ectomycorrhizal, at least in the American
tropics. They are the only members of the otherwise nonmy-
corrhizal Centrospermae reported to form such associations,
and ectomycorrhizal associations probably evolved indepen-
dently in this groups of plants. Perhaps they, and Coccoloba as
well, have acquired mycorrhizae, which might be of special
importance in relation to their woody habit and frequent oc-
currence in relatively-infertile soils.

Those families of angiosperms that lack mycorrhizae have
fine roots abundantly provided with roothairs, as demonstrated
by Baylis (52, 57). The distinctive, dense, brushlike roots of
Proteaceae are especislly notable in this respect, and Proteaceae
are unique as a large family (more than 1000 species) of trees
and shrubs that entirely lack mycorrhizae (65-67).

ECOLOGICAL AND EVOLUTIONARY
SIGNIFICANCE OF MYCORRHIZAL SYMBIOSIS
IN FOREST COMMUNITIES

In contrast to herbs, in which the occurrence and intensity of
mycorrhizal symbiosis is more erratic, most trees and shrubs are
strongly mycotrophic (33, 34, 68). As Trappe and Fogel (ref.
14, p. 205) pointed out, “Most woody plants require mycor-
rhizae to survive, and most herbaceous plants need them to
thrive.” The most prominent exceptions are Proteaceae, which
are nonmycorrhizal, and cycads, whose association with the
nitrogen-fixing blue-green alga Anabaena appears to be of
great antiquity. As far as fungal symbiosis is concerned, again
with the exception of Ericaceae and a few related families with
their distinctive mycorrhizae, all other woody mycotrophic
plants are either endo- or ectomycorrhizal. The pattern of the
occurrence of these two basic types of mycorrhizae is discussed
below. :

Endotrophic Forests. The different fungal strains involved
in endotrophic mycorrhizae are, in general, neither host specific
nor geographically limited (52, 69, 70) although there may be
local differences correlated with soil characteristics (71) and
microbiota (72). If the association of a particular kind of plant
with a particular kind of fungus is relatively constant, different
individuals of this plant may be more likely to compete with
one another directly than if they were involved with a wide
variety of different fungi, as in situations involving ectotrophic
mycorrhizae (73). This may in turn lead to relatively wide
spacing of individuals in endotrophic communities and a high
species diversity of the plants. The clumping of endomycor-
rhizal trees, when it occurs, may be linked with exceptional
ecological circumstances, such as waterlogged soils (e.g., ref.
74). )

Under tropical conditions, in which individuals of a given
species of plant are often widely spaced and infrequent, the
pattern of forming associations with a relatively few species of
endotrophic fungi may be analogous with the situation reported
for parasitoid insects (75) or bark beetles (76). In these groups,
the host plants may simply be too rare to allow extreme spe-
cialization. In this sense, the lack of specialization paradoxically
may be a property of certain kinds of rich (= diverse) com-
munities. These two correlated phenomena, involving a lack
of diversity on the part of the mycobionts and a high diversity
in the phytobionts, are directly correlated and a general factor
in determining the structure of the communities in which they
oceur.
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The cultivation of endomycorrhizal trees in pure stands
contradicts the high diversity patterns characteristic of natural
endotrophic communities. Cultivation practices, especially in
plantations of tropical trees, usually exploit methods such as
interplanting that increase local diversity (77). Under tropical
conditions, stands of endotrophic crops can be maintained, but
at an unusually high cost in labor, fertilizer, and pesticides. The
role of mycorrhizae in agricultural productivity should be
studied more intensively than at present to find ways to increase
crop yield that are not expensive in energy (14).

Ectotrophic Forests. In ectotrophic forests, the mycobionts
are very diverse and the phytobionts often form stands that are
monotonous and uniform. In most cases, symbiosis is obligatory,
as in endomycorrhizal associations, but the ectomycobiont is
often specific to one or only a few kinds of phytobionts. The
phytobionts themselves have the capacity of forming consortia
with a wide range of mycobionts, usually simultaneously (12,
14), so that individuals occurring side by side may avoid direct
competition with one another.

In native cool-temperate ectotrophic forests there are many
fungi that can form mycorrhizae with members of the domi-
nant species of trees (28). Zak (78) estimated that Douglas fir
(Pseudotsuga menziesii) has about 100 species of fungi as po-
tential ectomycorrhizal partners, of which some appear to be
host specific and others can associate with members of other
genera and families of plants. This estimate appears to be
conservative: the corresponding estimate given by Trappe (12)
is 2000.

