
Nature © Macmillan Publishers Ltd 1997

requires a huge collision, but that need not
create a recognizable family. Furthermore,
Eros and Ganymed have spectral properties
that are largely similar to the majority of
asteroids in the inner main belt, making their
true siblings difficult to recognize. 

Despite these difficulties, Zappalà et al.
have offered an important new argument.
Linking the near-Earth asteroids and their
meteorite samples to their original formation
locations remains one of the most important
challenges for asteroid researchers today.
Understanding the family history of Eros is
particularly important because this large and
accessible Earth-approaching asteroid has
been chosen as the destination for the 
Near-Earth Asteroid Rendezvous (NEAR)
mission, which is scheduled to arrive there in
1999. Through observations using NEAR’s 
sophisticated sensors, Eros will become the
first asteroid for which we have detailed 
measurements of chemical composition and
elemental abundance. So if we can trace 
the genealogy and birthplace of Eros, these 
measurements will establish early Solar 
System conditions at a known orbital radius
within the asteroid belt.
Richard P. Binzel is in the Department of Earth,
Atmospheric, and Planetary Sciences, Massachusetts
Institute of Technology, Cambridge, Massachusetts
02139, USA.
1. Gaffey, M. J., Reed, K. L. & Kelley, M. S. Icarus 100, 95–109 (1992).

2. Binzel, R. P. & Xu, S. Science 260, 186–191 (1993).

3. Cruikshank, D. P., Tholen, D. J., Hartmann, W. K., Bell, J. F. &

Brown, R. H. Icarus 89, 1–13 (1991).

4. Zappalà, V., Cellino, A., Di Martino, M., Migliorini, F. &

Paolicchi, P. Icarus (in the press).

5. Hirayama, K. Jap. J. Astron. Geophys. 6, 137–162 (1928).

6. Hirayama, K. Proc. Imp. Acad. Jap. 9, 482–485 (1933).

7. Wisdom, J. Icarus 56, 51–74 (1983).

8. Wisdom, J. Nature 315, 731–733 (1985).

9. Zappalà, V., Cellino, A., Dell’oro, A., Migliorini, F. & 

Paolicchi, P. Icarus 124, 156–180 (1996).

In most higher plants, symbiotic fungi are
central to the process of nutrient capture
from soil1. Evidence from fossils of the

earliest land plants2, as well as molecular
studies3, confirms that roots co-evolved with
fungal partners to form structures known 
as mycorrhizas — literally, ‘fungus-roots’.
These are almost universally distributed
through present-day terrestrial plant com-
munities, yet most researchers (deterred,
one suspects, from experimental analysis of
mycorrhizal function in natural communi-
ties by the complexity of these systems) have
instead used excised roots or pot-grown
plants to examine the relationships between
partners in the symbiosis. Unfortunately,
reductionist approaches cannot answer 
larger questions about the effect of sym-
biosis on interactions between the individual
plants that form natural ecosystems. 

The study of Simard et al.4 (page 579 of
this issue) is important in this context. Not
only does it address these complex questions
in a field situation but, for the first time, 
it shows unequivocally that considerable
amounts of carbon — the energy currency 
of all ecosystems — can flow through the
hyphae of shared fungal symbionts from tree
to tree, indeed, from species to species, in a
temperate forest. Because forests cover much
of the land surface in the Northern Hemi-
sphere, where they provide the main sink for
atmospheric CO2, an understanding of these
aspects of their carbon economy is essential.

Hyphae are the main structural elements
of mycorrhizal fungi. They either penetrate
the cells of the plant root to form an ‘endo-
mycorrhiza’ or, as in most of the trees in the
forest studied by Simard et al., they ensheath
the root to produce an ‘ectomycorrhiza’. In
the nutrient-impoverished conditions that
prevail in forests, at least 90 per cent of the
‘feeding’ roots of the tree are colonized by
ectomycorrhizal fungi. The result is that a
layer of fungal tissue, the mantle, forms an
interface between the root and the soil. From
this mantle, individual hyphae (~3 µm in
diameter) or organized, root-like aggregates
called rhizomorphs (~20 µm diameter) grow
outwards to intimately explore the soil (Fig.
1). Extension of this fungal mycelium into the
soil depends on a supply of photosynthetical-
ly fixed carbon from the plant1. Conversely,
essential minerals (especially nitrogen and
phosphorus) captured at some distance 
from the root by the foraging mycelium, are
transferred in the reverse direction to the
root1. 

Fundamentally important for the
processes investigated by Simard et al. is the
fact that most mycorrhizal fungi are catholic

in their choice of host species5. As a result, the
roots of trees such as the Douglas fir or birch
can be colonized by many fungal species, the
mycelia of which extend from tree to tree,
providing linkages between them. The lack
of specificity ensures that, in an undisturbed
forest ecosystem, almost all of the trees —
irrespective of their taxonomic affinities —
are interconnected by a diverse population 
of mycelial systems. Groups of tree species
joined together in this way have been 
recognized as functional guilds6.

