nw Articles

From Lilliput to Brobdingnag:
Extending Models of
Mycorrhizal Function across
Scales
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Mycorrhizae occur in nearly all terrestrial ecosystems. Resource exchange between host plants and mycorrhizal fungi influences community,
ecosystem, and even global patterns and processes. Understanding the mechanisms and consequences of mycorrhizal symbioses across a hierarchy of
scales will help predict system responses to environmental change and facilitate the management of these responses for sustainability and
productivity. Conceptual and mathematical models have been developed to help understand and predict mycorrhizal functions. These models are most
developed for individual- and population-scale processes, but models at community, ecosystem, and global scales are also beginning to emerge. We
review seven types of mycorrhizal models that vary in their scale of resolution and dynamics, and discuss approaches for integrating these models with
each other and with general models of terrestrial ecosystems.
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ycorrhizae are nearly ubiquitous symbioses formed mycorrhizal fungi influence size and reproductive hierar-
between plants and fungi. Plants provide fungi with car- chies in plant populations. Thus, research on the outcome of
bon captured through photosynthesis, while fungi provide individual plant—fungus relationships must evolve to include

plants with soil resources. Historically, research has focused
on the effects of mycorrhizae on nutrient uptake and the fit-
ness of individual plants. More recently, there has been a
growing appreciation for the importance of mycorrhizal
functions at higher levels of organization, including popula-
tions, communities, and ecosystems (figure 1). Mycorrhizal

mycorrhizal functions at higher levels of organization.
Much as Gulliver’s travels through Lilliput, a land of minia-
tures, and Brobdingnag, a land of giants, provide insights into
the human condition (Swift 1726), studies of mycorrhizal re-
lationships across scales can provide insights into the mech-

fungi influence soil carbon storage, nutrient cycling, and soil anisms and consequences of their functioning. Mycorrhizal
stability within ecosystems. Populations of plants and my- functions include the additive effects of individual mycorrhizae
corrhizal fungi interact to influence community structure, and as well as emergent properties of the symbiosis.
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Figure 1. Mycorrhizal functions across ecological scales. Photographs used to illustrate globe, ecosystems, and communities
are from the US Fish and Wildlife Service; the other photographs are from Roger Koide’s personal collection.

Mycorrhizal functions may be of great practical value for
horticulture, agriculture, forestry, and land restoration. The
potential for mycorrhizal fungi to improve plant growth, re-
sistance to pests, and tolerance of extreme conditions has
led to their use in promoting plant growth in nurseries, gar-
dens, plantations, and agricultural operations, and in restor-
ing degraded lands. The use of commercial products
containing mycorrhizal fungal inoculum is increasing, along
with the recognition that management practices can be mod-
ified to encourage the proliferation of these fungi. However,
understanding the factors that control mycorrhizal function
is prerequisite to effectively managing them, and little is
known about the mechanisms and consequences of mycor-
rhizal functioning at community and ecosystem scales. Thus
the knowledge that currently guides mycorrhizal management
is largely anecdotal.

We do understand that because resource exchange is crit-
ical to mycorrhizal function, any natural phenomenon or
anthropogenically mediated activity that changes the avail-
ability of limiting resources has the potential to affect the dy-
namics of the symbiosis across multiple ecological scales.
Individual plants and fungi may exhibit plasticity in biomass
allocation in response to changes in resource availability.
Population gene pools can change as individuals with the high-
est fitness in the changed environment become relatively
more abundant with every generation. Community- and
ecosystem-scale changes may occur as plant and fungal taxa
that are best adapted to the altered environment become
dominant, affecting nutrient cycles and energy flow. Missing
from our calculus is a synthesis that couples our under-
standing of the plant—fungus symbiosis with community- and
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ecosystem-level processes in a way that allows us to predict the
results of mycorrhizal interactions.

Seven approaches to modeling mycorrhizal function
Models are useful tools for studying complex mycorrhizal
interactions because they propose mechanisms and help ex-
plicitly formulate hypotheses and predictions. Conceptual
and mathematical approaches to modeling mycorrhizal sym-
bioses are emerging. These range from empirically based
simulation models to more abstract theoretical models. This
article presents several modeling approaches that help us
understand mycorrhizal responses to resource variation across
multiple scales (table 1). Our goal is to summarize the hy-
potheses being made explicit by some of these emerging ap-
proaches. Such a synthesis can catalyze theoretical progress
in the concepts highlighted by these models, stimulate em-
pirical research where there are gaps in our understanding,
and encourage the incorporation of mycorrhizal processes into
general models of terrestrial systems.

Functional equilibrium models. Functional equilibrium mod-
els predict that the allocation of biomass to aboveground
and belowground organs within plants is controlled by the
most limiting resource: Allocation to shoots is emphasized
when light is most limiting, and allocation to roots is em-
phasized when minerals and water are scarcer than light
(Brouwer 1983). It is generally assumed that mycorrhizal
fungi are highly dependent on the balance between plant
carbon and soil nutrient supplies. Treseder and Allen (2002)
illustrate this in a conceptual model predicting that fertiliza-
tion should increase mycorrhizal fungal biomass when soil
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Table 1. Models of mycorrhizal function, scales at which they operate, and variables involved.

Model Scale of responses

Variables Reference

Functional equilibrium
(biomass allocation)

Economic (biological markets)

Individuals and populations of
plants and fungi

Individuals and populations of plants
and fungi

Individuals and populations of plants
and fungi

Communities of plants and fungi

Integrative, agent based
Community feedback

Coevolutionary mosaic
Food web (trophic)

Communities of plants and fungi
Biotic communities and ecosystems

Pedogenesis Ecosystems

Resource availability Brouwer 1983, Treseder and

Allen 2002, Johnson et al. 2003

Schwartz and Hoeksema 1998,
Hoeksema and Schwartz 2003

Bousquet and Le Page 2004

Resource availability

Resource availability or the states
of other agents

Symbiotic effects on populations Bever et al. 1997, 2002,

Bever 1999
Thompson 2005

Hunt et al. 1987, Moore et al.
2003

Miller and Jastrow 1990,
Jastrow and Miller 1998

Evolutionary processes
Exchange of matter and energy

Biotic and abiotic responses to
inputs of matter and energy

fertility is low because carbon fixation is limited by mineral
nutrients; at high soil fertility, however, neither fungus nor host
plant is nutrient limited, and fertilization will cause mycor-
rhizal biomass to decline as host plants allocate less photo-
synthate belowground to roots and mycorrhizae (figure 2).
Such resource-induced shifts in biomass allocation between
hosts and fungi suggest that the functional equilibrium model
can be extended to include allocation to mycorrhizal struc-
tures (Johnson et al. 2003).

