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Modelling interactions in fungi
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Indeterminate organisms have received comparatively little attention in theoretical ecology
and still there is much to be understood about the origins and consequences of community
structure. The fungi comprise an entire kingdom of life and epitomize the indeterminate
growth form.While interactions play a significant role in shaping the community structure of
indeterminate organisms, to date most of our knowledge relating to fungi comes from
observing interaction outcomes between two species in two-dimensional arena experiments.
Interactions in the natural environment are more complex and further insight will benefit
from a closer integration of theory and experiment. This requires a modelling framework
capable of linking genotype and environment to community structure and function. Towards
this, we present a theoretical model that replicates observed interaction outcomes between
fungal colonies. The hypotheses underlying the model propose that interaction outcome is an
emergent consequence of simple and highly localized processes governing rates of uptake and
remobilization of resources, the metabolic cost of production of antagonistic compounds and
non-localized transport of internal resources. The model may be used to study systems
of many interacting colonies and so provides a platform upon which the links
between individual-scale behaviour and community-scale function in complex environments
can be built.

Keywords: fungal colony; fungal interactions; individual-based modelling; deadlock; lysis;
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1. INTRODUCTION

Many plants and invertebrates have indeterminate
growth forms in the sense that they do not have a
genetically determinedupper size limit or lifespanand the
fungi, asa separatekingdomof life, epitomize this.Within
ecological systems, fungi have extremely important
functional roles as nutrient recyclers and decomposers
(Johnson et al. 2005) and are a life support network for
most plants (Bardgett et al. 2005, 2006) providing soil-
borne nutrients that are difficult for plants to access in
exchange for carbon (White 2003) and protecting plants
against below-ground pathogens (Smith & Read 1997).
Fungal colonies grow as an interconnected network of
hyphae, the mycelium, through the pore channels in soil
and impact on its physical structure improving porosity
(Ritz & Young 2004). It is the hyphal tips that extend
through this porous structure, and it is through these tips
that the majority of resource is acquired (Ashford &
Allaway 2002). Resource may then be distributed to the
more rigid structures situated behind these tips that
constitutemuch of the network (Lindahl &Olsson 2004).
The dynamics of fungal colony growth are complex and
dependent on a number of factors such as biotic
interactions (insect, bacterial and plant) as well as
interactions with the microclimate and physio-chemical
pplementary material is available at http://dx.doi.org/
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structure of the habitat (Boddy 2000). Further, colony
interactions within fungal communities are believed to
have a significant impact onmycelial distributions, due to
the high probability of an encounter as a consequence of
their abundance, indeterminacy and ubiquity (Rayner
et al. 1994). Little is known about the precise contri-
butions of each of these factors to the development of the
majority of natural fungal colonies in soil. However,wood
and agar communities have been extensively studied and
the contributions affecting colony development for a
given biotic and abiotic environment are investigated
(White 2003).

A substantial body of experimental work has investi-
gated the mycelial distributions of confrontations
between wood-decay species, usually paired on agar
plates (e.g.Rayner&Webber 1984;White&Boddy1992;
Rayner et al. 1994; Boddy 2000). Interspecific fungal
interactionsmaybemediated at a distance or via contact,
and the result of these interactions isdependent onspecies
compatibility. While the notion of genotype compat-
ibility is not clearly defined in the literature, the meeting
of somatically incompatible genotypes results in the
rejection of individuals (Hietala et al. 2003). Somatic
incompatibility maintains mycelial individuality by
denying exchange of genetic material (Hietala et al.
2003). Somatic compatibility results in a hyphal
interaction known as perfect fusion that involves union
of cell walls and mixing of the cytoplasm between the
species. The phenomenon of fungal interaction outcome
may be one of the following: intermingling, i.e. neutral
J. R. Soc. Interface (2008) 5, 603–615
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Table 1. The functional trait set that characterizes colony growth (p is defined in box 1).

