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Abstract. We present a mechanistic model of coexistence among a mycorrhizal fungus and
one or two plant species that compete for a single nutrient. Plant-fungal coexistence is more
likely if the fungus is better at extracting the environmental nutrient than the plant, and the
fungus acquires carbon from the plant above a minimum rate. When they coexist, their
interaction can shift from mutualistic to parasitic at high nutrient availability. The fungus is a
second nutrient source for the plants and can promote the coexistence of two plant competitors, if
one is better at environmental nutrient extraction and the other is better at garnering the nutrient
from the fungus. Because it extracts carbon from both plants, the fungus also serves as a conduit
of apparent competition between the plants. Consequently, the plant with the lower
environmental nutrient extraction rate can drive the plant with the higher environmental nutrient
extraction rate extinct at high carbon supply rates. This model illustrates mechanisms to explain
several observed patterns, including shifts in plant-mycorrhizal growth responses and
coexistence along nutrient gradients, equivocal results among experiments testing the effect of
mycorrhizal fungi on plant diversity, and differences in plant diversity among ecosystems

dominated by different mycorrhizal groups.
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Introduction

Different types of species interactions involve varying levels of mechanistic complexity. A
direct consumer-resource interaction is simple: individuals of one species consume specific
compounds, fluids, tissues, or the entire bodies of individuals of another species (Holling 1959,
Murdoch and Oaten 1975, Jeschke, Kopp and Tollrian 2002). Resource competition is more
complex, being an indirect interaction in which individuals of two or more species consume the
same resource or prey (MacArthur 1969, Tilman 1980, 1982). Likewise, apparent competition is
an indirect interaction in which the individuals of two or more species are fed upon by the same
consumer (Holt 1977). Even more complex is intraguild predation, an interaction in which
predator and prey also compete for the same resource (Holt and Polis 1997). All of these indirect
interactions involve more complex circuitries than the basic consumer-resource interaction, and
each imposes specific criteria for the interacting species to coexist (McPeek 2022).

Basic mutualistic interactions between two species can also be quite complicated, often
involving multiple types of direct interaction circuits. Many mutualisms are in fact consumer-
resource interactions, but both species gain a fitness benefit despite that consumption (e.g.,
Holland et al. 2005, Holland and DeAngelis 2010, Jones, Bronstein and Ferriére 2012). In some,
one species feeds on its interaction partner, and in so doing renders a service, such as pollination,
seed dispersal, or herbivore protection, that increases the fitness of the partner (Holland and
DeAngelis 2010, Bronstein 2015). In others, the two interaction partners feed on one another in
ways that increase both their fitnesses (Holland and DeAngelis 2010). The interaction circuitry
in this latter mutualism type can be quite complex. One iconic example is the interaction
between a plant and a mycorrhizal fungus. Both the plant and fungus forage for mineral
nutrients from the environment (Smith and Smith 2011, Nésholm et al. 2013, Piischel et al.
2016), and so are resource competitors. The plant extracts these nutrients from the fungus
directly (Smith and Smith 2011, Nisholm et al. 2013), and so the plant is a consumer of the
fungus. Likewise, the fungus extracts carbon from the plant directly (Smith and Smith 2012,

Nésholm et al. 2013), and so the fungus is a consumer of the plant. Because each is



Page 5 of 86

68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94

Ecology

Running Head: Plant-Mycorrhizal Fungus Coexistence

simultaneously a consumer and resource competitor of the other, each is an intraguild predator of
the other (Figure 1a). Additionally, if the fungus interacts with two plant species, the fungus is
both an alternative resource for each plant and a conduit of apparent competition between the
two plants (Figure 1b). Given this complex interaction circuitry, the criteria for coexistence of a
mycorrhizal fungus with one or two plant species are not obvious.

Many theoretical analyses have considered components of this interaction network. Many
analyses have explored the consequences of different carbon allocation strategies by plants to
support multiple fungal species using both optimal control theory (Bever 2015, Moeller and
Neubert 2016, Bachelot and Lee 2018) and market exchange approaches (Noé and Hammerstein
1994, Grman, Robinson and Klausmeier 2012, Wyatt et al. 2014, Noé€ and Kiers 2018). Others
have explored the conditions for multiple plant species to coexist with one or more fungal
species. Holland and DeAngelis (2010) explored the conditions for the coexistence of two
generalized mutualist consumers using simple predator-prey functions. Bever and colleagues
showed using generalized models of frequency dependent interactions that coexistence of two
plants and two fungi were possible when no species obtained combined higher fitness benefits
from both species of the other species type as compared to its competitor (Bever, Westover and
Antonovics 1997, Bever 1999). Umbanhowar and McCann (2005) used isocline analyses of
generalized functions and concluded that a mycorrhizal fungus would foster the coexistence of
two competing plant species if the better plant competitor in the absence of the mycorrhizal
fungus receives less benefit from the fungus but gives the fungus more benefit. They did note
the similarity of their conclusions to how apparent competition via a shared predator can permit
two competing plants to coexist, but this type of interaction circuitry was not part of the model.
Explicit environmental nutrient and nutrient-carbon exchange dynamics were also lacking from
these studies.

Other analyses have included environmental nutrient and exchange dynamics but have not
included the full interaction circuitry. Jiang et al. (2017) expanded Tilman’s (1980) model of

two plants competing for two resources to include a specialist fungus for each. Fungi aided
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nutrient uptake by the plants, but nutrient and carbon transfers between plants and their
specialized fungi were not included. Benefits from fungi to poorer competitors could permit
coexistence with competitively superior plant species, or could shift the competitive dominance
hierarchy of plants if these benefits were high enough to inferior competitors (Jiang et al. 2017).
Johnson and Bronstein (2019) analyzed a model including explicit environmental nutrient
dynamics and exchanges between plants and fungi to show that two competing plants could
coexist if one plant extracted environmental nutrient at a higher rate and the other plant extracted
the nutrient from the fungus at a higher rate. However, their model did not include competition
between either plant and the fungus for the environmental nutrient, and no species paid any
fitness cost for having the other extract nutrient or carbon directly from them.

To explore the combined consequences of these various interaction components, we analyze
a more mechanistic model of the interaction circuitry depicted in Figure 1 to explore the
environmental and species properties fostering coexistence of a mycorrhizal fungus with one and
two plant species. Our goal is to build a generalized model incorporating these mechanisms and
not to make detailed and precise quantitative predictions (Holland and DeAngelis 2010). The
dynamics of the abundances and individual nutrient and carbon content are modeled for both
plants and fungi. Plants consume the nutrient from the fungus, the fungus consumes carbon from
the plant, and all species compete for the nutrient from the environment. We do not include
plant and fungal modulation of nutrient and carbon exchanges in the model analyzed here (e.g.,
Bever, Westover and Antonovics 1997, Bever 1999); our analysis focuses on the criteria for
coexistence of plants and fungi and not whether control mechanisms would match plant and
fungal properties that would meet these coexistence criteria. Future analyses will include these
controls to explore whether the modulation of exchanges that are adaptive will bring the system

to the conditions fostering coexistence that are identified here.