NorP
limitation of plant

Y

Mycorrhizal
biomass

_ > —
Nor P C limitation
limitation of fungus  of fungus

Low H
Ambient soil fertility

Figure 2. Treseder and Allen’s (2002) model of the rela-
tionship between mycorrhizal biomass and resource
availability. In very low-fertility soil (yellow zone),
mycorrhizal biomass is expected to increase when soils
are enriched with nitrogen (N) and phosphorus (P),
because both fungi and plants are limited by these nutri-
ents. In high-fertility soil (green zone), host plants are not
nutrient limited, and fertilization is expected to reduce
mycorrhizal growth because carbon (C) becomes more
limited to the fungi as the host plant allocates more C
above ground and less below ground.
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Fungal morphology has been incorporated into the func-
tional equilibrium model by differentiating mycorrhizal fun-
gal structures according to the functions they serve in the
symbiosis (Johnson et al. 2003). Vast networks of extraradi-
cal hyphae extend into the soil and forage for nutrients (fig-
ure 3a, 3b). Hartig nets in ectomycorrhizal (EM) fungi, and
arbuscules and intraradical coils in arbuscular mycorrhizal
(AM) fungi, are sites for resource exchange between fungi and
host plants (figure 3c, 3d). These fungal structures acquire and
exchange nutrients and water between fungi and their host
plants. In contrast, reproductive structures in EM fungi and
spores in AM fungi (figure 3e, 3f) only consume plant car-
bon and never supply nutrients or water to the host. If bio-
mass allocation in mycorrhizal fungi were influenced by the
nutrient status of the host plant, then we would predict
greater allocation to supplier structures in low-fertility soil than
in high-fertility environments. Empirical studies have sup-
ported these predictions, as extraradical hyphae and arbus-
cules are positively correlated with benefits provided to host
plants (Graham et al. 1982, Johnson 1993) and the relative al-
location to both AM and EM supplier structures is reduced
by fertilization (Johnson et al. 2003, Nilsson and Wallander
2003). Also, we expect to see differentiation by plant hosts in
terms of carbon allocation to individual fungal genotypes
according to the nutrient benefits that they deliver (Hoeksema
and Kummel 2003).

More studies are needed to understand the relationship be-
tween mycorrhizal functioning and allocation to structures
involved with resource acquisition and transfer in natural
ecosystems. This line of research should be encouraged, be-
cause linking easily measured structural characteristics with
function will help define concrete goals for mycorrhizal man-
agement, particularly in systems that are traditionally fertil-
ized. There is a growing recognition that in fertilized systems
the relative proportions of nitrogen, phosphorus, and carbon
(i.e., light or another surrogate for photosynthetic rate) may
have as much impact on mycorrhizal allocation and func-
tioning as the absolute availability of any one element in iso-
lation. Economic models can be used to help understand
the synergistic effects of multiple resources on mycorrhizal
function.
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in pore spaces too small
to be accessible to the
root

S.

9 source exchange between species are
defined by variation in this stoi-
chiometry (box 1). One appealing
aspect of these models when ap-
plied to mycorrhizae is that they
predict how relationships between
fungi and plants may shift for
either trading partner, depending

)

Resource transfer—
hyphal structures internal
to the root serve as areas
of exchange of carbon and
mineral nutrients

on changes in resource availability.

Departures from these predic-
tions would suggest that one or
more of the model assumptions are
false. For example, the model illus-
trated in box 1 assumes that carbon
and phosphorus are the only fac-
tors determining the net outcome of
interactions between species on in-

Fungal reproduction—
EM fungi produce
macroscopic fruiting
bodies, while AM fungi
produce single spores or
sporocarps on soil hyphae
or inside plant roots

dividual fitness (e.g., whether an in-
teraction is mutualistic or parasitic).
If one fungus was superior to an-
other in providing plant defenses
and protecting the plant from
pathogens, then plant fitness would
be affected accordingly in environ-
ments containing pathogens. Gaug-
ing the net benefit to the plant
through combined positive effects of

Figure 3. Resource acquisition, resource transfer, and fungal reproduction in the func-
tional equilibrium model. The relative allocation of biomass to different fungal struc-
tures can provide insights into mycorrhizal function. The external mycelia of (a)
ectomycorrhizal (EM) and (b) arbuscular mycorrhizal (AM) fungi forage for soil
resources. Structures involved with transferring resources among fungi and plant hosts
include (c) EM Hartig nets and (d) arbuscules. Reproductive structures that are not in-
volved in resource transfer include (e) EM mushrooms and (f) AM spores. Photographs:
R. Michael Miller (a), Julie Wolf (b, d), Randy Swaty (c), Jason D. Hoeksema (e), V. Bala

Chaudhary (f).

Economic models. Models of comparative advantage in “bio-
logical markets” (Schwartz and Hoeksema 1998, Hoeksema
and Schwartz 2003) use economic principles to predict re-
source exchange among individuals. These models explicitly
consider how species interactions are affected by variation
among species of potential trading partners in the stoi-
chiometry of their resource acquisition abilities and resource
requirements (e.g., carbon:phosphorus ratios in the tissues and
metabolisms of organisms). Variation in the concentration of
elements in the tissues and metabolisms of organisms can be
a powerful tool to elucidate the dynamics of interspecific re-
lationships and ecosystem processes (Sterner and Elser 2002)
and is an emerging theme in several approaches to modeling
mycorrhizal symbioses.

Stoichiometry is represented explicitly in the comparative-
advantage models by vectors that show optimal resource
requirements and acquisition abilities, and these models
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plant defense and negative effects
of resource exchange requires a
more elaborate model of the ex-
change of goods and services within
a complex community of organ-
isms. Another key assumption of
the model—one that remains
untested—is that the exchange rate
of plant carbon for fungal mineral
nutrients is determined by condi-
tions analogous to a fair market.

Thus, although the model is useful in suggesting testable
hypotheses and in guiding informative experimentation and
data collection for simple communities, additional model
development is required to capture the complexity of real
ecosystems. Some of this complexity may be addressed by
agent-based models.

Integrative, agent-based models. Agent-based models, some-
times referred to as “individual-based” models or “multiagent
systems” (Bousquet and Le Page 2004), have their origins in
computer science and complex-systems theory. These mod-
els provide a framework for exploring the spatial and temporal
complexity of mycorrhizal systems by defining relatively sim-
ple transition rules that govern the response of a given agent,
such as a mycorrhizal plant or fungus, to the states of other
agents or environmental conditions. Nonlinear, chaotic, or
“self-organizing” patterns often emerge from agents interacting
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Box 1. An economic model applied to mycorrhizal function.

The figure below illustrates the fitness gain from resource exchange between a hypothetical mycorrhiza-dependent plant and two hypothet-
ical mycorrhizal fungi under ambient and elevated concentrations of atmospheric carbon dioxide (CO,), using concepts from the compar-
ative-advantage biological market model (Schwartz and Hoeksema 1998, Hoeksema and Schwartz 2003 ).

Conditions. The axes represent total carbon (C) and phosphorus (P) acquisition per unit of time. Stoichiometry of resource requirements
for each species is modeled by vectors (arrows) representing the ratio of optimal consumption of the two resources. The fitness of a species
is maximized by acquiring resources along its vector as far as possible from the origin. The relative slopes of the vectors (green for the
plant, blue for fungus A, and red for fungus B) imply that the plant has a higher relative requirement, compared with the fungi, for carbon
than for phosphorus. The slopes of the vectors also imply that fungus B has a higher relative requirement for phosphorus than fungus A.
The green dotted lines represent the resource acquisition constraints for the plant, showing the maximum amounts of the two resources
the plant can acquire in the absence of trade with mycorrhizal fungi. Two acquisition constraints are shown for each plant, one under
ambient [CO,] (square brackets indicate molar concentrations) and one under elevated [CO,]. The plant has both a higher relative ability
to acquire carbon (through photosynthesis) than phosphorus, as indicated by the relative intersection points of the constraint line with the
C and P axes, and an increased ability to acquire carbon under elevated [CO,]. Points 1 and 3 indicate plant fitness in the absence of trade
with mycorrhizal fungi, under ambient and elevated [CO,], respectively. Point 5 shows the resource acquisition stoichiometry for the fungi,
and the use of a point on the P axis rather than a constraint line connecting the P axis to the C axis makes explicit the assumption that
these fungi lack the ability to acquire carbon in the absence of trade with plants. The placement of the point along the P axis represents the
maximum ability of the fungus to acquire phosphorus, and fungus A has a greater ability than fungus B to uptake phosphorus from the
soil. Both fungi are assumed to have zero fitness in the absence of a host plant because of their inability to acquire carbon without a host.