trait description

anp
q rate per unit biomass at which mobile biomass is immobilized into non-insulated biomass

aip
q rate per unit biomass at which mobile biomass is immobilized into insulated biomass

bnp rate at which non-insulated biomass is immobilized into mobile biomass
bip rate at which insulated biomass is immobilized into mobile biomass
q nonlinear term associated with the immobilization process
l1 rate of uptake of non-insulated biomass per unit time
l2 rate of uptake of insulated biomass per unit time
z fraction of non-insulated biomass that is converted to insulated biomass per unit time
Dn diffusion coefficient governing the transport of mobile biomass within the colony
Db diffusion coefficient governing the transport of non-insulated biomass within the colony

recycling of
biomass

redistribution of
mobile biomass

uptake of resource
from environment

inhibitor production

growth of biomass

Figure 1. Schematic summarizing the biological processes as
described by the conceptual model for fungal growth and
interactions.
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interaction that results in fusion of colonies for compa-
tible or spatial intermixing for incompatible genotypes;
deadlock, i.e. neither species enters the territory of the
other; or replacement, i.e. one individual is partially or
entirely replaced by another (Boddy 2000). Deadlock
often occurs due to each species detecting non-native
chemical compound(s) that inhibit growth, although the
chemical basis of the myriad of compounds produced and
how they are sensed is unclear (White & Boddy 1992).
Replacement may result from one individual completely
engulfing the other as a prelude to complete replacement.
Replacement may induce autophagy, which promotes
degradation and recycling of long-lived proteins and
organelles in eukaryotic cells (Yorimitsu & Klionsky
2005). The key genes of autophagy are also active in
filamentous fungi (Pinan-Lucarre et al. 2005). For the
replacement to be successful, the membrane of one of the
genetically incompatible colonies will lyse (cellular
necrosis), releasing the hyphal content that can sub-
sequently be used by an antagonist.

Computational models may help to reduce the
knowledge gap between experimental results derived
from manageable, measurable agar and wood systems
and the dynamics of fungal communities in soil systems.
For a model to reduce this gap, it must address three
related challenges. First, a model must have an explicit
account of the physiology of organisms since experi-
mental systems afford determination of upper and lower
bounds on parameters to that model and this experi-
mental parametrization is essential if the model results
are to be applied to actual communities (Bown et al.
2007). Second, if a model is to explore the link between
individual functioning (process) and community-scale
behaviour (pattern), i.e. the holy grail in ecology
(Reineking et al. 2006), it must relate the dynamic
functioning of individuals in a community together
with their interactions within a spatio-temporally
heterogeneous environment. Finally, in any compu-
tational model, there is a trade-off between model
complexity and tractability (Cairns et al. 2007) and so
the model must be parsimonious in its formulation (Cox
et al. 2006). As a fundamental step in understanding the
dynamics of fungal communities, we have developed a
model of individual fungal colony growth that addresses
these challenges (Falconer et al. 2005). The model
describes a fungal colony in terms of a functional trait
set, listed in table 1, that defines the colony ability to
uptake resources from the environment, redistribute
J. R. Soc. Interface (2008)
biomass within the mycelial network, recycle biomass
and grow through that environment based on measur-
able physiological processes. This minimal trait set
parametrizes only the essential processes required to
simulate the behaviour of colony development in a
heterogeneous environment, and the representation is
readily extensible to consider inter-colony interactions
(figure 1). This model demonstrates that colony
phenotype emerges as a consequence of the interplay
between environment and genotype, i.e. the trait set
(Falconer et al. 2005), and that the biomass recycling
(see below) is a crucial component for survival in
heterogeneous environments such as soil (Falconer
et al. 2007).