Furthermore, ectomycorrhizal phytobionts appear to take
up mycobionts selectively, according to developmental phase,
ecological conditions, and, possibly, climatic fluctuations (28).
Seedlings often have different mycobionts than established
plants, and these mycobionts are replaced as the plant matures
(79). In such communities, the diversity is below the ground,
where various mycobionts on roots of the same species of phy-
tobionts form symbiotic associations that may not compete
directly with each other for the same nutrients at the same time. -
There is good evidence that symbiosis with a specific mycobiont
can affect the physiology of the ectotroph—for example, by
increasing its tolerance to high soil temperatures (80) or resis-
tance to pathogens (81). As Trappe (ref. 12, p. 214) pointed out,
“mycorrhizal fungi clearly differ between species and ecotypes
in production of critical enzymes.” Ectotrophic forests, of which
boreal coniferous forests are the best known example, start on
new sites with various phytobiont species but become increas-
ingly dominated by one of them (82) to reach a state of equi-
librium “which enables the best adapted species to form ec-
tomycorrhizal forests of a relatively great stability” (ref. 28, p.
88). But this stability only pertains to the phytobionts in such
forests. In endomycorrhizal forests the individual kinds of trees
are often widely dispersed, whereas in ectomycorrhizal forests
it is the mycorrhizal fungi that have a similar pattern of oc-
currence. At fruiting time, different combinations of mush-
rooms, varying from season to season, are found even under the
same tree in a mosaic of mostly nonoverlapping distributions
(88, 84).

Most forests in which single species of trees dominate are
composed of ectotrophs; examples include forests dominated
by caesalpinioid legumes of the tribes Amherstieae and De-
tarieae in the tropics (28, 30, 49), Eucalyptus in Australia, or
Pinaceae in the northern hemisphere. The dense, “gregarious,”
species-poor stands of Fagaceae in Malesia were described
especially well by Soepadmo (85). Dipterocarpaceae, which
dominate both species-rich and species-poor habitats in the
Asian tropics, evidently are all ectotrophic (29, 30, 33, 86-89).
Where Dipterocarpaceae occur in species-rich forests on rela-
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tively fertile latosols, they still dominate at a family level, several
genera possibly sharing the same species of mycobionts as
commonly happens in temperate ectomycorrhizal forests
composed of different members of Fagaceae or Pinaceae.

DISCUSSION

Ectotrophic trees form extensive forests in areas, such as much
of Eurasia and North America, that have been subjected to se-
vere climatic stress in the past or that now experience strongly
seasonal climatic conditions or have poor soils (90). For example,
most of the endotrophic trees and shrubs that formed mixed
forests over much of North America earlier in the Tertiary
became extinct following the middle Pliocene episode of in-
creasing aridity and are now confined to regions of equable
climate such as coastal California and the southern Appala-
chians (e.g., ref. 91). Similarly, repeated periods of cooling
during the late Cenozoic in Europe progressively reduced di-
versity of the rich mixed mesophytic forest in favor of the
present-day ectotroph-dominated vegetation (92).

In apparently uniform ectotrophic forests, a diverse assem-
blage of mycobionts is characteristically present. This diversity
contrasts with the situation in most diverse tropical forests, with
their species-poor component of physiologically unspecialized
endomycobionts. The ubiquity of endomycobionts seems to
make the dispersal and establishment of their associated plants
relatively simple, whereas the dispersal of the plants associated
with ectomycobionts is apparently difficult, as in Fagaceae for
example (93, 94). This may be because of the necessity of con-
comitant dispersal of both the seeds and the spores, or even of
two kinds of compatible spores in the case of heterothallic ec-
tomycobionts. Small mammals that eat the seeds and the ec-
totrophic fungi often may disperse both, but only locally (95).
The fact that caesalpinioid legumes of the Amherstieae/De-
tarieae complex with ectotrophic mycorrhizae are found on
both sides of the Atlantic (in Africa and South America) suggests
that they did in fact cross sea gaps of at least 1000 km, since the
main evolutionary radiation of the group is unlikely to have
taken place before the Eocene (96). Anemophily and dry, un-
palatable fruits have evolved mainly in the ectotrophic,
species-poor forests of the northern hemisphere; entomophily
and fleshy fruit enticing to widely foraging animals are more
characteristic of endotrophic forests, where establishment is
relatively likely following long-distance dispersal (97).