The Model

Begin by considering the dynamics of nutrient uptake and abundances of plant species

Page 6 of 86
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foraging for a mineral nutrient such as a nitrogen or phosphorus compound from the soil. The
amount of the abiotic nutrient that is available in the environment is N and follows a simple
abiotic renewal function
Q(N)=¢(T,—N), (2)
where 7, is the maximum amount that can accumulate, and c is the maximum renewal rate
(Tilman 1982, Grover 1997). (All model state variables and parameters are listed in Table 1.)
In this analysis we consider the dynamics of two plant species, each has abundance of R,

with i = 1,2 (we use R, and R, as the abundance state variables and as species intentifiers in the

text). Because this model has implications for both community and ecosystem ecology, we use
the term abundance when referring to the plants, which can be conceptualized as either the
number of individuals in a plant population or the total amount of plant biomass among all
individuals in the population. Because the nutrient and carbon amounts in plants and fungi are
resource pools that are consumed by the other species (Figure 1a), we explicitly model the
dynamics of the nutrient and carbon content in plant and fungal biomass. Plant species have a
quantity of the nutrient in their tissues Q. , which is the amount of the nutrient compound in a
unit of plant biomass (Droop 1973a, 1974, Grover 1990, 1991). We think of this as the quantity
of nutrient used as building blocks to construct biomass and fuel to run metabolism, and not as
the total amount of nutrient in the body. A plant acquires the nutrient from the soil nutrient pool

according to a modified version of Michaelis-Menten/Monod dynamics in which its maximum
rate of uptake decreases as its quantity Q. increases:

N QiN max __ Q,-N
ID i N max N min N
Qi - Qj

gY+N

P (v.0")- , o

where Q"™ and Q¥™* are the minimum and maximum values of the nutrient quantity allowed,
respectively, 3" is the half-saturation constant for uptake rate, and p" is the maximum uptake

N min

rate, which is approached when Q approaches Q; and N is very large (Michaelis and

Menten 1913, Monod 1949, Grover 1990, 1991).
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Each plant also photosynthesizes to produce carbon compounds; the quantity of carbon in a
unit of plant biomass is given as Q° . As with O, we think of Q° as the quantity of carbon
used as building blocks to construct biomass and fuel to run metabolism, and not as the total
amount of carbon in the body. We assume the maximum photosynthetic rate asymptotically
increases with the quantity of nutrient Q" in the plant to a maximum of A, and the parameter ¢
scales the rate of approach to the asymptote. We also assume that plants compete for light, and
so their rate of carbon production due to photosynthesis decreases with increasing plant
abundance according to an exponential function, where ¢; scales the rate of decline in carbon
accumulation via photosynthesis with increasing plant abundance of both species. These

assumptions result in the following function:
A0) ek
1Y —e . 4)
¢+,

We assume that ¢ =¢,, 4, =4, and a, = a, ,which makes the two plant species equivalent at

Ai(QiN’Rz'):

producing carbon from sunlight: i.e., in this analysis, plants are equivalent in carbon production
and so differential carbon production capabilities cannot promote their coexistence.

The biomass production rate at which the plant grows and reproduces follows the multi-
compound Droop (1973a, b, 1974) formulation, where plants would not produce new biomass if

either quantity was at its minimum, but increases with increasing values of each up to a

maximum production rate of z:

v,(0".0) =4 (I—QIQN J(I—QQC j ©

(see also Sterner and Elser 2002). Plants lose biomass at a rate of f,. A fraction &, of the

nutrient quantity in dead plant biomass is recycled back to the available environmental pool.

Plants also have basal minimum utilization rates of a fraction &' of their nutrient from their
basal metabolisms and use an amount that scales with biomass production at rate 5" for growth
and reproduction. Plants also lose carbon due to metabolic processes at a baseline rate 5 and

increases at a rate of b that scales with the biomass growth rate to grow and reproduce.
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This community also contains a mycorrhizal fungus species that has an abundance of M .

Like plants, each unit of fungal biomass has a quantity of the abiotic nutrient Q;; and of carbon

O, , and the dynamics of these quantities are shaped by similar processes as for plants. The

fungus takes up nutrient from the environment according to the same modified version of

Michaelis-Menten/Monod dynamics as used for the plants

N max N
N M - QM N
pM N max N min
M T ZM

gy +N

P, (N,0))=

where Q™" and Q)™ are the minimum and maximum values of the nutrient quantity,
respectively, 3, is the half-saturation constant, and p,, is the maximum uptake rate when Q,,
approaches Q'™ and N is very large (Michaelis and Menten 1913, Monod 1949, Grover 1990,
1991). The fungus also has a basal minimum utilization rate of a fraction ¢;, of its nutrient from

its basal metabolism and uses an amount that scales with biomass production at rate b,, for

growth and reproduction.

The fungus may also extract carbon from the environment according to the equation

Ay (M) =Ae ™, (7

where 4, is the maximum rate of carbon extraction, and /£ scales the rate at which carbon
extraction declines with fungal abundance (e.g., greater fungal biomass would deplete available
environmental carbon, which is not explicitly included in the model). A value of 4, =0
characterizes arbuscular mycorrhizae and some ectomycorrhizal fungi since they obtain all their
carbon from their plant partners and none from the environment (Lindahl and Tunlid 2015,
Genre et al. 2020). A value of 4,, >0 may characterize some ectomycorrhizal, ericoid, and
orchid fungi that can potentially obtain some carbon (and other nutrients) from the environment

by producing enzymes to decompose organic matter (Akroume et al. 2019, Genre et al. 2020).

The fungus loses carbon due to metabolic costs at a baseline rate of J;, that increases with

biomass production at a rate of b, for growth and reproduction. Because of the differences in

carbon production mechanisms between plants and fungi (i.e., photosynthesis versus carbon
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extraction from plants or the environment), throughout these analyses 4, ? 4,, is assumed.

The fungus also produces new biomass according to multi-compound Droop dynamics

WM(Q/(Z»QA?):/UM(I_QSN J[l_ 50 j’ (8)

where p,, is the maximum production rate. The fungus also loses biomass at a rate of f,,. A

fraction 6,, of the nutrient quantity in dead biomass is recycled back to the available

environmental pool.
Plants and fungi directly interact with one another by extracting one of the materials from the

other species (Figure 1a). A plant extracts nutrient from the fungus at rate

it QiN max __ QiN v
b ’ . _pi (QiNmax_QiNmianM
i (QM > Qi ) \ ’ (9)

NM N
g+ 0y

where " is the half-saturation constant, and p" is the maximum uptake rate from the

N min

fungus, which is approached when Q) approaches Q; and Q) is very large. Likewise, the

fungus extracts carbon from each plant at rate
Cmax QC
Ci C
Pu CAr;[qax CAriin Qi
M T XM

l9]51’ + QiC

C.(0°.05)= , (10)

where Q5™ and QL™ are the minimum and maximum carbon quantities, respectively, 9. is
the half-saturation constant, and p, is the maximum uptake rate from the plants when Q,

C'max

approaches Q™ and Q° is very large.

These assumptions lead to the following set of differential equations describing the changes
in the abundances of the abiotic resource, the plant and fungus species, and the nutrient and

carbon quantities for each species,

dN 2 0" £ O'R +6) 1,0
;:Q(N)—ZPI«(N,Q,«N)R,'—PM (NaQA]Z)M+ZHz 1 OF R+ 6, [, OuM
dr, N oAC)
E_Ri(‘{li(Qi ’Qi ) f')
dQ" N N N NC N N N
907 _p (3.0 )(&) +5"¥,(0".0))Q" + D, (0300 )M
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219 dd%"C=Ai(Rl.)—(5iC+biC‘Pi(QiN,QI.C))QiC—Ci(QiC,QACJ)M (11)
220 c;—ﬁj=M(‘PM(Qﬁ,Q§1)—fM)

221 %=PM(N,Q;§)—(8;Z b, (03,0 )) O —izzl:Di(Qﬁ,QiN)R,»

222 dff = Ay (M) =(8 + 65 (03 05)) 2 +ZC (07,00 )R

223 where the components are as given in equations (2)-(10).

224 A model of this complexity prohibits mathematical analysis. Therefore, we used computer
225  simulations (numerical integration of the model using the ode45 solver of Matlab (version

226  R2023a, Mathworks Inc.)) to analyze patterns emerging from biologically reasonable areas of
227  parameter space. Matlab code of the model for one and two plant species interacting with a

228  single fungus species is provided on Figshare (https://figshare.com/s/f6b0875¢7d35¢99d6138,

229  PlantResourceFungusBaseModel1R1Mv5.m, PlantResourceFungusBaseModel2R1MvS5.m).

230 Simulations were run until the system came to a stable equilibrium (i.e., the abundances of all
231  species stopped changing to 5 significant digits for 500 iterations) or a stable limit cycle (i.e., a
232 repeated cycling through the same orbit evaluated visually in a graph of the abundances for 500
233 iterations). Coexistence is defined as species having abundances >10- at the equilibrium or

234 sometime during the limit cycle. Limit cycles were only encountered in narrow ranges of

235  parameter combinations at some transitions between species being able to coexist in the system
236  and with environmental nutrient abundance being very low. Also, in the areas of parameter

237  space we explored, we found no alternative equilibria, based on many replicate simulations using
238  random initial abundances. Because this model is not meant to mimic quantitative features of the
239  system, we focus on the general conditions that promote or retard species coexistence and the
240  qualitative changes in abundances and quantities across various areas of parameter space.