The black dashed lines represent maximum carbon and phosphorus acquisition by plants and fungi when trading with each other, under a
scenario in which plants specialize in carbon acquisition, and trade carbon to the fungi for phosphorus. Fitness gain for the plant through
trade with either fungus is indicated by the increase in distance from the origin between points 1 and 2 under ambient [CO,] and between
points 3 and 4 under elevated [CO,]. Fitness gain (from zero) for the fungus through trade with the plant is indicated by the distance from
the origin to points 6 and 7 under ambient or elevated [CO,], respectively.

Predictions. Under these conditions, the

model makes three predictions: (1) The
plant will benefit more from trade with
fungus A than from trade with fungus B,
largely because of the assumption that
fungus A has a higher rate of uptake of
P from the soil; (2) this difference in

CO, Elev

Trade of C and P
between plant and
Fungus A

Plant

f Fungus A

Co, Elev |

Trade of C and P
between plant and
Fungus B

Plant

benefit to the plant between fungus A i
and fungus B will be especially notice- 5 Rl
able under elevated [CO,J; and (3) SE
under elevated [CO,], fungus A will COz Amb1,, !?
benefit more from trade with the plant 1

is driven by two assumptions: that fun-

than will fungus B. The latter prediction ~

CO, Amb Fungus B

P

gus A requires more carbon relative to

phosphorus in its metabolism than fun-

2005).

gus B, and that fungus A is better able to acquire P than fungus B. Both of these differences would result in fungus A being more C limited
and less P limited than fungus B. These predictions are largely consistent with some recent experimental results for interactions among
four plant species and two species of arbuscular mycorrhizal fungi under ambient and elevated concentrations of CO, (Johnson NC et al.

in this way. Transition rules can be quantitatively defined in
terms of differences among mycorrhizal fungal taxa in their
demands for carbon and in their capabilities for nutrient
uptake and exchange with plants.

Box 2 illustrates an example of the output from a nonspatial
agent-based model based on the ecological stoichiometry of
three species of mycorrhizal fungi and a host plant. Assum-
ing that mycorrhizal fungal taxa are likely to differ function-
ally, the input parameters are defined as (a) profiles describing
the uptake, growth, and movement of nutrients to and from
the host plant for three fungal taxa and one host plant, and
(b) matrices describing soil conditions in terms of the avail-
ability of multiple soil nutrients. The simulation in box 2 is
assumed to model the rhizosphere of an oak that can be

www.biosciencemag.org

infected with both AM and EM fungi. In this case, plant bio-
mass after one growth season is depicted as a function of the
composition of its mycorrhizal fungal community and of
the availability of inorganic phosphorus and nitrogen at
three levels of organic nitrogen.

One consequence of this model is the emergence of quasi-
economic “exchange rates” between plant and fungi, as
assumed in biological market models. Furthermore, chang-
ing even one of the fungal functional types or nutrient con-
ditions can alter the growth response of host plants in highly
nonlinear ways. Nesting multiple instances of local plant—
fungal interactions within individual “cells” of two- or three-
dimensional simulations (i.e., cellular automata) will broaden
the scope of this type of model. Simulating spatial context

November 2006 / Vol. 56 No. 11 + BioScience 893
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(Molofsky and Bever 2004) will enable investigators to explore
the ecological and evolutionary consequences of mycorrhizal
networks (Southworth et al. 2005) and metacommunity
structure (Leibold et al. 2004) over time. Once embedded in
a spatial context, this type of integrative simulation model can
also be expected to produce results consistent with commu-
nity feedback models.

Community feedback models. Community-scale models have
also been constructed from population growth models that
incorporate terms for both host and fungal symbionts. For ex-
ample, Umbanhowar and McCann (2005) and Neuhauser and
Fargione (2004) used mathematical models to study the im-
pact of nutrient exchange on mycorrhizal community dy-
namics. Both studies examined three species communities
(two plant species interacting with one fungus and one plant
interacting with two fungal species, respectively) and found
that diversity of the two-species guild was dependent on the
availability of resources. Umbanhowar and McCann (2005)
showed that if increasing light availability affected the my-
corrhizal benefits of two plant species differently, then the sym-
biosis could mediate a change in the order of competitive
dominance of the plant species when light conditions were
changed. Exploration of these potential dynamics in larger
communities is hampered by the escalating complexity and
corresponding increase in the number of parameters.

Insight into mycorrhizal effects on community dynamics
may be gained by focusing on empirical evidence for host
specificity within mycorrhizal interactions rather than on
the population dynamics of all of the plants and fungi within
the community. Many species of EM fungi associate with
particular species of plants, and although individual species
of AM fungi may associate with many different plant species
and are often regarded as having low specificity of association,
there is also solid evidence that species of AM fungi associ-
ate preferentially with particular plant species (Fitter 2005).
Plant growth varies with species of mycorrhizal fungi (Chu-
Chou and Grace 1985, Klironomos 2003), and fungal growth
depends on the identity of the plant with which the fungi are
associated (Molina and Trappe 1994, Bever 2002a, 2002b).
Consequently, the composition of mycorrhizal fungal com-
munities changes as a result of association with different
plant species (Bever et al. 1996, Johnson et al. 1992a) and, sim-
ilarly, the composition of plant communities changes as a re-
sult of the species of associated fungi (van der Heijden et al.
2003).

This reciprocity among species in their effects generates
interdependence of plant and fungal populations and has
important consequences on community and coevolutionary
dynamics. Host-specific changes in populations and com-
munities of mycorrhizal fungi could lead to increases (i.e., pos-
itive feedback) or to decreases (i.e., negative feedback) in the
relative biomass of the most abundant plant species (figure
4; Bever 1999). Although the conditions leading to these two
dynamics can be complicated by nonlinear responses to mul-
tiple infections (Golubski 2002), positive feedback can result
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from symmetry in fitness relationships in which the fungus
that promotes the growth of a given plant is also the fungus
that has the highest growth rate on that plant host. As a
result, an initially high frequency of one plant type will result
in an increase in the abundance of its preferred fungus, which
thereby increases the plant’s growth rate relative to that of other
plants, ultimately leading to the exclusion of the less common
species. In a coevolutionary context, positive feedback can lead
to greater strength of mutualism and potentially to coadap-
tation of mutualist partners (Bever 1999).

Alternatively, negative feedbacks are manifested when the
presence of one plant can facilitate the growth of a second
plant species through changes in the composition of the my-
corrhizal fungal community (Bever 1999). This dynamic
results from asymmetric fitness relations, in which the
fungus that promotes the growth of a given plant has the high-
est growth rate on a second plant species. As a result, the my-
corrhizal fungal community feedbacks will contribute directly
to the coexistence of competing plant species. In a coevolu-
tionary context, negative feedback will reduce the strength of
mutualism over time and lead to fluctuating polymorphisms
(Bever 1999).

Terrestrial eutrophication can be expected to alter these
feedbacks. According to the functional equilibrium model, soil
fertilization should stimulate fast-growing and less myco-
trophic plants as light limitation increases and nutrient
limitation decreases. This perturbation would be expected to
favor positive mycorrhizal feedbacks and reduce plant
diversity if the dominant mycorrhizal fungi reinforce the
dominance of eutrophilic plant species.

Detecting mycorrhizal feedbacks on plant growth through
the mycorrhizal community is made difficult by the poten-
tially confounding effects of the accumulation of host-specific
pathogens and changes in rhizosphere bacteria (Bever 2002a,
Bever et al. 2002). Klironomos (2002) found that the growth
of dominant plant species was generally increased by en-
demic communities of mycorrhizal fungi (i.e., positive feed-
back), even though other soil microorganisms usually
generated negative feedback. Alternatively, negative feedback
through changes in the AM fungal community was observed
in a study that eliminated pathogens (Bever 2002b). The rel-
ative frequency and spatial distribution of positive and neg-
ative mycorrhizal feedbacks within plant communities remain
to be investigated. Future studies will be facilitated by recent
developments in spatial ecology.