In detail, the model formulation represents an
individual colony or mycelial network as biomass
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comprising three fractions: immobilized insulated
biomass (bi); non-insulated biomass (bn); and
mobilized biomass (n). Non-insulated biomass rep-
resents the active hyphal tips of a colony where the
rate of uptake is high. Insulated biomass represents
the aged part of the colony where the resource has
already been exploited and this notion is consistent
with Rayner et al. (1995). Mobile biomass is the
fraction of the fungal colony that is able to be
relocated within the mycelial network; immobile
biomass is structural, i.e. hyphal; and the insulated
immobile biomass is fixed in space whereas non-
insulated biomass can grow through space by diffu-
sion. The relative proportions of these components are
dynamic and determined by four physiological pro-
cesses: uptake; inter-conversion rates between mobile
and immobile biomass; redistribution of mobile
biomass; and growth. External resource is acquired
from the environment, via uptake from insulated (l2)
and non-insulated biomass (l1), and converted into
mobile biomass. This mobile biomass may be con-
verted into non-insulated (an) or insulated biomass
(ai) akin to the hyphal biomass production. Hyphal
biomass, both non-insulated (bn) and insulated (bi),
may also be degraded and converted into mobile
biomass corresponding to hyphal degradation. Since
mobilization and immobilization is determined by
local mobile biomass concentration, it is possible that
different parts of the mycelium will undergo net
mobilization or immobilization. The mobile biomass is
transported through the mycelial network and the
flow is governed by a diffusion coefficient (Dn) derived
from the local concentration of mobile biomass.
Growth in regions of high uptake is accelerated by a
nonlinear term (q) associated with the immobilization
process. The colony expands at a constant rate
according to a diffusive process with a constant
diffusion coefficient (Db). The rate of insulated
biomass production is governed by z together with
the rate of production of non-insulated biomass. This
corresponds to the extension of hyphae and the
rigidification of hypha behind the tip. The mathemat-
ical description of each physiological process results in
a genotype vector [an, ai, bn, bi, q, l1, l2, z, Dn, Db]
that determines the rates of uptake, redistribution
of biomass and growth for that colony. Hence, our
assumption is that all species of filamentous fungi
essentially carry out the same elementary physiologi-
cal processes but to varying degrees and this is
reflected in the values within the genotype (trait set).

A key advancement in our modelling framework,
and not reflected in other modelling approaches to our
knowledge, is the incorporation of a biomass recycling
process and recycling is known to be crucial for the
survival of other indeterminate systems (Lesser 2004;
Ellis et al. 2005). Biomass recycling was first
hypothesized by Levi et al. (1968) and demonstrated
more recently by Yang et al. (1997) and Lindahl &
Finlay (2006). This biomass recycling allows fungi and
other indeterminate organisms to relocate spatially
existing biomass to best exploit the resource available
in the spatial environment. While information relating
to the mechanisms of recycling is scant (Yorimitsu &
J. R. Soc. Interface (2008)
Klionsky 2005), the theoretical importance of a
recycling process for colony survival in heterogeneous
environments was demonstrated in Falconer et al.
(2007). Further, existing theoretical models do not
account for fungal interactions in terms of an explicit
physiological representation of each interacting fungus
and characterization of the processes governing the
interaction outcome. Here the modelling framework is
extended to incorporate inter-colony signalling and
antagonistic responses that determine the outcome of
fungal interactions. The model is used to explore the
effect of genotype and environment on the phenotypes
of interacting mycelia. In particular, we construct
simulation experiments, to investigate

— the effect of genotype on interaction outcomes in a
two-dimensional spatially homogeneous environ-
ment,

— the effect of resource quantity on interaction
outcomes in a two-dimensional spatially homo-
geneous environment, and

— the effect of a three-dimensional porous architec-
ture, i.e. a spatially heterogeneous environment, on
interaction outcomes.
2. MATERIALS AND METHODS

Simulation scenarios are created as described in §2.1
using a modelling framework based on an extension to
the partial differential equations of Falconer et al.
(2005) given below (box 1). This extension was
designed such that it is a simple and natural extension
of the original model informed by the physical
interaction process. Careful consideration was given
capturing the essential features of observed
interactions, while maintaining scalability in terms
of modelling multiple individuals. This extension
takes the form of an inhibitor field that diffuses from
each individual through the environment, together
with processes that determine colony response to that
field. Colony response is realized by modifying
recycling and colony growth traits. Implementation
is based on the following hypotheses relating to the
interaction process.