241

242 Results

243 One plant and one fungus

10
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Coexistence of a plant and a mycorrhizal fungus species cannot be assumed. First, the plant
and fungus are competitors for the abiotic environmental nutrient. Because the plant has a
substantially greater capacity to acquire carbon, the fungus can coexist with the plant over all but
the very lowest range of the environmental nutrient availability gradient if the fungus has a
substantially higher environmental nutrient uptake rate than the plant (i.e., o), ? o) (Figure 2).

Also, how composition and abundances change along the environmental nutrient gradient
depend on whether the nutrient or carbon is more limiting to each species. Plant abundance
increases while fungal abundance actually decreases with increasing environmental nutrient

availability in the range where the nutrient is more limiting for both species (i.e., low T}, ).

Remember that the plant is both competing with the fungus for the environmental nutrient pool

and extracting nutrient from the fungus directly. At the very low values of 7, the plant’s

abundance is not large, and so the total amount of nutrient that the plant extracts from the fungus
is not large. As plant abundance increases in this range of 7),, the resulting increases in the
combined effects of direct consumption and indirect competition for the limiting nutrient cause
the fungal abundance to decline (Figure 2d). Moreover, if the fungus’ environmental nutrient

uptake rate is only moderately higher than the plant, these combined effects cause fungal

abundance to decrease to zero in the intermediate range of 7, (Figure 2c).

In contrast, fungal abundance increases and plant abundance decreases at high values of T,

where carbon is more limiting to both species (Figure 2d). In this range, carbon production by
the plant is limited by intraspecific competition for light, and carbon extraction by the fungus
from the plant becomes the more important direct interaction between them. The increasing
fungal abundance with higher nutrient availability causes more carbon to be extracted from the

plant, which causes its abundance to decline.

If the fungus is able to extract environmental carbon (e.g., 4,, =0.5) instead of solely relying

on plant subsidy (e.g., 4,, =0.0), the fungus can coexist with the plant at lower maximum

nutrient uptake rates across the whole nutrient availability gradient (cf. Figures 2a and 2b).

The rate at which the plant consumes the fungal nutrient relative to its ability to extract

11
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nutrient from the environment also influences whether the plant and fungus can coexist.
Coexistence requires that either (1) the plant extracts nutrient from the fungus at a high rate but

has a substantially lower environmental nutrient uptake rate than the fungus ( p,, > p" ); or (2)

the plant has a higher environmental nutrient extraction rate than the fungus but extracts nutrient
from the fungus at a low rate (“ R, & M ” area in both panels of Figure 3). Thus, over much of
parameter space, coexistence requires that the fungus must be better at extracting the nutrient
from the environment than the plant. Even though the plant extracts the environmental nutrient
at a slower rate, it coexists because it also extracts the nutrient from the fungus. However, when
the plant extracts the environmental nutrient at a faster rate, coexistence requires that it extract
little nutrient from the fungus, and the fungus coexists because it extracts carbon from the plant.
The plant species can also drive the fungus extinct if it extracts nutrient from the fungus at too
high a rate, even when it is significantly poorer at extracting the environmental nutrient as

compared to the fungus (“ R, only” area in both panels of Figure 3). The rate required for the

plant to drive the fungus extinct depends on the fungus’ ability to extract carbon from the
environment ( 4,, ) (Figure 3).

Whether the nutrient or carbon is more limiting to plant and fungal growth also defines the
areas where the fungus is either a mutualist or parasite to the plant, which further depends on the
fungus’ maximum carbon extraction rate from the plant (Figure 4). At low environmental
nutrient availabilities where the nutrient is more limiting to both species, the fungus is a
mutualist, enhancing the abundance of the plant if they can coexist, regardless of the fungus’
carbon extraction rate (Figure 4a-b). In the zone of nutrient availabilities where both species are
shifting from nutrient to carbon limitation, the fungus is a mutualist if the fungus’ carbon
extraction rate is low, but a parasite depressing plant abundance if the fungus’ carbon extraction
rate is high (Figure 4c-d). Finally, in the range of environmental nutrient availabilities where
both species are carbon limited, the fungus is a parasite because of carbon consumption from the
plant, except at its very lowest carbon extraction rates (Figure 4e-f). The ability of the fungus to

extract carbon from the environment does not appreciably affect these trends (cf. panels for each

12
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T, value with 4,, =0.0 versus 4,, =0.5).

One interesting observation is that the maximum rate at which the plant extracts the nutrient
from the fungus has relatively little effect on the plant’s abundance over a large parameter range

of p™ (Figure 5a). However, the rate at which the fungus extracts the nutrient from the

environment can have a substantial effect on plant abundance; plant abundance increases with
o until plant reproduction is limited by carbon and not by the nutrient (Figure 5b). Thus, the
environmental nutrient uptake ability of the fungus is a critical determinant of plant abundance

when the nutrient limits plant abundance.

Two plants and one fungus

A second plant species (R, ) can invade and coexist with the mycorrhizal fungus and the first
plant species under restricted conditions. In the comparisons made here, the two plant species
being considered have identical parameters except for those being compared explicitly. In the
absence of the fungus, the plant species with the higher environmental nutrient extraction rate
will drive the other plant extinct, all else being equal (Tilman 1982).

The two plant species can coexist if they differ in specific ways in their abilities to extract the
nutrient from the environment and from the fungus. Coexistence requires that the relative
abilities of the two plant species must trade off within a zone of parameter space where one plant

is better at extracting the nutrient from the environment, but the other is better at extracting the

nutrient from the fungus (i.e., the R, R, & M area in Figure 6). If R, extracts less from the
fungus than R,, R, must be able to extract proportionally more from the environment. However,

R, cannot be too good at extracting the environmental nutrient; R, will drive R, extinct if it

extracts the environmental nutrient at too high a rate, even if it is poorer at acquiring the nutrient
from the fungus. As expected, one plant always drives the other plant extinct if it has higher

maximum extraction rates from both environmental and fungal nutrient pools.

In the parameter space where the two plants coexist with the fungus (Figure 6), R, (the plant

that extracts the nutrient from the environmental pool at a slower rate but from the fungal pool at

13

Page 14 of 86



Page 15 of 86 Ecology

Running Head: Plant-Mycorrhizal Fungus Coexistence

325  afaster rate) has a positive growth response in the presence of the fungus when R, is absent (i.e.,
326  the fungus is a mutualist with R,). However, R, (the plant that extracts nutrient from the

327  environmental pool at a faster rate but from the fungal pool at a slower rate) has a negative

328  growth response in the presence of the fungus when R, is absent (i.e., the fungus is a parasite of

329  R,). More generally from our explorations of large areas of parameter space, when the two

330 plants coexist, at least one has a parasitic relationship with the fungus. The fungus is typically a
331  mutualist with the plant that depends more on the fungal nutrient pool, and the fungus is

332 typically a parasite with the plant that depends more on the environmental nutrient pool.