Coevolutionary mosaic model. Ecological and evolutionary dy-
namics of mycorrhizal symbioses in one community can be
influenced by those in another, because variation in function
among populations of plants and fungi may be spatially
linked through dispersal. This phenomenon is a component
of the geographic mosaic theory of coevolution (Thompson
2005). For example, because mycorrhizal symbioses can vary
across a continuum from mutualism to parasitism, positive
feedbacks between mutualistic genotypes may generate local
adaptation between plant and fungal genotypes and favor
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Box 2. Sample output from an agent-based simulation model

built on mycorrhizal ecological stoichiometry.

In the figure below, plant growth after one hypothetical growing season is plotted against ranges of available inorganic phosphorus (P)
and nitrogen (N). (Units are relative indices linearly related to grams of nutrient per gram of soil.) The three response surfaces correspond
to discrete levels of available organic N. Initial conditions and transition rules for this model are entered as sets of values defining the
starting biomass, the intrinsic rate of growth, the rate of nutrient uptake, and the percentage of nutrients in each organism/agent’s biomass
that is available for sharing with its symbiont or symbionts. Soil nutrient availability is modeled to resemble conditions in a chemostat,
with specified initial availabilities, inflow and outflow rates, and saturation levels for each nutrient of interest. Each iterated cycle of the
simulation comprises three phases: (1) resource uptake/fixation, (2) nutrient exchange, and (3) growth of each organism/agent. The
quantitative outputs from each cycle are fed back into the simulation as the initial state of the next cycle.

In this example, the increase in plant biomass
has been parameterized to simulate growth
from 1 gram to 1 kilogram over the course
of a growing season (2500 iterations) under
ideal nutrient conditions and in the absence
of mycorrhizal fungi. The simulated plant is
modeled after seedlings of coast live oak in
southern California, where N deposition
plays a significant ecological role (Allen et al.
1998). Because these and many other oaks
can form both arbuscular mycorrhizal (AM)
and ectomycorrhizal (EM) associations
simultaneously, the fungal types are modeled
as one AM taxon and two functionally dis-
tinct EM taxa. Although precise rates of
nutrient uptake and exchange are poorly
understood at present, parameter values
describing relative uptake and sharing have
been estimated on the basis of current

Plant biomass (g)

EM fungi are assumed to exude proteolytic

understanding of mycorrhizal function. Inorganic P

Organic N

Inorganic N

parameters.

predictive realm.

enzymes that enable uptake of N or P from organic compounds, while AM fungi are assumed to be more efficient at uptake of inorganic
compounds. Movement of N and P across the mycorrhizal interface is assumed to be one-way from fungus to plant, and carbon is
assumed to flow only from plant to fungus; however, the total quantities exchanged in the model can be thought of as net quantities of
bidirectional movement. Micronutrients have been omitted here, but the model can be modified to include any number of nutrient

The unique attribute of this type of model lies in its capacity for revealing and predicting nonlinear dynamics in complex mycorrhizal
interactions. The stoichiometry of a single community of fungi interacting with host plant functionality and differences in soil nutrient
status (within the ranges defined in this set of parameters) can alter plant growth in unexpected ways: At low or high levels of available
organic N, inorganic N has a stronger effect than inorganic P. In contrast, plant growth responds more strongly to inorganic P at moderate
levels of organic N availability. Like most theoretical models, this integrative simulation can also point to deficiencies in existing data—a
good example being the scarcity of data quantifying rates of nutrient movement through mycorrhizal systems. Experimental determination
of these rates will allow more realistic parameterization and will help to move this type of model from the purely theoretical into the

fixation of mutualistic alleles in one community, while neg-
ative feedbacks between antagonistic genotypes may gener-
ate fluctuating polymorphisms in another nearby community
of the same species. Gene flow linking the two communities
could prevent fixation of mutualistic alleles in the first
community, dampen the effects of negative feedbacks in the
second community, or prevent local adaptation between
plants and fungi.

With the advent of changing climates, terrestrial eutro-
phication, and exotic plant invasions, resource managers
should consider patterns of gene flow among, and local adap-
tation within, populations of plants and mycorrhizal fungi in
order to match plant and fungal genotypes more effectively
with each other and with the environment. However, we
should not assume that plant performance will be higher in

www.biosciencemag.org

local combinations of plant and fungal genotypes. At least two
theoretical results indicate that plant performance is not
always higher in sympatric plant—fungus pairings. First, the
geographic mosaic theory of coevolution (Thompson 2005)
predicts that inherent variation in coevolutionary dynamics
among populations, combined with trait remixing among
communities as a result of gene flow and genetic drift, will oc-
casionally produce maladaptation in interspecific interac-
tions (Thompson et al. 2002). Second, if generation times or
gene flow rates differ significantly between host and symbionts,
or if selection is asymmetric, then local adaptation or the ben-
efits derived from the symbiosis may also be asymmetric
(Gandon and Michalakis 2002). For mycorrhizal symbioses,
this could mean that fungi are well adapted to local host
plant genotypes, while plants are not well adapted to local
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Figure 4. Community dynamics due to feedback between plant and mycorrhizal
fungal communities. Two distinct dynamics result from the mutual interdepen-
dence of plant and fungal relative growth rates (Bever 1999). The direction of
benefit delivered between two plant species, P, and P,, and their arbuscular my-
corrhizal (AM) fungal mutualists, F A and F,, are indicated by the arrows, with
the thickness of the arrows indicating the magnitude of benefit. When the deliv-
ery of benefit is symmetric between plants and fungi (a), a positive feedback dy-
namic results (c). Under positive feedback, the AM fungal community changes in
a way that facilitates the success of the plant species that is initially numerically
dominant. A different dynamic results when the delivery of benefit between the
plant and fungus is strongly asymmetric (b). In this case, an initial abundance of
one plant species causes the soil community to change in a way that facilitates the
growth of the competing plant species (d). This negative feedback on plant bio-
mass through changes in the composition of the AM fungal community can con-
tribute directly to plant species coexistence. Panels a and b are modified from

For example, these models show that
aboveground herbivory can initiate plant
growth responses that change allocation of
carbon from roots to shoots, thereby in-
directly affecting mycorrhizal interactions.
Likewise, soil invertebrates that eat my-
corrhizal fungi will directly affect the
plant—fungus interaction (Moore et al.
1985, Klironomos and Moutoglis 1999,
Johnson D et al. 2005). Early formulations
of food web models that included mycor-
rhizae and other symbioses were largely de-
scriptive, with the impacts of the symbiosis
on community dynamics implied from
the positioning and magnitudes of the in-
teraction coefficients within the commu-
nity matrices (Cohen 1978).

Hunt and colleagues (1987) include my-
corrhizae in their description of the soil
food webs of the North American short-
grass steppe. This model is based on sim-
ple trophic dynamics and mass balance,
allowing for bidirectional flow of carbon
and nitrogen, currencies that are linked to
mycorrhizal biomass and function. Flow of
carbon from plant roots to mycorrhizal
fungi is assumed to be at a steady state in
which plant carbon is consumed by the
fungus at a rate needed to offset fungal
metabolism, the annual death rate of the
fungus, and losses due to consumption by

Bever et al. 1997, and panels c and d are modified from Bever et al. 2002.

fungus genotypes. Fungi that are well adapted to their host
plants can cause poor performance of host plants if they
place a higher carbon demand on the plant or allow the plant
less control over the symbiosis, or both. This phenomenon
could account for the declining yields that are often observed
when crops are continuously grown on the same sites. For ex-
ample, empirical studies suggest that crop monocultures can
select for parasitic AM fungi in highly fertilized agricultural
and natural systems (Johnson et al. 1992b, Johnson 1993).