Inhibitor production.The rate of inhibitorproduction, i,
is colony dependent and governed by a trait, U, which is
usually a value between 0 and 1. There is no distinction
between the different types of compounds that may be
produced by a fungus, e.g. inhibitor, antibiotic, extracellu-
lar enzyme (White & Boddy 1992), and these are
encapsulated by a generic inhibitor field. This inhibitor
field is derived from the mobile biomass concentration, n,
and the conversion of mobile biomass into inhibitor has an
associatedmetabolic cost,c.The inhibitorfield is diffusible
with a constant diffusion coefficient, Di, and unlike the
diffusion of mobile biomass it is not constrained by
the boundaries of the mycelium but by the limits of the
environment.

Inhibition. In the model there exists a global
inhibitor field, ig, which is the sum of all the generic
inhibitor fields produced by individual colonies, i.
Locally, if igOi, this reflects the presence of another



Box 1. The set of equations describing fungal growth and interactions. Bold, enlarged text corresponds to the model
extension.
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individual. Each cell containing inhibitor also has a
flag indicating the origin of the inhibitor, i.e. which
individual(s) it originated from. A comparison of this
flag list determines whether the individual is an
antagonist or is compatible. If the inhibitor field is
produced by an individual of compatible genotype, the
two colonies will interact neutrally, their biomass
fields connecting and becoming one single individual.
Otherwise, an antagonist is detected and the local
diffusion coefficient of non-insulated biomass (Db) is
affected, preventing growth towards the antagonist.
This in turn prevents the uptake of resource and
subsequent production of (new) non-insulated biomass.
Since non-insulated biomass is converted into insulated
biomass, the affected region will be eventually converted
into insulated biomass. In the model implementation,
growth is inhibited upon detection of an antagonist by
assigning the local diffusion coefficient to zero. Each
individual has a sensitivity threshold, j, as some colonies
will be more sensitive to an inhibitor field than others. If
the global inhibitor field is greater than the colony
inhibitor field by an amount greater than its sensitivity
threshold (igKiOj), then the local diffusion coefficient
for the non-insulated biomass is assigned zero:

Db Z
Db iO ig

0 igKiOj
:

(

Autophagy. Autophagic recycling, the controlled
recycling of nutrients inside an intact plasmamembrane,
is simulated by changing the coefficients responsible for
mobilization and immobilization of insulated and non-
insulated biomass, i.e. the recycling parameters. If the
colony can initiate autophagic recycling (hO0) as a
response to the detection of anantagonist (igKiO0), then
autophagic recycling proceeds and is simulated by a high
mobilization rate of insulated and non-insulated biomass,
J. R. Soc. Interface (2008)
i.e. the mobilization coefficients are set to biZbnZ0.9.
This converts hyphal biomass into mobile phase.
Correspondingly there is a low rate of immobilization of
both insulated and non-insulated biomass, i.e. aiZanZ
0.01, therefore reducing biomass assimilation:

aiZ
ai iOig

0:01 igKiOj; hO0

(
biZ

bi iOig

0:9 igKiOj; hO0

(

anZ
an iOig

0:01 igKiOj; hO0

(
bnZ

bn iOig

0:9 igKiOj; hO0
:

(

If the total immobile biomass (biCbn) is much
smaller than mobile biomass (n) (biCbn!10K10 and
nO0), the mobile biomass is converted into environ-
mental resource, reflecting the final necrotrophic lysis
catastrophe.

The set of physiological processes including the
interaction process results in a vector of 12 parameters:
an, ai, bn, bi, q, l1, l2, z, Dn, Db, U and h (bold
highlights the extension traits and equations). The
resultant set of equations describing uptake, biomass
production and recycling, the transport of mobile
biomass and interactions among mycelia may be
written as in box 1.