333 The abilities of the fungus to extract nutrient and carbon from the various sources also shapes

334  coexistence of the plant species. In the examples presented in Figure 7, R, again has a lower

335  maximum environmental nutrient extraction rate but a higher maximum fungal nutrient

336 extraction rate than R, (i.e., p' < py and p™ > p}). Also, the fungus has identical

337  parameters for interactions with both plant species, unless otherwise specified in the example.
338 The relative rates at which the two plant species extract fungal nutrient influence the

339  coexisting plants’ relative frequencies (Figure 7a). Coexistence occurs because the high rate of
340  fungal nutrient uptake by R, offsets the competitive advantage of R, for the environmental

341  nutrient pool. Interestingly, within the parameter range of coexistence, the relative abundances
342 of the two plant species do not change monotonically. At the lower range of p"" permitting
343  plant coexistence, R, (the plant with the higher maximum environmental nutrient uptake rate)
344  decreases in abundance, and R, increases. As a result, fungal abundance decreases because R, is

345  now extracting nutrient from it, and the environmental nutrient abundance increases because of

346  the decreases in R, and fungal abundances. However, at higher p*" values, the changes in

347  plant relative abundances reverse because fungal abundance is greatly reduced, which more

348  disadvantages R,, and environmental nutrient availability is higher, which advantages R,. Here

349  again, the relative resource competitive abilities of the plants for the environmental and fungal
350  nutrient pools interact to determine the outcome of these species interactions.

351 The maximum environmental nutrient extraction rate of the fungus will also shift the relative
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importance of the two conduits of resource competition between the plants, because this rate
increases the amount of nutrient available to the two plants in the fungal nutrient pool and

decreases the amount in the environmental pool (Figure 7b). At low environmental nutrient

extraction rates for the fungus (i.e., p, <2.2), the plant that is less dependent on the fungal
nutrient pool (i.e., R,) is favored. Where the two plant species coexist (i.e., 2.2 < p,; <4.9),
their relative abundances are determined by the rate at which the fungus extracts the
environmental nutrient. Moreover, at high enough fungal extraction rates (i.e., pj >4.9), the
plant species that depends more on the environmental nutrient pool may be unable to coexist,
because the combined effects of the fungus and competing plant species drive the environmental
nutrient availability to a level at which it cannot support a population.

The rate at which the fungus can extract environmental carbon also shapes plant coexistence,
because a higher environmental carbon extraction rate elevates fungal abundance (Figure 7c).

Higher values of the maximum environmental carbon extraction rate for the fungus favor the

plant species more dependent on the fungal nutrient pool. Within the range of 0.0< 4,, <0.15,
higher values shift the plant species’ relative abundances, with R, increasing and R, decreasing

in relative abundance. Above this range, fungal abundance has increased above a level at which

R, can maintain a population. Here, inflation of environmental carbon uptake by the fungus
exacerbates apparent competition between the two plant species and exacerbates resource
competition between R, and the fungus. The increase in fungal abundance favors the plant
species that depends more on the fungal nutrient pool. However, if R, is absent, R, and the

fungus will coexist with 4,, >0.15, because fungal abundance will be lower.

The maximum rates at which the fungus extracts carbon from the two plant species also

influences plant species coexistence (Figure 7d). In this example, the fungus has the same

maximum carbon extraction rates from both plants (i.e., o, = p.,) and does not extract carbon
from the environment 4,, =0.0. In the parameter range where the two plant species can coexist
(ie., 0.19< p.' = p.7 <1.0), increasing the maximum carbon extraction rates from the two

plants shifts the plant relative frequencies in favor of R,, and above this range R, cannot coexist.
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In this case, direct consumption by the fungus shifts the plants’ relative abundances, which again

favors the plant species that more depends on the fungal nutrient pool. Also note that fungal

abundance changes very little as p|, = p;,” increase, because it becomes nutrient limited.

Discussion

As in nature, these model results highlight that the interactions among plants and their
mycorrhizal fungal partners are sometimes mutualistic and sometimes antagonistic. These
outcomes depend on the abilities of the interacting species, and the shift between mutualism and
antagonism occurs along environmental gradients of nutrient availability (Hoeksema et al. 2010,
Johnson 2010). Plants and mycorrhizal fungi can be mutualist partners that share resources, but
they are also competitors for those resources from the environment and consumers of one
another with all the attendant consequences of these interactions. Moreover, a mycorrhizal
fungus can be an indispensable community member to promote the coexistence of competing
plant species that could not otherwise coexist. However, a fungal partner shared by multiple
plant species is also a direct consumer of all, and so a conduit for apparent competition between
the plants that may or may not foster coexistence (Simard et al. 1997).
Plant—fungus coexistence

The requirements for coexistence of one plant species with a mycorrhizal fungus species in
our model echo the coexistence requirements for an intraguild predator and prey, but with a
richer set of possibilities. With intraguild predation, coexistence requires that the intraguild prey
consume their shared resource at a faster rate, and that the intraguild predator inflicts only a low
to moderate level of mortality on the intraguild prey (Polis and Holt 1992, Holt and Polis 1997,
McPeek 2022). Coexistence of a plant and a fungus is possible over a broad range of parameter
space if the fungus extracts the environmental nutrient at a higher rate than the plant, and the
plant extracts the nutrient at a moderate rate from the fungus. However, the fungus is also a
consumer of plant carbon. Consequently, coexistence is also possible if the plant extracts the

environmental nutrient at a higher rate than the fungus but extracts relatively little nutrient from
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the fungal pool, and if the fungus extracts carbon from the plant above some minimum rate
defined by other conditions.

Direct measures of environmental nutrient uptake by plants and fungi are difficult, but
models suggest that fungi typically have substantially higher nutrient uptake rates than plants
because fungi explore a much larger volume of soil and have a much greater surface area for
uptake (Schnepf and Roose 2006, Schnepf, Roose and Schweiger 2008, See et al. 2022). Ericoid
and some ectomycorrhizal (EcM) fungi can also access various pools of soil nutrients that are
inaccessible to plants by producing extracellular enzymes that mine organic matter for nutrients
(Koide et al. 2008, Bodeker et al. 2014, Lindahl and Tunlid 2015, Adamczyk et al. 2016, Pellitier
and Zak 2018, Akroume et al. 2019, Genre et al. 2020). Furthermore, root colonization by
arbuscular mycorrhizae (AM) fungi can reduce the root’s ability to take up nutrients (Smith and
Smith 2012). These results suggest that fungi in nature may have a much higher environmental
nutrient extraction rate than their plant partners in most cases. Plants also derive different
nutrient levels from various fungal partners (Smith, Smith and Jakobsen 2003, 2004). Whether
any particular plant-fungus pair is coexisting in nature will depend on the balance of these
various uptakes and exchanges.

Our model results provide a mechanism for how the interaction between a plant and
mycorrhizal fungi can shift between mutualism and parasitism. At low environmental nutrient
levels, the effect of the fungus on plant abundance is positive, because the plant is more limited
by the nutrient. The fungus can also permit the plant to support a population in an ecosystem
with nutrient availability too low for the plant to persist by itself. However, at high
environmental nutrient levels, plant abundance can be depressed by the fungus because carbon
becomes limiting to plants, and the carbon loss to mycorrhizae slows plant growth. The more
effective the fungus is at siphoning carbon from the plant, the lower the ambient nutrient
availability at which this interaction becomes negative for the plant.

These results are consistent with experiments testing plant responses to mycorrhizal fungi

presence. The effect of arbuscular mycorrhizal (AM) fungi on plant biomass is positive in low
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phosphorus soil but negative in high phosphorus soil (Johnson 2010). Similarly, plants are
significantly more responsive to mycorrhizal inoculation in unfertilized soil relative to fertilized
soil (Hoeksema et al. 2010). In some cases, plants may have adjusted to this negative response:
root colonization by AM and ectomycorrhizal (EcM) fungi can decrease as nutrient availability
increases, which may decrease the plant’s carbon cost for interacting with the fungi (Egerton-
Warburton and Allen 2000, Egerton-Warburton, Johnson and Allen 2007, Pellitier et al. 2021).
Other resource gradients also affect the mycorrhizal growth response of plants: the interaction
can become parasitic at low light levels where carbon should be more limiting (Ibafiez and
McCarthy-Neumann 2016). Overall, our model demonstrates how the mycorrhizae-plant
interaction exists on a continuum of mutualism to parasitism.