More data are needed to describe the specific patterns and
scales for which the geographic mosaic model might be ap-
propriate for describing mycorrhizal interactions. Specifi-
cally, researchers need to better understand the situations in
which mycorrhizal interactions may generate diverse co-
evolutionary dynamics among populations that can be linked
by gene flow and metapopulation dynamics.

Food web (trophic) models. All of the models considered so
far have focused on interactions among mycorrhizal fungi and
plants (table 1). Food web, or trophic, models can link the
feeding and nutrient interactions among plants and my-
corrhizal fungi with interactions among other organisms.
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arthropods and nematodes. Flow of nitro-
gen to plants is governed by the carbon:
nitrogen ratio of the fungus and by rates
of mineralization.

Moore and colleagues (2003) use trophic dynamic mod-
els to explore mycorrhizal mediation of plant, herbivore, and
predator responses to nutrient enrichment. The plants, her-
bivores, and predators are modeled as a linear food chain, with
each consumer-resource interaction governed by a Holling
type II functional response (i.e., feeding rates are highest at
low resource levels, are lower at intermediate resource levels,
and level off at high resource levels; Holling 1959), using the
parameterization presented by Hastings and Powell (1991).
The mycorrhizal interaction is modeled implicitly as an ex-
tension of the plant root. The mycorrhizal root consumes ni-
trogen from a separate inorganic nitrogen pool, with the
uptake rate governed by a type II functional response. Vary-
ing the half-saturation constant of the type II functional re-
sponse to alter the effectiveness of mycorrhizal interactions,
and thus changing the availability of nutrients, has the same
effect as changing the uptake rate via other mechanisms. Not
surprisingly, altering the uptake of nitrogen affected the
dynamics of plants, herbivores, and predators above ground.
Specifically, the plant, herbivore, and predator biomasses
settled into a stable equilibrium when modeled at low levels
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of nitrogen availability and uptake by the plant. As nitrogen
availability and uptake increased, the aboveground compo-
nent transitioned into what appeared to be a stable limit cy-
cle and then into chaos.

Incorporating food web dynamics into population- and
community-level models can improve researchers’ and man-
agers’ ability to predict the outcomes of species interactions
across a range of soil nutrient levels and soil biotic commu-
nities. This is important for the use of mycorrhizae in restora-
tion scenarios, because many types of disturbance affect
nutrient availability and soil community structure.

Pedogenesis models. Fungal hyphae contribute to soil for-
mation thorough the creation and stabilization of soil ag-
gregates. Yet there is no theoretical framework that explicitly
links the plant—fungal symbiosis to the soil-forming processes
that are central to models of pedogenesis. Mycorrhizal fungi
directly change the physical and chemical environment sur-
rounding their hosts’ root systems by creating conditions
conducive to the formation and stabilization of soil aggregates.
Mycorrhizal hyphae mediate organic matter accrual, increase
soil stabilization, and reduce erosion. From a mechanistic point
of view, hyphae and roots can be viewed as a “sticky-string bag”
(Miller and Jastrow 2000). Both AM
and EM hyphae and associated
roots contribute to the entangle-
ment and enmeshment of soil par-
ticles to form macroaggregates B¢
(figure 5). AM fungi produce glo- @ Microaggregates

malin in their hyphal walls, and EM
fungi produce extracellular poly-
meric compounds that bind soil
particles and organic material to-

gether (Rilligand Mummey 2006). @®  Sittsized aggregates

Also, the recalcitrant nature of hy-

phae allows them to become carbon @ Clay microstructures

and nitrogen reservoirs and to play

crual in soils (Zhu and Miller 2003). saprophytic fung!

A framework that considers the
Mycorrhizal fungal hyphae

contributions of mycorrhizal fungi

to pedogenic processes needs to rec- ]
ognize the role of soil food webs []  binding agents
and the differences in fungal life

forms (Coleman et al. 1983). Fungi

90-250 and 20-90 pm

& Plant and fungal debris

.. . . Particulate organic matter
a critical role in organic matter ac- f being decomposed by

Pore space and organic

e Articles

varies depending on the species composition of the fungal
community and on whether carbon inputs come from an ac-
tively growing host or from the turnover of plant materials
during decomposition processes. Changes in the allocation
of carbon to roots and mycorrhizal fungi may shift the fun-
gal community from one dominated by mycorrhizae to one
dominated by saprotrophic forms. This shift could cascade
through the food web, affecting populations of fungivores and
bacteria that decompose fungal products, and thereby chang-
ing soil aggregate formation (figure 6; Moore et al. 1988,
2004).

During the coming decade, the associations among
macroaggregation, organic matter accumulation, and car-
bon sequestration in soils will be an important area of research.
The contributions of mycorrhizae within soil food webs will
no doubt be an important factor in this research. The chal-
lenge for researchers is both conceptual and methodological,
requiring us to better elucidate and measure the contributions
of mycorrhizal fungi to the formation and stabilization of soil
structure over a wide range of ecosystems, evaluated at rele-
vant temporal and spatial scales. The linkage we envision
would incorporate estimates of fungal biomass from dynam-
ic trophic models into a dynamic version of pedogenesis

Conceptual diagram of a macroaggregate

Plant root

vary considerably in the sources of ~ Figure 5. Conceptual diagram of a macroaggregate. The work of Jastrow and Miller
carbon that they consume. AM  (1998) in grassland ecosystems shows that roots and arbuscular mycorrhizal (AM)
fungi are assumed to be obligate  hyphae create the structural and physical milieu that enables microaggregates to form,
biotrophs and will cease growth in  enmesh, and bind together into larger macroaggregates. AM hyphae physically entangle
the absence of a living root system;  primary particles of soil, and glomalin (a glycoprotein produced by AM fungi) serves as
EM fungi exhibit a range of bio-  a binding agent at the microaggregate scale, with macroggregate-scale outcomes. The
trophic and saprotrophic abilities ~ macroaggregate shown here was formed and is transformed by a series of biotic inter-
(Hobbie et al. 2001); and many non-  actions occurring over different spatial and temporal scales. Models of pedogenesis and
mycorrhizal fungi are obligate soil organic matter dynamics capture these dynamics, but these models traditionally
saprotrophs. Hence, the contribu-  focus on the physical and chemical components, without implicit references to biota
tion of fungal hyphae to aggregation  (Six et al. 2000). Modified from Jastrow and Miller (1998).
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models. The hybrid model (figure 6) would require us to
estimate the population densities of the soil biota and the
production of fungal by-products, such as glomalin, that are
important to the formation of soil aggregates.

Linking models to mycorrhizal management

Gulliver’s experiences in Lilliput and Brobdingnag highlight
our bias for the spatial scale in which we live, and they also
illustrate an important distinction about the concept of scale.
Geometric scale relates to size hierarchies, and ecological
scale relates to organizational hierarchies. Although residents
of Lilliput were 6 inches tall and those of Brobdingnag were
60 feet tall, their organizational hierarchies (i.e., communi-
ties and social systems) were similar. This insight under-
scores the importance of complex interactions and emergent
properties in generating organizational hierarchies, concepts
that are critical for understanding how individual micro-
scopic soil organisms are linked to global scale biogeochem-
ical processes. It also provides a starting place for linking
models of mycorrhizal function to guide the management of
plant—soil systems.