In the scenarios described below the system of
equations is discretized on a two- or three-dimensional
lattice large enough to simulate the colony
morphologies of two species. For two dimensions, a
square lattice of 256!256 is used. For three dimen-
sions, a 48!48!48 cube is used as this was achievable
computationally. Both two and three dimensions are
solved using the Crank Nicholson implicit method in
conjunction with successive over-relaxation. No flux
boundaries were imposed.



Table 2. Interaction traits associated with simulations 1–6.
(In all simulations, the inhibition sensitivity threshold jZ0
and metabolic cost cZ0.01.)

simulation colony A colony B
compatible
genotype

1 UZ0.01, hZ0 UZ0.01, hZ0 no
2 UZ0, hZ0 UZ0.01, hZ0 no
3 UZ0, hZ1 UZ0.01, hZ0 no
4 UZ0.01, hZ0 UZ0.01, hZ0 no
5 UZ0.01, hZ0 UZ0.9, hZ0 no
6 UZ0.01, hZ0 UZ0.01, hZ0 yes
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2.1. Scenario 1: the effect of genotype on
interaction outcomes in a two-dimensional
spatially homogeneous environment

Here we investigate the effect of varying interaction
parameters U and h on the interaction outcome of two
fungal colonies with the same (compatible) and different
(antagonistic) genotypes. The two colonies are inocu-
lated at opposite ends of a homogeneous, two-
dimensional environment with one unit of resource in
each cell. In the simulations, we alter the genotype
vectors defining those colonies and in particular the traits
associated with inhibitor production and autophagy.
Table 2 indicates the traits that were varied in each of
the six simulations. In simulation 1, both antagonists
produce inhibitor (UZ0.01) and neither have autophagic
properties. In simulation 2, only one antagonist produces
inhibitor (UZ0.01) with no autophagic capability; the
other has autophagic capabilities (hZ1) and no inhibitor
production (UZ0). For simulation 3, only one antagonist
has inhibitor-producing capabilities (UZ0.01) while
neither have autophagic apparatus. In simulations 4
and 5, the trait governing inhibitor production is varied
from high (0.9) to low (0.01). Finally, in simulation 6,
both colonies produce inhibitor (UZ0.01) but have
compatible genotypes.

In the case of simulation 6, where we explore different
values for interaction parameters with compatible
genotypes, the traits defining the colonies are identical.
In simulations 1–5, the genotypes of the two colonies are
necessarily different since we wish to explore the impact
of interaction parameters on incompatible types. We
have already demonstrated that in homogeneous
environments biomass recycling has no significant affect
on the rate of biomass production and so, to effect
incompatible genotypes, we vary the biomass recycling
traits, and in some simulations the diffusion coefficient,
between the colonies. In this way we are able to define
incompatible genotypes that are not significantly
different in function in homogeneous environments.
The full genotype of each simulated colony is provided
as a table in each of figures 2–7.
2.2. Scenario 2: the effect of resource
quantity on interaction outcomes in
a two-dimensional spatially
homogeneous environment

Using the individuals of scenario 1 (simulation 1) that
gave rise to deadlock, we investigate the effect of
J. R. Soc. Interface (2008)
resource quantity on emergent mycelial distributions.
The deadlock interaction outcome was investigated
further as there are experimental studies (Stahl &
Christensen 1992) demonstrating the effect of microcli-
matic variables on this outcome. We vary the amount
of resource available in all cells of a homogeneous two-
dimensional environment in order to determine its
effect on the interaction between those colonies. In
particular, we investigate the interaction outcomes
with high (10) and low (0.01) resource levels.
2.3. Scenario 3: the effect of a three-
dimensional porous architecture, i.e.
a spatially heterogeneous environment,
on interaction outcomes