Environmental nutrient availability is not the only factor that determines the plant growth
response to the presence of mycorrhizal fungi. Plant growth is increased as the fungus’ ability to
take up nutrients from the environment increases. Plant growth is often dependent on the
mycorrhizal species involved (Smith, Smith and Jakobsen 2003, Hoeksema et al. 2018). The
growth of ectomycorrhiza-associating trees across Europe increased as the genetic potential of
the EcM fungi to take up inorganic nitrogen increased (Anthony et al. 2022). In that study,
fungal community composition explained more variation in tree growth than climate or soil
factors. The growth response of arbuscular mycorrhiza-associating plants also differs among
different AM species (Smith, Smith and Jakobsen 2003, 2004, Bennett and Bever 2007, van der
Heijden, Bardgett and van Straalen 2008), but whether these differences are due to differences in
the fungi’s nutrient uptake capabilities is unknown. Our model provides testable predictions
about the mechanisms by which the benefits of the mutualism and costs are dependent on fungal
species traits (e.g., Wilson and Hartnett 1997, Klironomos et al. 2000, Klironomos 2002, Bennett
and Bever 2007).

Whether the mycorrhizae can coexist with the plant depends on its ability to extract nutrients
from the environment. In nature, major shifts in EcM assemblage composition occur across

nutrient gradients towards fungal species that are better adapted for taking up inorganic nutrients
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(Lilleskov, Hobbie and Horton 2011). EcM fungi are polyphyletic and have large differences in
their morphology and ability to take up inorganic versus organic nutrients (Avis 2012, Pellitier
and Zak 2018). The EcM fungi that produce extracellular enzymes to mine organic matter for
nutrients, which is a slower and more energetically costly nutrient acquisition strategy, often
decline the most with increasing nitrogen availability. In contrast, hydrophilic, shorter distance
exploration types of EcM that are better at taking up inorganic nitrogen from the soil solution
increase (Lilleskov, Hobbie and Horton 2011). Our results suggest that competition with plants
may be one component of why the EcM species specializing in a slower, more organic-
dominated nitrogen cycle are lost as nitrogen availability increases. AM fungal assemblages can
also shift as nutrient availability increases depending on ecosystem type and climate (Ma et al.
2021, Kasanke et al. 2022). However, the mechanism for this change in AM fungi is more likely
due to plants limiting their carbon subsidies in response to a negative mycorrhizal growth
response at high nutrient levels (Egerton-Warburton and Allen 2000). We have not incorporated
plant control over carbon subsidies to the fungus into this model, but we plan to do so in future
versions of the model. Because such controls would decrease the rate of carbon exchange to the
fungus, we expect that such controls at high nutrient availability would increase the plant’s
abundance by mitigating the loss of carbon to the fungus.
Plant coexistence and species diversity

Theory predicts that two resource competitors cannot coexist on a single resource, but they
can coexist on two resources if each is better at consuming a different resource (Levin 1970,
Tilman 1980, Hsu, Cheng and Hubbell 1981, Tilman 1982). Our results show that the presence
of a mycorrhizal fungus can promote the coexistence of two plant species that compete for a
single limiting nutrient, and plant coexistence requires that one plant species be better at
extracting the nutrient from the environment and the other plant species be better at extracting
the nutrient from the fungus (see also Umbanhowar and McCann 2005, Johnson and Bronstein
2019). The fungus is not simply a nutrient conduit but rather acts as a separate nutrient pool for

the plants, and coexistence results when they trade off the ability to extract the nutrient from the
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environmental and fungal pools (Umbanhowar and McCann 2005, Johnson and Bronstein 2019).
However, the two species must draw the nutrient in relatively equitable but opposite proportions
from the two pools (i.e., the area in Figure 6 labeled “R,, R, & M ). These relative nutrient
extraction rates between the two plant species also influence the plants’ relative abundances
when they do coexist. Thus, quantifying the relative supply of nutrients from the environment
and from mycorrhizal fungi for competing plant species will be an essential test of this model.

The loss of carbon to the fungus also shapes plant coexistence (Ek, Andersson and
Soderstrom 1997, Hobbie 2006, Kiers et al. 2011, Bever 2015, Genre et al. 2020). Greater
maximum carbon extraction rates from the plants by the fungus increases the fungus’ abundance,
which (1) exacerbates the plants’ costs, but also (2) provides a larger total fungal nutrient pool
available to the plants. Because the fungus is a consumer of both plants, this linkage via carbon
supply has two effects: the direct cost of consumption on each plant and the mediation through
the fungus of apparent competition between the plants (sensu Holt 1977).

Experimental results testing the effect of mycorrhizae on plant coexistence and diversity are
equivocal, which suggests a great range of fungal effects on plant competitive performance. In a
tallgrass prairie, suppressing mycorrhizal fungi increased plant richness, evenness, and diversity,
because competitively dominant plant species decreased in abundance and competitively inferior
plant species increased (Hartnett and Wilson 1999, Smith, Hartnett and Wilson 1999). In
contrast, in a microcosm experiment, mycorrhizal fungi permitted competitively inferior species
to coexist with competitively superior plant species, but the competitive inferiors were excluded
in mycorrhizae-free replicates (Grime et al. 1987). Likewise, among 21 plant species in an
Ontario old field, species with a greater competitive effect on a common phytometer species had
a smaller growth response to the presence of mycorrhizal fungi (Stanescu and Maherali 2017).
Thus, in some plant communities, mycorrhizae promote coexistence and in others, they
exacerbate competitive differences among species. Our model results predict that these
differences in response are due to the relative capabilities of the plants and fungi to extract

nutrients and carbon from one another and from the environment.
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Mycorrhizae have been shown to promote coexistence when the dominant plants in a
community without mycorrhizae have a lower or even negative mycorrhizal growth response
than other plants in the community (Grime et al. 1987, Stanescu and Maherali 2017, McHaffie
and Mabherali 2020). Consistent with these results, our model predicts that the plant species that
is better at extracting the nutrient from the environmental pool will have a negative growth
response to the presence of the fungus (i.e., a parasitic relationship), and the plant species that is
better at extracting the nutrient from the fungal nutrient pool will have a positive mycorrhizal
growth response (i.e., a mutualistic relationship). Umbanhowar and McCann (2005) arrived at
similar conclusions from analyzing a generalized graphical model of this interaction. This result
is also analogous to the criterion for coexistence of two resource competitors that are fed upon by
a single consumer (Holt, Grover and Tilman 1994, Leibold 1996, McPeek 1996, 2022).

The effect of mycorrhizae on coexistence is also dependent on the abilities of the fungi
species present (Wilson and Hartnett 1997, Klironomos et al. 2000, Klironomos 2002, van der
Heijden, Bardgett and van Straalen 2008, Vogelsang and Bever 2009). For example, our model
predicts that plant coexistence is less likely if the fungus uses carbon from the environment.
Consequently, the model predicts arbuscular mycorrhizal fungi, which are obligate biotrophs,
should be more capable of fostering plant coexistence than ericoid and orchid mycorrhizae and
possibly more than ectomycorrhizal fungi depending on their saprotrophic capabilities. AM
systems are generally more diverse than EcM or ericoid systems (Brundrett and Tedersoo 2018).
For example, in the tropics, AM forests are quite diverse whereas EcM forests are often
dominated by a single species (Corrales, Henkel and Smith 2018). Additionally, the model
predicts that the rate at which the fungus can extract the nutrient from the environment strongly
influences whether plant species can coexist and their relative abundances if they do. Increasing
fungal abundance means a larger fungal nutrient pool from which the plants can draw, but also a
greater carbon cost for each plant to pay. It would be interesting to test the predictions of this
model result in the field among various ectomycorrhizal communities, which can differ greatly in

their nutrient uptake abilities (Pellitier and Zak 2018).
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Obviously, this model does not include some features of plant-mycorrhizal fungus
interactions that may influence plant coexistence. These include when mycorrhizae increase the
strength of intraspecific competition (McHaffie and Maherali 2020) and the sharing of carbon
through common mycorrhizal networks (Teste and Simard 2008, Klein, Siegwolf and Korner
2016, Pickles et al. 2017). In ectomycorrhizal systems, carbon transfer can occur across plant
species from the stronger competitor to the poorer competitor via mycorrhizae (Simard et al.
1997), reducing interspecific competition. Our model also lacks any control by the plant of
carbon subsidy to the mycorrhizae (e.g., Bever 2002, Bever et al. 2009, Bever 2015). Lastly,
carbon and nutrients are not coupled in this model. In vivo, plants and fungi maintain their
carbon to nutrient ratios within certain bounds, so that nitrogen uptake would be constrained by
the amount of carbon in their biomass. Future analyses should explore these additional
mechanisms to see how they may alter the model’s predictions.