Future models that integrate mycorrhizal functions across
scales will make it possible to (a) run “experiments” on a
much more rapid timescale and with greater control of
parameters than is possible with experimental systems in the
laboratory or field, (b) characterize and predict patterns in
nonlinear trajectories of mycorrhizal communities respond-
ing to variation in biotic and abiotic context, (c) use the
principles of ecological stoichiometry to describe the mech-
anisms and consequences of taxonomic variation in resource
exchange, and (d) construct a conceptual synthesis of the pre-
dictions of disparate theories of mycorrhizal function. Com-
munity composition within particular habitats may be
drastically altered by small changes in nutrient availability and
additions or subtractions of community members. The in-
herent sensitivity of complex systems even to slight pertur-
bations means that predictions inferred from measurements
taken at isolated moments or locations may be prone to fun-
damental errors. As Anand and Desrochers (2004) point out
for plant communities, effective management for conserva-
tion, restoration, or productivity requires the kind of aware-
ness that integrative models can provide with respect to
the functional dynamics inherent in complex mycorrhizal
communities.

Terrestrial ecosystem models predicting community pro-
ductivity, structure, and succession are usually based on sim-
ple resource availability and allometric relationships involving
plant biomass. Many of the forest models prioritize light
availability as the resource most limiting to community de-
velopment (Coates et al. 2003), with no coupling between
above- and belowground processes. Some of the models
include the effects of nutrient availability or water availabil-
ity, or both (Messier et al. 2003), but treat microbial media-
tion of resource availability as a black box. Mycorrhizal effects
on resource availability and biomass allocation patterns have
not been included in these models, partly because of
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Soil food web

Figure 6. Mycorrhizal interactions and pedogenesis. To
connect models designed to study trophic dynamics and
soil formation, researchers need to understand the physi-
cal and chemical properties of soils, the contributions of
mycorrhizal fungi and plant roots to soils, and the rates
at which the constituent products are formed. A new
generation of pedogenesis models of aggregate turnover
should include biota and capture the four processes
shown in this diagram: (1) Microaggregates form as
decomposing roots, fungal hyphae, glomalin, fecal mater-
ial, and other forms of detritus become encrusted with
mineral particles. (2) Decomposition continues through
the action of the soil food web, but at a slower rate due to
physical protection; consequently, the aggregate is stabi-
lized. (3) Slowed decomposition and intimate contact
with soil minerals in stable aggregate enable organic
matter to be humified or chemically protected by associa-
tion with the mineral fraction. (4) Eventually, organic
binding agents decompose sufficiently for the aggregate
to be destabilized, and the mineral fraction becomes en-
riched with new organic matter. Each step of this cycle
involves trophic exchanges within the soil food web
(Hunt et al. 1987, Moore et al. 2003).

insufficient information but also because of scaling differences.
Computing advances now present an opportunity for finer-
scale mycorrhizal models that predict carbon:nitrogen ratios
or biomass allocation relationships to inform larger-scale
ecosystem models in a metamodel environment. For exam-
ple, multiple models and data sets can be linked in an inte-
grated workflow using Kepler (http://kepler-project.org), an
open-source tool that is being developed collaboratively
and is based on the Ptolemy II system for heterogeneous,
concurrent modeling and design (http://ptolemy.eecs.berkeley.

edu/ptolemyll/).
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Similarly, mycorrhizal function models can be used to
inform global carbon cycle models for improved predictions
of atmospheric carbon dioxide (CO,) change, and to evalu-
ate the role of mycorrhizae for sequestering CO, and thereby
slowing the rate of the increase in atmospheric CO, (Li et al.
2003). Predictions of plant community shifts and effects on
productivity as a result of global environmental change can
be made more accurate with the combined application of bio-
logical market models and community feedback models.
The first type of model predicts how changing resource avail-
ability will shift the function of mycorrhizae, while the latter
is important for estimating community shifts. In fact, Kum-
mel and Salant (2006) recently showed how market princi-
ples could be used to construct a model that explicitly predicts
shifts in plant and mycorrhizal fungus communities in re-
sponse to changes in resource availability. Using the models
highlighted here to more accurately parameterize other mod-
els in a hierarchical relationship may be a fruitful approach
to understanding community and ecosystem responses to
global environmental change.

Enormous variation in mycorrhizal functioning exists
among different combinations of plant and fungal geno-
types or species. Most of the mycorrhizal models that are cur-
rently available focus on the implications of variation in
resource uptake and exchange. Although mycorrhizal effects
on soil properties, disease resistance, and trophic cascades are
not emphasized to the same extent in current models, these
functions are potentially important for understanding how
mycorrhizae contribute to ecosystems. We encourage future
efforts to develop methods for measuring mycorrhizal struc-
ture and function at relevant spatial and organizational
scales, and hope that researchers will apply this knowledge to
bring about a new generation of descriptive and predictive
models to guide management decisions.

Acknowledgments

This work was conducted as a part of the Narrowing the
Gap between Theory and Practice in Mycorrhizal Manage-
ment Working Group, supported by the National Center for
Ecological Analysis and Synthesis, which in turn is supported
by the National Science Foundation (NSF grant DEB-
0072909), the University of California at Santa Barbara, and
the state of California. This work was also supported by NSF
grants DEB-0415563 to C. G. and DEB-0316136 to N. C. .,
DEB-0120169 and DEB-0217631 to J. M., and DEB-0049080
to J. D. B.; by a BLM grant (JSA990018) to N. C.J.and V.B. C,;
and by Discovery grants from the Natural Sciences and
Engineering Research Council of Canada to J. K. and S. S. The
contribution from R. M. M. was supported by the US
Department of Energy, Office of Biological and Environ-
mental Research, under contract W-31-109-Eng-38. We
thank Lynette Abbott and Anne Pringle for helpful com-
ments on an earlier version of the manuscript, Julie Wolf for
supplying photographs for figure 3b and 3d, and Randy
Swaty for providing the photograph for figure 3c.

www.biosciencemag.org

nnnme Articles

References cited

Allen EB, Padgett PA, Bytnerowicz A, Minnich RA. 1998. Nitrogen
Deposition Effects on Coastal Sage Vegetation of Southern California.
Riverside (CA): Pacific Southwest Experimental Station, US Forest
Service. General Technical Report (PSW-GTR) 166.

Anand M, Desrochers RE. 2004. Quantification of restoration success
using complex systems concepts and models. Restoration Ecology 12:
117-123.

Bever JD. 1999. Dynamics within mutualism and the maintenance of
diversity: Inference from a model of interguild frequency dependence.
Ecology Letters 2: 52—-62.

. 2002a. Negative feedback within a mutualism: Host-specific

growth of mycorrhizal fungi reduces plant benefit. Proceedings of the

Royal Society of London B 269: 2595-2601.

. 2002b. Host-specificity of AM fungal population growth rates can
generate feedback on plant growth. Plant and Soil 244: 281-290.

Bever JD, Morton JB, Antonovics J, Schultz PA. 1996. Host-dependent
sporulation and species diversity of arbuscular mycorrhizal fungi in a
mown grassland. Journal of Ecology 84: 71-82.

Bever JD, Westover K, Antonovics J. 1997. Incorporating the soil commu-
nity into plant population dynamics: The utility of the feedback
approach. Journal of Ecology 85: 561-573.

Bever JD, Pringle A, Schultz P. 2002. Dynamics within the plant-AM
fungal mutualism: Testing the nature of community feedback. Pages
267-294 in van der Heijden MGA, Sanders IR, eds. Mycorrhizal
Ecology. Berlin: Springer-Verlag.

Bousquet F Le Page C. 2004. Multi-agent simulations and ecosystem
management: A review. Ecological Modelling 176: 313-332.