Again using the individuals of scenario 1 (simulation 1),
the impact of a porous architecture on the interaction
outcomes is investigated. The porous architecture is
generated using the same method outlined in
Stacey et al. (2001) and Falconer et al. (2007). The
environment is extended to three dimensions and each
cell within that environment has a probability (1Kp)
that it is a pore, and in our simulations, we vary p
between 0 and 1. This provides a porous architecture
through which the colonies can grow, characterized by
the bulk porositymeasure, p, between 0 and 1. By using a
random number generator 120 different porosity realiz-
ations, i.e. random structures, are obtained per bulk
porosity (p). For each simulation, the fungal colonies are
inoculated at opposite planes and grown through the
structures. We determine the resulting crossing prob-
abilities for each colony and for both colonies.
3. RESULTS

The results of scenarios 1 and 2 are presented as total
biomass distributions across the different fractions, i.e.
insulated, non-insulated and mobile, at time points
capturing the important features of the interaction
dynamics. For simulations 1, 4, 5 and 6 of scenarios 1
and 2, this corresponds to the beginning and the end of
the simulation. Additionally, the results of simulations
2 and 3 of scenario 1 show two intermediate time points
that illustrate the complexity of the fungal interactions.
The trait values of interacting fungi are given in each of
the tables of figures 2–8. Results of scenario 3 are
presented as a plot showing the effect of porosity on the
probability that each and both colonies traverse the
three-dimensional volume.
3.1. The effect of genotype on interaction
outcomes in a two-dimensional spatially
homogeneous environment

3.1.1. Simulation 1: deadlock. Both colonies produce an
inhibitor field, and the detection of an inhibitor field
that is non-self ceases local growth of both colonies.
This interaction stops growth of both mycelia towards
each other well before any mycelial contact is made,
thereby resulting in deadlock (figure 2).
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Figure 3. Engulfment of colony B (b,d; tZ1 and tZ6, respectively) by colony A (a,c; tZ3 and 9, respectively).
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3.1.2. Simulation 2: engulfment. Engulfment of one
colony by another occurs when one colony possesses
inhibitor-producing capabilities (UO0). In figure 3,
J. R. Soc. Interface (2008)
colony B does not release an inhibitor while colony A
does. That colony A produces an inhibitor field affects
the growth of colony B by ceasing its growth. Since
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colony B does not produce an inhibitor, colony A
continues to grow, engulfing colony B as illustrated in
figure 3b–d .
3.1.3. Simulation 3: replacement. Figure 4a shows the
relative proportions of two inocula corresponding to
two different mycelial genotypes. The smaller inocu-
lum, colony B, has inhibitor-producing capabilities
and no autophagy mechanism (UZ0.01, hZ0) while
the more substantial inoculum, colony A, has
autophagy capabilities but no inhibitor-producing
mechanism (UZ0, hZ1). Owing to the release of
inhibitor by colony B, colony A stops growing and is
engulfed by colony B (figure 4b,c). Colony A exhibits
autophagic properties and so the immobile biomass is
J. R. Soc. Interface (2008)
converted into mobilized at a high rate and this is
subsequently released into the environment. This
sequestered resource may then be used by another
organism, here colony B. The peak in figure 4d
corresponds to the resources gained by colony B
through necrotrophic lysis of colony A.
3.1.4. Simulations 4 and 5: inhibitor investment.
Figures 5 and 6 show the outcome of two inocula
where the investment in inhibitor production for colony
B is varied between the simulations, i.e.UZ0.01 and 0.9
for colony B in figures 5 and 6, respectively. In figure 5
colony B partially engulfs colony A. When colony B’s
investment in inhibitor is increased (figure 5), it does
not engulf colony A but is deadlocked. Further, there is
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in figure 2.
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little biomass produced (same scale between figure 5
and figure 6 plots) by colony B while colony A’s spatial
coverage increases between figures 5 and 6.
3.1.5. Simulation 6: merging. In figure 7 the genotypes of
both colonies are identical, and the same as colony A of
simulation 1, with individuals possessing recycling and
inhibitor-producing capabilities (UO0). For two colonies
releasing inhibitor, deadlock, as in figure 2, would
normally result. However, since these colonies are iden-
tical genetically, perfect fusion of the colonies occurs.
J. R. Soc. Interface (2008)
3.2. Scenario 2: the effect of resource
quantity on interaction outcomes in a
two-dimensional spatially homogeneous
environment