Historically, Pinaceae may have originated by the Late
Triassic (98) and certainly existed in the Jurassic (99), with Pinus
in existence at the start of the Cretaceous (100). The major
differentiation of the family, however, took place from the
Middle Cretaceous onward, when Betulaceae, Caesalpinioi-
deae, Fagaceae, and Salicaceae originated (47, 50, 96). Dip-
terocarpoideae, with their distinctive mycobionts, are probably
younger than the other groups, having a fossil record dating
back only to the Oligocene (50). Ectomycorrhizal associations
with these plants may first have evolved in the Late Cretaceous
in relation to areas of infertile soils. The expansion of now
dominant ectomycorrhizal groups seems to have often taken
place at the expense of endomycorrhizal forests and to have
been an important feature in the evolution of flowering plants
as a whole.

In general, these are the trees that form the timberline forests
(101) and cover vast areas in the northern parts of the northern
hemisphere (102-104). With the exception of Nothofagus
(Fagaceae) and a few species of Alnus and Salix that reached
South America in the Quaternary, these families are absent
from the southern hemisphere. There, the timberline is formed
largely by Nothofagus (103, 105), another ectotrophic tree that
is the only member of the Fagaceae in the southern hemisphere.
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If Pinaceae, Betulaceae, and Salicaceae had not evolved in the
northern hemisphere, timberline there too would be formed
by Fagaceae. Wardle (106) has pointed out the necessity of
extensive mycorrhizal growth for the establishment of such trees
as Eucalyptus, Pinus, and Picea near the timberline in New
Zealand. He has also pointed out the absence of arborescent
monocots in timberline situations (103); monocots lack ecto-
trophic mycorrhizae. Gregarious woody genera that form as-
sociations at and above the timberline but which are not known
to form ectotrophic mycorrhizae should be examined for the
existence of such associations. Dendrosenecio and arborescent
Lobelia species in the mountains of East Africa and Espeletia
and Polylepis in South America would seem to be prime can-
didates for investigation.

It does seem clear that ectotrophic mycorrhizae confer a
selective advantage on their phytobionts. In turn, wind-polli-
nation probably evolved in these families as a consequence of
the fact that their ectotrophic condition made it possible for.
them to occur in pure or nearly pure stands in habitats marginal
for most kinds of trees (107).

In the tropics also, ectotrophs are characteristic of marginal
conditions, both at high elevations and on very poor soils (27,
30). In temperate regions, they have been noted also as efficient
colonizers on black wastes from anthracite mining, where en-
dotrophs do not survive (108). Clearly, ectomycorrhizal asso-
ciations have selective value in extreme environments, perhaps
from their direct role in breaking down leaf litter and more
specialized and controlled recycling of nutrients to the plants
concerned (16, 28, 109, 110). The mycobionts may have the
ability, lacking in the phytobionts, to utilize organic nitrogen
taken directly from decaying leaves or ammonia-rich soils (36).
Janos (26) has suggested that clumping may be especially crit-
ical on nutrient-poor soils, because the fungi may fruit relatively
rarely under such circumstances, and their dispersal may
therefore be more limited than otherwise.

On the other hand, the mycobionts may constitute 35-45%
of the dry weight of the ectomycorrhiza in contrast to perhaps
only 10-15% of the endomycorrhiza, so that the ectomycor-
rhizal sheath is energy-expensive to the plant on which it occurs
(109). Janzen (30) has argued persuasively that the leaves of
plants growing on poor soils in the tropics, many of which are
now known to be ectomycorrhizal, may be more regularly and
strongly provided with toxic substances than other (endomy-
corrhizal) plants, thus gaining a degree of protection from
herbivores. In addition, the ectomycorrhizal fungi may them-
selves secrete substances that inhibit other pathogenic fungi and
thus serve to protect their hosts (81). The “defensive com-
pounds” may also play a role in suppressing and keeping en-
dotrophs in check (14), thereby helping ectotrophs to maintain
a hold on territory that they win opportunistically. Although
not competitive with endotrophs, ectotrophs behave like
“woody weeds” in exploiting situations that weaken endomy-
corrhizal systems, such as extreme temperature fluctuations,
fire (adaptations of certain pines to seasonal burning might be
the case in point here), land slides, soil disturbance caused by
man, and, on a large scale, glaciation.
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