Simard et al. provide a fascinating
glimpse of one of the exchange processes
facilitated by these underground connec-
tions. Using an ingenious approach in which
young trees growing close to one another 
in the forest were simultaneously fed with
either 14C- or 13C-labelled CO2, they showed
that net transfer of carbon occurred from
birch to fir, both of which shared up to 
ten mutually compatible fungal symbionts.
Moreover, no such transfer occurred
between the species of the ectomycorrhizal
guild and cedar, which was colonized by
fungi of the endomycorrhizal type. Previous
studies7 using 14CO2 have shown that carbon
transfer between plants occurs through 
the hyphae of compatible mycorrhizal
fungi. But these studies could not confirm
net flow, because transfer in the reverse
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Figure 1 Two asteroids come together to make a
family. This artist’s impression shows colliding
asteroids of different mineralogical types, which
would produce meteoritic fragments of varying
compositions and some breccias in which
fragments of the two types are welded together
into a single rock. Such a collision probably gave
rise to the Maria family of asteroids, and might
indirectly have sent the large near-Earth
asteroids Eros and Ganymed into the inner Solar
System. (Painting by William K. Hartmann.)
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The ties that bind
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Figure 1 The roots of up to 90 per cent of the
trees in a forest can be colonized by many fungal
species, the mycelia of which form
ectomycorrhizal networks. These networks,
shown above linking two conifer species,
provide channels for the transfer of nutrients.
Simard et al.4 have now shown that considerable
amounts of carbon can be transferred in either
direction between trees through these networks. 
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direction was not quantified. 
Perhaps of greatest ecological signifi-

cance is the demonstration that when the fir
was in the shade, there was a considerable
increase in the amount of carbon that it
received from the birch. Most forest trees
spend the early part of their lives as seedlings
in the gloom of the forest floor. If, as indicat-
ed by this work, the direction of flux is deter-
mined by the carbon status of the recipient,
the carbon economy of this shaded under-
storey will be subsidized by fully illuminated
overstorey plants, through pathways provid-
ed by their fungal symbionts. The extent to
which this subsidy might contribute to the
ability of young trees to survive in shaded
environments should clearly now be exam-
ined, because persistence under, and recruit-
ment into, the canopy determines the equi-
librium of the forest community. Moreover,
certain plants that live on the forest floor —
notably in the family Monotropaceae —
totally lack chlorophyll, so they receive all of
their carbon from photosynthesizing trees
through mycorrhizal connections1. This
illustrates the potential of these processes for
sustaining receiver plants.

The observation that carbon is trans-
ferred between green plants will stimulate us
to examine forest ecosystems from a fresh
standpoint. It indicates that we should place
less emphasis on competition between
plants, and more on the distribution of
resources within the community. If myco-
rrhizal colonization results in an equaliza-
tion of resource availability, as suggested by
this and a number of microcosm studies, it
would be expected to reduce dominance of
aggressive species, so promoting coexistence
and greater biodiversity.

Since Clements8 introduced the concept
of the community as a ‘superorganism’, ecol-
ogists have espoused the abstract idea that all
components of stable ecosystems are inter-
dependent. Simard et al.4 show the physical
presence of interconnections between indi-
viduals in the forest ecosystem, and expose
some of the likely consequences of their 
formation. The challenge now is to quantify
further the contribution of these fungal link-
ages to the maintenance of biodiversity and
stability in terrestrial ecosystems.
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Everybody is familiar with waves on the
surface of the ocean. Waves longer
than about 1.7 cm are called gravity

waves, because gravity (rather than surface
tension) provides the principal restoring
force that makes them possible. Less familiar
are the similar waves that occur where there
is an interface between two fluids of different
densities, the lighter above the heavier. And 
if the density of an incompressible fluid
decreases continuously upwards, waves may
occur throughout the body of the fluid. Such
waves are termed internal gravity waves.
They permeate both the atmosphere and 
the ocean, and are very important for their
internal dynamics on small to medium
scales, where they transport momentum and
cause local mixing. They may also exist in
closed containers, where they converge on

‘attractors’ — closed curves determined by
the geometry of the container — and then
propagate energy along them (Fig. 1). These
bizarre properties have been verified by
experiments by Maas et al.1, described on
page 557 of this issue.

The propagation properties of internal
gravity waves are much stranger than those
of sound or electromagnetic waves. In par-
ticular, there is a maximum frequency that
the waves may have (the buoyancy frequen-
cy); the direction in which they transmit
energy (the group velocity) is perpendicular
to the direction in which they propagate (the
phase velocity); and in a uniformly stratified
fluid, all waves of any given frequency propa-
gate at the same angle to the horizontal,
regardless of their length or structure. This
last property means that if a density-strati-
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Fluid dynamics

A fractal world of cloistered waves
Peter G. Baines
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Figure 1 Models of attractor. Internal gravity waves in a fluid carry energy at an angle to the vertical
that depends on their frequency. For low frequencies the rays are nearly horizontal; near the
buoyancy frequency (the upper limit) the rays approach the vertical. a, In a triangular container, rays
steeper than the diagonal wall go towards the right-hand vertex, and those at a shallower angle go to
the bottom vertex — these two points are attractors for all internal waves. b, In a quadrilateral, rays at
angles in between those of the two sloping sides converge on interior attractors. A simple example,
for a particular frequency, is shown. For most of these intermediate frequencies, the attractors are
much more complicated, including many circuits and having a fractal dependence on frequency.

Figure 2 A wave in a bucket. For a range of wave frequencies, the fluid flow field marks out an
attractor that consists of two rectangular boxes.
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