In this scenario, we use colonies with the same trait
values as the colonies of scenario 1 and simulation 1
(figure 2). The underlying external environmental
resource base differs between them. In figure 8a the
amount of resource in each cell is high (1.0) and this
allows investment of uptake into inhibitor production.
This in turn leads to deadlock as noted in §3.1.1. In
figure 8b the genotypes are the same as in figure 8a but
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the resource level is much lower (0.01). This results in
spatial intermingling of fungal biomass, where different
colonies occupy and so share the same space, even
though both colonies have inhibitor-producing capa-
bility, UO0. This sharing of space is due to there being
little investment in inhibitor production since mobile
biomass concentration is low. This is a consequence of
low external resource combined with the colony
genotype that defines a zero rate of mobilization of
non-insulated biomass, a low mobilization rate of
insulated biomass (0.34) and a slow rate of conversion
(0.01) into insulated biomass.

Of note is the complex interaction front formed
where colonies intermingle (figure 8b). In each colony,
where the interaction front is close to the initial
inoculum point, the biomass distribution is relatively
smooth and a homogeneous interaction front is
produced. However, where the interaction front is far
away from that inoculum point, the front is more
heterogeneous being irregular and ridged. The origin of
these heterogeneities was investigated in Falconer et al.
(2005) and was found to be a consequence of the mobile
biomass concentration and recycling parameters. In
this simulation, near to the centre of each interacting
colony mobile biomass concentration is low. This means
that there is little dynamic among the three biomass
fractions resulting in a stabilized biomass distribution
that becomes homogeneous over time due to biomass
diffusion. In contrast, towards the periphery of each
colony, the mobile biomass concentration is high, as a
direct consequence of uptake, resulting in inter-
conversion of three biomass fractions leading to a
more heterogeneous form. Consequently, the
interaction front reflects this mix of homogeneous and
heterogeneous periphery formation.
Figure 10. Mycelial distributions affected by the porosity of
the simulated structure. In (a) pZ0.2 and there is no mycelial
contact due to the constraints of the physical architecture (i.e.
no pathway that connects the two individuals. In (b) pZ0.4
and the colonies can grow past each other. In (c) pZ0.7
complete deadlock due to inhibitor field as there exist many
connected pathways.
3.3. Scenario 3: the effect of a three-dimensional
porous architecture, i.e. a spatially
heterogeneous environment, on interaction
outcomes

The interacting colonies A and B of figure 9 have the
same trait values as the colonies of simulation 1.
Figure 9 shows the probability that each and both
colonies cross the porous environment for a given bulk
J. R. Soc. Interface (2008)
porosity. There exists a limited range of porosity values
(0.31–0.55) in which both fungi can cross the three-
dimensional volume. At low porosities, i.e. p!0.31,
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crossing of both fungi is not possible due to limited
pathways connecting the opposite planes. In these cases
neither colony grows extensively through the volume
(figure 10a). At intermediate porosities, there exist
several connected paths from one side to the other
and this allows individuals to grow from one side to
the other while avoiding one another when crossing
the environment (figure 10b). At high porosities,
i.e. pO0.53, crossing of both fungi is precluded not by
the environment but by the opposing fungus. Both
fungi have secured most of the spatial territory at one or
the other end of the volume, as determined by the
inoculum point, resulting in complete deadlock due to
inhibitor release (figure 10c).
4. DISCUSSION

We present a model of fungal colony interactions based
on an existing model of fungal colony growth and
development (Falconer et al. 2005) together with an
extension that encapsulates colony interactions in
terms of inhibitor production. Using the model we are
able to reproduce colony interaction outcomes observed
in natural systems. In scenario 1, the model replicates
deadlock, intermingling and replacement where the
interaction outcomes are determined by the interacting
genotypes. Shearer & Zare-Maivan (1988) showed
that the deadlock may occur in the laboratory when
two individuals with different genetic material interact
and persistent deadlock was found between pairings
of Phlebia radiata and Phlebia rufa (Griffith & Rayner
1994). Replacement has been observed in the labora-
tory between the pairings of Phlebia velutina and
P. radiata and Calotes versicolor and P. radiata
(Griffith & Rayner 1994). Baar & Stanton (2000) showed
intermingling between compatible fungal types as well as
deadlock, termed as inhibition at a distance in their paper,
and replacement (engulfment followed by lysis) between
incompatible types. The model also illustrates the cost of
inhibitor production on biomass assimilation which may
affect the fitness of an individual.