Conclusions

The results of this model show that the coexistence of a plant and a fungus requires that the
fungus be substantially better at extracting the environmental nutrient, unless the plant extracts
little nutrient from the fungus. The plant can drive the fungus extinct if it extracts too much
nutrient from both the environment and the fungus. In contrast, the fungus can drive the plant
extinct if it has a higher environmental nutrient uptake rate than the plant and extracts carbon
from the plant at a much greater rate than the plant gains nutrient from the fungus. Our model
also predicts that the fungus can permit the plant to occupy nutrient-poor environments where it
would be incapable of living without the fungus, but that the fungus can become parasitic in
nutrient-rich environments where the plant is carbon-limited if it extracts carbon from the plant

at a substantial rate.

Furthermore, the results showed the presence of a single fungus species can foster the
coexistence of two plant species competing for a single environmental resource, because the
fungus is a second limiting resource to the plants and is a conduit of “apparent” competition

between them. Whether the plant species can coexist depends on 1) the balance among their
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relative competitive abilities for the environmental nutrient and for the nutrient from the fungus
and the relative amount of carbon extracted by the fungus from each and 2) the ability of the
fungus to extract nutrients and carbon from the environment. The ability of the fungus to extract
carbon from the environment controls the intensity of apparent competition between the plants.
Our analysis highlights several future avenues of inquiry including how the functional
capabilities of the mycorrhizal fungi affect competitive interactions between the fungi and plant
and between plants. Understanding this complex web of interactions among plants and

mycorrhizal fungi should help guide empirical research into new and fruitful directions.
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Table 1. List of state variables, equation terms, and parameters used in the model.

State variables
N

R, R,

0. 0. Oy

o, 05, 0y

Equation Terms

Q(N)

abundance of the environmental nutrient: units, nutrient

abundances of plant species 1 and 2, respectively: units, plant —
expressed as either individuals or biomass

abundance of the mycorrhizal fungus: units, fungus — expressed as
biomass

individual quantities of the nutrient in plant species 1 and 2, and the
fungus, respectively: units, nutrient/([plant or fungus])

individual quantities of carbon in plant species 1 and 2, and the fungus,

respectively: units, carbon/([plant or fungus])

renewal function for the abiotic nutrient pool: units, nutrient/time

B(N,0"). B(N,0Y), B,(N,Q})  uptake function of environmental nutrient by plant

species 1 and 2, and the fungus, respectively: units, nutrient/([plant

or fungus]-time)

D, (QA]; Nou ) , D, (Qg , 0 ) rate function for plant species 1 and 2 extracting nutrient

from the fungus, respectively: units, nutrient/(plant-fungus-time)

C, (QIC, 0, ) , C, (ch L0y, ) rate function for the fungus extracting carbon from plant

species 1 and 2, respectively: units, carbon/(plant-fungus-time)

A(R), A (Ry), Ay (M) carbon production rate function for plant species 1 and 2

and the fungus respectively: units, carbon/([plant or fungus]-time)

Y, ( oY, QIC) , P, (QZN 05 ) , ¥y, ( o, Qfl) biomass (or individual) production rate

function for plant species 1 and 2, respectively and biomass
production rate function for the fungus: units, [plant or

fungus]/([plant or fungus]-time)
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845
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maximum abundance of the environmental nutrient: units, nutrient

renewal rate of environmental nutrient: units, 1/time

maximum individual nutrient quantities in plant species 1 and 2, and the
fungus, respectively: units, nutrient

minimum individual nutrient quantities in plant species 1 and 2, and the
fungus, respectively: units, nutrient

maximum individual carbon quantities in the fungus: units, carbon

minimum individual carbon quantities in plant species 1 and 2, and the
fungus, respectively: units, carbon

maximum environmental nutrient uptake rates for plant species 1 and 2,
and the fungus, respectively: units, nutrient/time

half-saturation constants of environmental nutrient uptake rates for plant
species 1 and 2, and the fungus, respectively: units, nutrient

maximum nutrient uptake rates from the fungus by plant species 1 and 2,
respectively: units, nutrient/time

half-saturation constants of nutrient uptake rates from the fungus for
plant species 1 and 2, respectively: units, nutrient

maximum carbon uptake rates from plant species 1 and 2, respectively,
by the fungus: units, carbon/time

half-saturation constants of carbon uptake rates from plant species 1 and
plant species 2, respectively, by the fungus: units, carbon

maximum rate of carbon production by plant species 1 and 2, and of
carbon acquisition by the fungus, respectively: units, carbon/time

half-saturation constants for photosynthetic rates scaled by Q¥ and Q)
for plant species 1 and 2, respectively: units, nutrient

maximum production rate for plant species 1 and 2, and maximum
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biomass production by the fungus, respectively: units, [plant or
fungus]/time

scaling parameter for carbon production by plant species 1 and 2, and of
carbon acquisition by the fungus, respectively: units, 1/[plant or
fungus]

basal quantities used for growth and reproduction by plant species 1 and
2, and the fungus, respectively: units, nutrient/(nutrient-time)

nutrient quantities used for growth and reproduction by plant species 1
and 2, and the fungus, respectively: units, nutrient/ [plant or fungus]

basal carbon quantities used for growth and reproduction by plant
species 1 and 2, and the fungus, respectively: units,
carbon/(carbon-time)

carbon quantities used for growth and reproduction each offspring by
plant species 1 and 2, and biomass production rate for the fungus,
respectively: units, carbon/[plant or fungus]

fraction of individual nutrient quantity that is recycled to the
environmental pool from dead biomass for plant species 1 and 2, and
the fungus, respectively: unitless

intrinsic death rates for plant species 1 and 2, and intrinsic biomass loss
rate of the fungus, respectively: units, [plant or fungus]/([plant or

fungus]-time)
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889 Figure Legends

890  Figure 1. Conceptual diagrams of the consumption linkages between plants and mycorrhizal

891 fungi. Each circle represents an individual of the plant, fungus, or the environmental pool of
892 an abiotic nutrient (e.g., a nitrogen or phosphorus compound). The plant and fungus have
893 pools of the nutrient NV and carbon C in their tissues. Arrows point from the consumed pool
894 to the consumer (i.e., the direction of flow of the quantity) and are labeled by the

895 corresponding rate functions (see text). Panel (a) illustrates these consumption linkages for
896 one plant species and one fungus, and panel (b) illustrates these linkages for two plant

897 species and one fungus.