Brouwer R. 1983. Functional equilibrium: Sense or nonsense? Netherlands
Journal of Agricultural Science 31: 335-348.

Chu-Chou M, Grace LJ. 1985. Comparative efficiency of the mycorrhizal
fungi Laccaria lavvata, Hebeloma crustuliniforme and Rhizopogon
species on growth of radiate pine species. New Zealand Journal of
Botany 23: 417-424.

Coates KD, Canham CD, Beaudet M, Sachs DL, Messier C. 2003. Use of a
spatially explicit individual-tree model (SORTIE/BC) to explore the
implications of patchiness in structurally complex forests. Forest
Ecology and Management 186: 297-310.

Cohen JE. 1978. Food Webs in Niche Space. Princeton (NJ): Princeton
University Press.

Coleman DC, Reid CPP, Cole CV. 1983. Biological strategies of nutrient
cycling in soil systems. Pages 1-55 in MacFayden A, Ford ED, eds.
Advances in Ecological Research, vol. 13. London: Academic Press.

Fitter AH. 2005. Darkness visible: Reflections on underground ecology.
Journal of Ecology 93: 231-243.

Gandon S, Michalakis Y. 2002. Local adaptation, evolutionary potential
and host—parasite coevolution: Interactions between migration, muta-
tion, population size and generation time. Journal of Evolutionary
Biology 15: 451-462.

Golubski AJ. 2002. Potential impacts of multiple partners on mycorrhizal
community dynamics. Theoretical Population Biology 62: 47-62.
Graham JH, Linderman RG, Menge JA. 1982. Development of external
hyphae by different isolates of mycorrhizal Glomus spp. in relation to
root colonization and growth of Troyer citrange. New Phytologist 91:

183-189.

Hastings A, Powell T. 1991. Chaos in a three-species food chain. Ecology
72: 896-903.

Hobbie EA, Weber NS, Trappe JM. 2001. Mycorrhizal vs. saprotrophic
status of fungi: The isotopic evidence. New Phytologist 150: 601-610.

Hoeksema JD, Kummel M. 2003. Ecological persistence of the plant—
mycorrhizal mutualism: A hypothesis from species coexistence theory.
American Naturalist (suppl.) 162: S40-S50.

Hoeksema JD, Schwartz MW. 2003. Expanding comparative-advantage
biological market models: Contingency of mutualism on partners’
resource requirements and acquisition tradeoffs. Proceedings of the
Royal Society of London B 270: 913-919.

November 2006 / Vol. 56 No. 11 « BioScience 899


http://www.ingentaconnect.com/content/external-references?article=1061-2971()12L.117[aid=7529877]
http://www.ingentaconnect.com/content/external-references?article=1061-2971()12L.117[aid=7529877]
http://www.ingentaconnect.com/content/external-references?article=1461-023x()2L.52[aid=865000]
http://www.ingentaconnect.com/content/external-references?article=0032-079x()244L.281[aid=3278149]
http://www.ingentaconnect.com/content/external-references?article=0022-0477()84L.71[aid=2201757]
http://www.ingentaconnect.com/content/external-references?article=0022-0477()85L.561[aid=865001]
http://www.ingentaconnect.com/content/external-references?article=0304-3800()176L.313[aid=7132671]
http://www.ingentaconnect.com/content/external-references?article=0028-825X()23L.417[aid=7529875]
http://www.ingentaconnect.com/content/external-references?article=0028-825X()23L.417[aid=7529875]
http://www.ingentaconnect.com/content/external-references?article=0378-1127()186L.297[aid=7529874]
http://www.ingentaconnect.com/content/external-references?article=0378-1127()186L.297[aid=7529874]
http://www.ingentaconnect.com/content/external-references?article=0022-0477()93L.231[aid=7529873]
http://www.ingentaconnect.com/content/external-references?article=0022-0477()93L.231[aid=7529873]
http://www.ingentaconnect.com/content/external-references?article=1010-061X()15L.451[aid=7529872]
http://www.ingentaconnect.com/content/external-references?article=1010-061X()15L.451[aid=7529872]
http://www.ingentaconnect.com/content/external-references?article=0040-5809()62L.47[aid=7529871]
http://www.ingentaconnect.com/content/external-references?article=0012-9658()72L.896[aid=4805087]
http://www.ingentaconnect.com/content/external-references?article=0012-9658()72L.896[aid=4805087]
http://www.ingentaconnect.com/content/external-references?article=0028-646X()150L.601[aid=7529869]
http://www.biosciencemag.org

Articles enmmmmmn

Holling CS. 1959. The components of predation as revealed by a study of
small-mammal predation on the European pine sawfly. Canadian
Entomologist 91: 293-320.

Hunt HW, Coleman DC, Ingham ER, Ingham RE, Elliott ET, Moore JC,
Rose SL, Reid CPP, Morley CR. 1987. The detrital food web in a short-
grass prairie. Biology and Fertility of Soils 3: 57-68.

Jastrow JD, Miller RM. 1998. Soil aggregate stabilization and carbon
sequestration: Feedbacks through organomineral associations. Pages
207-223 in Lal R, Kimble J, Follett R, Stewart B, eds. Soil Processes and
the Carbon Cycle. Boca Raton (FL): CRC Press.

Johnson D, Krsek M, Wellington EMH, Stott AW, Cole L, Bardgett RD,
Read DJ, Leake JR. 2005. Soil invertebrates disrupt carbon flow
through fungal networks. Science 309: 1047.

Johnson NC. 1993. Can fertilization of soil select less mutualistic mycor-
rhizae? Ecological Applications 3: 749-757.

Johnson NC, Tilman D, Wedin D. 1992a. Plant and soil controls on
mycorrhizal fungal communities. Ecology 73: 2034-2042.

Johnson NC, Copeland PJ, Crookston RK, Pfleger FL. 1992b. Mycorrhizae:
Possible explanation for yield decline with continuous corn and soy-
bean. Agronomy Journal 84: 387-390.

Johnson NC, Rowland DL, Corkidi L, Egerton-Warburton L, Allen EB.
2003. Nitrogen enrichment alters mycorrhizal allocation at five mesic
to semiarid grasslands. Ecology 84: 1895-1908.

Johnson NC, Wolf ], Reyes MA, Panter A, Koch GW, Redman A. 2005.
Species of plants and associated AM fungi mediate mycorrhizal
responses to CO, enrichment. Global Change Biology 11: 1156-1166.

Klironomos JN. 2002. Feedback with soil biota contributes to plant rarity
and invasiveness in communities. Nature 417: 67-70.

.2003. Variation in plant response to native and exotic mycorrhizal
fungi. Ecology 84: 2292-2301.

Klironomos JN, Moutoglis P. 1999. Colonization of non-mycorrhizal
plants by mycorrhizal neighbors as influenced by the collembolan
Folsomia candida. Biology and Fertility of Soils 29: 277-281.

Kummel M, Salant SW. 2006. The economics of mutualisms: Optimal uti-
lization of mycorrhizal mutualistic partners by plants. Ecology 87:
892-902.

Leibold MA, et al. 2004. The metacommunity concept: A framework for
multi-scale community ecology. Ecology Letters 7: 601-613.

Li Z, Kurz WA, Apps MJ, Beukema SJ. 2003. Belowground biomass dynam-
ics in the Carbon Budget Model of the Canadian Forest Sector: Recent
improvements and implications for the estimation of NPP and NEP.
Canadian Journal of Forest Research 33: 126—136.