We achieve this using a model grounded in the
mechanics of the natural system, where all of the
physiological traits defining the colony are, in principle,
measurable. Such a modelling framework permits an
investigative approach (Marks & Lechowicz 2006),
where we are able to explore and interpret the
underlying mechanisms that lead to the colony forma-
tions. The only other modelling frameworks that we are
aware of, which consider fungal interactions, are
Davidson et al. (1996) and Bown et al. (1999). Davidson
et al. (1996) consider fungal interactions in terms of a
collision between two initially distinct activator concen-
trations (an initial activator concentration corresponds
to a fungal inoculum). The interaction results in
separation of fungal colonies, but this was induced
via resource usage and not somatic incompatibility
(non-self rejection). Further, this framework did not
reproduce other interaction outcomes as it does not
characterize the interaction process and does not have
an explicit account of each interacting colony.

Likewise, the model presented in Bown et al. (1999) is
notable topredict the interactionoutcomesdetailedhere.
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That work, however, does show the importance of an
explicit account of space on colony formation and
subsequent inter-colony interactions, and the related
experimental work of Sturrock et al. (2002) demonstrates
the need to consider both spatial arrangement and
environmental factors. The impact of environment on
interaction outcomes is considered in scenario 2. The
predicted outcomes of deadlock and intermingling in high
and low resource environments, respectively, are consist-
ent with the experimental results of Stahl & Christensen
(1992), where results demonstrate that context does
indeed affect interaction outcome. In Stahl&Christensen
(1992), deadlock occurred, with a separation distance
greater than 1.0 cm, when the colonies were grown in a
resource-rich environment. In contrast, colonies inter-
mingled neutrally in the plate cultures containing dilute
cornmeal agar (low resource base).

In scenario 3, we consider space and in particular the
porosity of aheterogeneous three-dimensional volume.We
explore the probability that two fungi percolate the entire
structure. Otten et al. (2004) show that, in the case of a
single individual in two dimensions, a fungal invasion
(percolation) can be stopped by a threshold population of
randomly removed resource sites. Here we show that there
also exist a lower and importantly an upper threshold
below and above which both fungal colonies cannot
traverse the spatial domain. The results show that context
in terms of physical architecture plays a significant role in
determining mycelial distributions. In particular, for soil
environments, the pore geometry will to a large degree
dictate the interaction outcome (Ritz 2004).

In ourmodelling framework, we are able to simulate a
broad range of observedmycelial distributions and these
arise fromdifferent realizations of the same fundamental
set of processes that are characterized by different trait
values and from different environmental contexts. The
model shows how environmentally mediated cues are
involved in emergent mycelial distributions and how
sensitive the interaction outcomes are to environmental
(resource level) and physical (pore architecture) con-
texts. It has been recently recognized that strategies
that maintain fungal diversity should be encouraged as
fungal diversity may have severe implications for
ecosystem health and functioning (Swift 2005). In
studies of plant ecosystem dynamics, the need to
understand the mechanisms driving those dynamics is
fundamental to our management of the system (Tilman
2000). Fungi play a vital role in these primary
production systems (Bardgett et al. 2005, 2006) and, as
in plants, in order to maintain fungal diversity in
ecosystems, it is important to understand the underlying
mechanisms determining the ecology of the fungal
community. This modelling framework represents the
first significant step towards such a fungal ecology by
integrating a physiological representation of individuals
and colony interactions where both are impacted on by
spatial and resource heterogeneities.
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