898  Figure 2. Areas of coexistence of one plant species and one fungus species along an

899 environmental nutrient gradient for various values of maximum nutrient uptake by the fungus
900 ( pﬁ) . Panels (a) and (b) identify the areas of parameter space where the two species coexist
901 (identified as “ R, & M ), only the plant is present (““ R,”), and a small unlabeled area at very
902 low T, (environmental nutrient) values where neither species can support a population. The
903 fungus cannot extract carbon from the environment (4,, = 0.0) in panel (a), and it can (

904 A,, =0.5) in panel (b). Panels (c) and (d) show the changes in species and environmental
905 nutrient abundances and quantities along transects of environmental nutrient availability for
906 two different values of maximum environmental nutrient uptake for the fungus. In the top
907 panel in each column of (c) and (d), the blue curve is the nutrient equilibrium abundance, the
908 orange solid curve is the fungal equilibrium abundance, the green solid curve is the plant

909 equilibrium abundance when both species are initially present and interact with one another.
910 The green dashed curve is the plant equilibrium abundance in the absence of the fungus. The
911 bottom panel in each column gives equilibrium quantities for nutrient (solid curves) and

912 carbon (dot-dashed curves) for the plant (green) and fungus (orange). The other parameters
913 used in these examples are as follows unless otherwise specified: ¢=0.01, g, =x,,=0.2,

914 QNmn=imin=gfmin=gemin=02, QN =" =1.0, p'=0.1, b =b), =0.1, §" =9 ="
915 =25, &=l =0.05, p/™ =0.5, 1,=100, 4,=0.2, a,= =0.1, b =2.0, bS,=0.1, 6°=0.15, &,
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=0.1, pi'=0.3, 3,'=50, f,=f,,=0.1, 6,=6,,=0.5.

Figure 3. The combinations of maximum nutrient uptake rates for the plant that shape whether

the plant and fungus can coexist. The ordinate axis is the plant maximum uptake rate from
the environment, and the abscissa axis is the plant maximum uptake rate from the fungus.
Panel (a) has a fungus that does not extract carbon from the environment (i.e., 4,, =0.0), and
Panel (b) has a fungus with a maximum environmental carbon extraction rate of 4,, =0.5.
These parameter spaces are divided into four areas: No species present, because neither
species can support a population with those parameter combinations; M only, where the
fungus outcompetes the plant, so that only the fungus is present; R, only, where the plant
outcompetes the fungus, so that only the plant is present; and R, & M , where the plant and
fungus coexist. As a reference, the maximum uptake rate of the nutrient from the
environment for the fungus is pj, =0.5 (identified by the dashed line in each panel). The
other parameters are as follows unless otherwise specified: 7, =50, ¢c=0.01, g, =x,,=0.2,
Q¥ min = Qmin _ pycmin_ )Cmin_ 5 - yNmax _ Veax_y (- oV | pV =¥ =01, gV = ¥ = gV
=25, &=l =0.05, p/™ =0.5, 1,=100, 4,=0.2, a,==0.1, b° =2.0, bS,=0.1, 6°=0.15, &,
=0.1, pi'=0.3, 3,'=50, f,=f,,=0.1, 6,=6,,=0.5.

Figure 4. Carbon extraction rate by the fungus from the plant can shift their interaction from

being mutualistic to parasitic, depending on environmental nutrient availabilities. Each panel
shows the relationship for equilibrium plant abundance when the fungus has different values
of maximum carbon extraction rate from the plant ( o ) . In each panel, the thin dashed line
identifies the plant abundance in the absence of the mutualist. The solid line identifies the
plant abundance. Panels (a), (c), and (e) show results for a fungus that cannot extract carbon
from the environment, and panels (b), (d), and (f) of panels shows results for a fungus that
can extract environmental carbon. Panels (a) and (b) show results at an environmental
nutrient availability of 7, =50, panels (c) and (d) for 7,, =100, and panels (e) and (f) for

T, =200. The fungus cannot support a population below o' =0.15, and so the

discontinuity in plant abundance at this point is caused by the fungus now being able to
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support a population. The other parameters are as follows unless otherwise specified: 7),
=50, c=0.01, 11,=p,,=0.2, Q'™ =0, ™" =0 ™" =0 ™" =0.2, O™ =)™ =1.0, p=0.1,
b =bY=0.1, §" =9 =9"" =25, &¥=¢ =0.05, p =0.5, 1,=100, $=0.2, a,==0.1, bf
=2.0, b, =0.1, 5°=0.15, 5,=0.1, p; =2.5, p;'=0.3, 9.'=50, f,=f,,=0.1, 6,=6,,=0.5.

Figure 5. Equilibrium abundances for a single plant species interacting with a single fungus

species at various values of (a) the maximum plant uptake rate of nutrient from the fungus,
and (b) the maximum environmental nutrient uptake rate for the fungus. The equilibrium
abundances of the species and nutrient in the environment and the nutrient are identified as in
Figure 2. The other parameters are as follows unless otherwise specified: 7, =50, c=0.01, g,
=pu,, =02, Q' =0rm" =0 ™M =0 =0.2, O™ =0 =1.0, p)=0.1, b =b) =0.1, 9"
=9 =9 =25, &' =g =0.05, p'™=0.5, 1,=100, 1, =0.0, 4=0.2, a,=B=0.1, b° =2.0,
b, =0.1, 5°=0.15, 5,,=0.1, p;;=2.5, p;'=0.3, 9'=50, f,=f,,=0.1, 6,=6,,=0.5.

Figure 6. Areas of parameter space in which two plant species do and do not coexist while

competing for the abiotic nutrient and interacting with a single fungus species. This figure
contrasts plant species 2’s maximum rate of nutrient uptake from the environment ( o, ) with
its maximum rate of nutrient uptake from the fungus ( p,""). The comparable parameters for
plant species 1 are identified with the dashed lines. Three areas are identified: where each
plant species coexists with the fungus alone, and where both plant species coexist with the
fungus. Both plants have the same parameters except for those manipulated in the figure.

The other parameters are as follows unless otherwise specified: 7, =50, c=0.01, 2, =u,=pu,,

_ Nmin Nmm Nmm Cmm Cmin Cmin Nmax Nmax __ Nmax
=0.2 Q1 QM M =0.2,

2 2 =1.0, pl
=0.05, p"™=0.25, b =b) =b=0.1, F" =9 =g =g =g =25, &' =) =£) =0.05,
oM =p™M=05, 4=1,=100, 4, =0.0, ¢=¢,=0.2, a,=a,==0.1, b"=b5 =2.0, b;,=0.1,
5 =05 =0.15, 5,,=0.1, pi =15, p.'=0.3, 9'=50, f,=f,=f,,=0.1, 6,=6,=6,,=0.5.

Figure 7. Equilibrium abundances (top panels) and quotas (bottom panels) for two plant species

interacting with a single fungus species at various values of (a) the maximum rate at which

plant species 1 extracts the nutrient from the fungus, (b) the maximum environmental
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nutrient uptake rate for the fungus, (c) the maximum rate at which the fungus extracts carbon
from the environment, and (d) the maximum rates at which the fungus extracts carbon from
each plant for a community potentially consisting of two plants and a fungus. Quantities for
the fungus and nutrient are identified as in Figure 2. Quantities for plant species 1 are given
in dark green and for plant species 2 in light green. The other parameters are as follows
unless otherwise specified: T, =50, c=0.01, g =1, = ,,=0.2, Q™" = Q™" = Q™" = Q™" =

cmn= M =02, QN =N =N =1.0, p)'=0.2, p)=0.5, p’"=1.0, p}*=0.2, b =
b)Y =b=0.1, §"=F =9 =9 =3"M=25, &' =g =&) =0.05, p’ = p"=0.5, =2,
=100, 4, =0.0, 4=¢,=0.2, o,=a,=B=0.1, b =bS =2.0, b, =0.1, & =55 =0.15, 5, =0.1,
pu=3.5, pi'=0.3, 3,'=50, fi=f,=1,=0.1, 6,=6,=6, =0.5.
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Abstract. We present a mechanistic model of coexistence among a mycorrhizal fungus and
one or two plant species that compete for a single nutrient. Plant-fungal coexistence is more
likely if the fungus is better at extracting the environmental nutrient than the plant, and the

fungus acquires carbon from the plant at-an-adeguateabove a minimum rate. When they coexist,

their interaction can shift from mutualistic to parasitic at high nutrient availability. The fungus is
a second nutrient source for the plants and can promote the coexistence of two plant competitors,
if one is better at environmental nutrient extraction and the other is better at garnering the
nutrient from the fungus. Because it extracts carbon from both plants, the fungus also serves as a
conduit of apparent competition between the plants. Consequently, the plant with the lower
environmental nutrient extraction rate can drive the plant with the higher environmental nutrient
extraction rate extinct at high carbon supply rates. This model illustrates mechanisms to explain
several observed patterns, including shifts in plant-mycorrhizal growth responses and
coexistence along nutrient gradients, equivocal results among experiments testing the effect of
mycorrhizal fungi on plant diversity, and differences in plant diversity among ecosystems

dominated by different mycorrhizal groups.
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Introduction
Different types of species interactions involve varying levels of mechanistic complexity. A
direct consumer-resource interaction is simple: individuals of one species consume specific

compounds, fluids, tissues, or the entire bodies of individuals of another species (Holling 1959,