Messier C, Fortin M-J, Schmiegelow F, Doyon F, Cumming SG, Kimmins
JP, Seely B, Welham C, Nelson J. 2003. Modelling tools to assess the sus-
tainability of forest management scenarios. Pages 531-580 in Burton
PJ, Messier C, Smith DW, Adamowicz WL, eds. Towards Sustainable
Management of the Boreal Forest. Ottawa (Canada): NRC Research
Press.

Miller RM, Jastrow JD. 1990. Hierarchy of root and mycorrhizal fungal
interactions with soil aggregation. Soil Biology and Biochemistry 22:
579-584.

. 2000. Mycorrhizal fungi influence soil structure. Pages 3-18 in
Kapulnik Y, Douds DDJ, eds. Arbuscular Mycorrhizas: Physiology and
Function. Dordrecht (The Netherlands): Kluwer Academic.

900 BioScience ¢ November 2006 / Vol. 56 No. 11

Molina R, Trappe JM. 1994. Biology of the ectomycorrhizal genus Rhizo-
pogon, 1: Host associations, host-specificity and pure culture syntheses.
New Phytologist 126: 653—675.

Molofsky J, Bever JD. 2004. A new kind of ecology? BioScience 54:
440-446.

Moore JC, St. John TV, Coleman DC. 1985. Ingestion of vesicular—
mycorrhizal hyphae and spores by soil microarthropods. Ecology 66:
179-1981.

Moore JC, Walter DE, Hunt HW. 1988. Arthropod regulation of micro-
and mesobiota in belowground detrital based food webs. Annual
Review of Entomology 33: 419-439.

Moore JC, McCann K, Setild H, de Ruiter PC. 2003. Top-down is bottom-
up: Does predation in the rhizosphere regulate aboveground dynam-
ics? Ecology 84: 846-857.

Moore JC, et al. 2004. Detritus, trophic dynamics, and biodiversity. Ecol-
ogy Letters 7: 584—600.

Neuhauser C, Fargione JE. 2004. A mutualism—parasitism continuum
model and its application to plant-mycorrhizae interactions. Eco-
logical Modeling 177: 337-352.

Nilsson LO, Wallander H. 2003. Production of external mycelium by ecto-
mycorrhizal fungi in a Norway spruce forest was reduced in response
to nitrogen fertilization. New Phytologist 158: 409—416.

Rillig MC, Mummey DL. 2006. Mycorrhizas and soil structure. New
Phytologist 171: 41-53.

Schwartz M, Hoeksema J. 1998. Specialization and resource trade: Bio-

logical markets as a model of mutualisms. Ecology 79: 1029-1038.

Six J, Merckx R, Kimpe K, Paustian K, Elliott ET. 2000. A re-evaluation of
the enriched labile soil organic matter fraction. European Journal of
Soil Science 51: 283-293. -

Southworth D, He X-H, Swenson W, Bledsoe CS. 2005. Application of
network theory to potential mycorrhizal networks. Mycorrhiza 15:
589-595.

Sterner RW, Elser JJ. 2002. Ecological Stoichiometry: The Biology of
Elements from Molecules to the Biosphere. Princeton (NJ): Princeton
University Press.

Swift J. 1726. Gulliver’s Travels. Originally published by Benjamin Motte Jr.
Reprint, London: Penguin Classics, 2001.

Thompson JN. 2005. The Geographic Mosaic of Coevolution. Chicago:
University of Chicago Press.

Thompson JN, Nuismer SL, Gomulkiewicz R. 2002. Coevolution and
maladaptation. Integrative and Comparative Biology 42: 381-387.
Treseder KK, Allen MF. 2002. Direct nitrogen and phosphorus limitation
of arbuscular mycorrhizal fungi: A model and field test. New Phytol-

ogist 155: 507-515.

Umbanhowar J, McCann K. 2005. Simple rules for the coexistence and
competitive dominance of plants mediated by mycorrhizal fungi. Ecol-
ogy Letters 8: 247-252.

van der Heijden M, Wiemken A, Sanders IR. 2003. Different arbuscular
mycorrhizal fungi alter coexistence and resource distribution between
co-occurring plants. New Phytologist 157: 569—578.

Zhu Y-G, Miller RM. 2003. Carbon cycling by arbuscular mycorrhizal
fungi in soil-plant systems. Trends in Plant Science 8: 407—409.

www.biosciencemag.org



http://www.ingentaconnect.com/content/external-references?article=0178-2762()3L.57[aid=5110550]
http://www.ingentaconnect.com/content/external-references?article=0036-8075()309L.1047[aid=7529898]
http://www.ingentaconnect.com/content/external-references?article=0012-9658()73L.2034[aid=1936747]
http://www.ingentaconnect.com/content/external-references?article=1354-1013()11L.1156[aid=7529895]
http://www.ingentaconnect.com/content/external-references?article=0028-0836()417L.67[aid=3278157]
http://www.ingentaconnect.com/content/external-references?article=0178-2762()29L.277[aid=7529894]
http://www.ingentaconnect.com/content/external-references?article=0012-9658()87L.892[aid=7529893]
http://www.ingentaconnect.com/content/external-references?article=0012-9658()87L.892[aid=7529893]
http://www.ingentaconnect.com/content/external-references?article=1461-023X()7L.601[aid=7529892]
http://www.ingentaconnect.com/content/external-references?article=0045-5067()33L.126[aid=7529891]
http://www.ingentaconnect.com/content/external-references?article=0038-0717()22L.579[aid=6747052]
http://www.ingentaconnect.com/content/external-references?article=0038-0717()22L.579[aid=6747052]
http://www.ingentaconnect.com/content/external-references?article=0028-646X()126L.653[aid=7376375]
http://www.ingentaconnect.com/content/external-references?article=0066-4170()33L.419[aid=7691]
http://www.ingentaconnect.com/content/external-references?article=0066-4170()33L.419[aid=7691]
http://www.ingentaconnect.com/content/external-references?article=1461-023X()7L.584[aid=7529889]
http://www.ingentaconnect.com/content/external-references?article=1461-023X()7L.584[aid=7529889]
http://www.ingentaconnect.com/content/external-references?article=0028-646X()158L.409[aid=7529887]
http://www.ingentaconnect.com/content/external-references?article=0028-646X()171L.41[aid=7529886]
http://www.ingentaconnect.com/content/external-references?article=0028-646X()171L.41[aid=7529886]
http://www.ingentaconnect.com/content/external-references?article=0012-9658()79L.1029[aid=525551]
http://www.ingentaconnect.com/content/external-references?article=1351-0754()51L.283[aid=7529885]
http://www.ingentaconnect.com/content/external-references?article=1351-0754()51L.283[aid=7529885]
http://www.ingentaconnect.com/content/external-references?article=0940-6360()15L.589[aid=7529884]
http://www.ingentaconnect.com/content/external-references?article=0940-6360()15L.589[aid=7529884]
http://www.ingentaconnect.com/content/external-references?article=0028-646X()155L.507[aid=7529882]
http://www.ingentaconnect.com/content/external-references?article=0028-646X()155L.507[aid=7529882]
http://www.ingentaconnect.com/content/external-references?article=1461-023X()8L.247[aid=7529881]
http://www.ingentaconnect.com/content/external-references?article=1461-023X()8L.247[aid=7529881]
http://www.ingentaconnect.com/content/external-references?article=0028-646X()157L.569[aid=7529880]
http://www.ingentaconnect.com/content/external-references?article=1360-1385()8L.407[aid=7529879]
http://www.ingentaconnect.com/content/external-references?article=1051-0761()3L.749[aid=1946735]
http://www.ingentaconnect.com/content/external-references?article=0006-3568()54L.440[aid=7017316]
http://www.ingentaconnect.com/content/external-references?article=0006-3568()54L.440[aid=7017316]
http://www.biosciencemag.org