Murdoch and Oaten 1975, Jeschke-et-al, Kopp and Tollrian 2002). Resource competition is
more complex, being an indirect interaction in which individuals of two or more species
consume the same resource or prey (MacArthur 1969, Tilman 1980, 1982). Likewise, apparent
competition is an indirect interaction in which the individuals of two or more species are fed
upon by the same consumer (Holt 1977). Even more complex is intraguild predation, an
interaction in which predator and prey also compete for the same resource (Holt and Polis 1997).
All of these indirect interactions involve more complex circuitries than the basic consumer-
resource interaction, and each imposes specific criteria for the interacting species to coexist
(McPeek 2022).

Basic mutualistic interactions between two species can also be quite complicated, often
involving multiple types of direct interaction circuits. Many mutualisms are in fact consumer-
resource interactions, but both species gain a fitness benefit despite that consumption (e.g.,

Holland et al. 2005, Holland and DeAngelis 2010, Jones-et-al., Bronstein and Ferriere 2012). In

some, one species feeds on its interaction partner, and in so doing renders a service, such as
pollination, seed dispersal, or herbivore protection, that increases the fitness of the partner
(Holland and DeAngelis 2010, Bronstein 2015). In others, the two interaction partners feed on
one another in ways that increase both their fitnesses (Holland and DeAngelis 2010). The
interaction circuitry in this latter mutualism type can be quite complex. One iconic example is
the interaction between a plant and a mycorrhizal fungus. Both the plant and fungus forage for
mineral nutrients from the environment (Smith and Smith 2011, Nasholm et al. 2013, Piischel et
al. 2016), and so are resource competitors. The plant extracts these nutrients from the fungus
directly (Smith and Smith 2011, Nisholm et al. 2013), and so the plant is a consumer of the

fungus. Likewise, the fungus extracts carbon from the plant directly (Smith and Smith 2012,
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Nésholm et al. 2013), and so the fungus is a consumer of the plant. Because each is
simultaneously a consumer and resource competitor of the other, each is an intraguild predator of
the other (Figure 1a). Additionally, if the fungus interacts with two plant species, the fungus is
both an alternative resource for each plant and a conduit of apparent competition between the
two plants (Figure 1b). Given this complex interaction circuitry, the criteria for coexistence of a
mycorrhizal fungus with one or two plant species are not obvious.

Many theoretical analyses have considered components of this interaction network. Many
analyses have explored the consequences of different carbon allocation strategies by plants to
support multiple fungal species using both optimal control theory (Bever 2015, Moeller and
Neubert 2016, Bachelot and Lee 2018) and market exchange approaches (Noé and Hammerstein

1994, Grman-et-ak, Robinson and Klausmeier 2012, Wyatt et al. 2014, Noé and Kiers 2018).

Others have explored the conditions for multiple plant species to coexist with one or more fungal
species. Holland and DeAngelis (2010) explored the conditions for the coexistence of two
generalized mutualist consumers using simple predator-prey functions. Bever and colleagues
showed using generalized models of frequency dependent interactions that coexistence of two

plants and two fungi were possible when no species had-the-highestobtained combined higher

fitness n-al-the-asseeiations-withbenefits from both species of the other species type as

compared to its competitor (Beveret-ak1997Bever 1999} (Bever, Westover and Antonovics
1997, Bever 1999). Umbanhowar and McCann (2005) used isocline analyses of generalized

functions and concluded that a mycorrhizal fungus would foster the coexistence of two

competing plant species if the better sayeerrhizae—free-plant competitor in the absence of the

mycorrhizal fungus receives less benefit from the fungus but gives the fungus more benefit.

They did note the similarity of their conclusions to how apparent competition via a shared
predator can permit two competing plants to coexist, but this type of interaction circuitry was not
part of the model. Explicit environmental nutrient and nutrient-carbon exchange dynamics were
also lacking from these studies.

Other analyses have included environmental nutrient and exchange dynamics but have not
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included the full interaction circuitry. Jiang et al. (2017) expanded Tilman’s (1980) model of
two plants competing for two resources to include a specialist fungus for each. Fungi aided
nutrient uptake by the plants, but nutrient and carbon transfers between plants and their
specialized fungi were not included. Benefits from fungi to poorer competitors could permit
coexistence with competitively superior plant species, or could shift the competitive dominance
hierarchy of plants if these benefits were high enough to inferior competitors (Jiang et al. 2017).
Johnson and Bronstein (2019) analyzed a model including explicit environmental nutrient
dynamics and exchanges between plants and fungi to show that two competing plants could
coexist if one plant extracted environmental nutrient at a higher rate and the other plant extracted
the nutrient from the fungus at a higher rate. However, their model did not include competition
between either plant and the fungus for the environmental nutrient, and no species paid any
fitness cost for having the other extract nutrient or carbon directly from them.

To explore the combined consequences of these various interaction components, we analyze
a more mechanistic model of the interaction circuitry depicted in Figure 1 to explore the
environmental and species properties fostering coexistence of a mycorrhizal fungus with one and
two plant species. Our goal is to build a generalized model incorporating these mechanisms and
not to make detailed and precise quantitative predictions (Holland and DeAngelis 2010). The
dynamics of the abundances and individual nutrient and carbon content are modeled for both

plants and fungi. Plants consume the nutrient from the fungus, the fungus consumes carbon from

the plant, and all species compete for the nutrient from the environment. We-do-netinelude

meet-these-coexistenceeriteria-We do not include plant and fungal modulation of nutrient and

carbon exchanges in the model analyzed here (e.g., Bever, Westover and Antonovics 1997,

Bever 1999): our analysis focuses on the criteria for coexistence of plants and fungi and not

whether control mechanisms would match plant and fungal properties that would meet these

Page 52 of 86
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coexistence criteria. Future analyses will include these controls to explore whether the

modulation of exchanges that are adaptive will bring the system to the conditions fostering

coexistence that are identified here.

The Model

Begin by considering the dynamics of nutrient uptake and abundances of plant species
foraging for a mineral nutrient such as a nitrogen or phosphorus compound from the soil. The
amount of the abiotic nutrient that is available in the environment is N and follows a simple
abiotic renewal function

Q(N)=¢(T,—N), (2)

where 7, is the maximum amount that can accumulate, and c is the maximum renewal rate
(Tilman 1982, Grover 1997). (All model state variables and parameters are listed in Table 1.)

In this analysis we consider the dynamics of two plant species, each has abundance of R,

with i = 1,2 (we use R, and R, as the abundance state variables and as species intentifiers in the

text). Because this model has implications for both community and ecosystem ecology, we use
the term abundance when referring to the plants, which can be conceptualized as either the
number of individuals in a plant population or the total amount of plant biomass among all
individuals in the population. Because the nutrient and carbon amounts in plants and fungi are
resource pools that are consumed by the other species (Figure 1a), we explicitly model the
dynamics of the nutrient and carbon content in plant and fungal biomass. Plant species have a

quantity of the nutrient in their tissues Q" , which is the amount of the nutrient compound in a

1

unit of plant biomass (Droop 1973a, 1974, Grover 1990, 1991). We think of this as the quantity

of nutrient used as building blocks to construct biomass and fuel to run metabolism, and not as

the total amount of nutrient in the body. A plant acquires the nutrient from the soil nutrient pool

according to a modified version of Michaelis-Menten/Monod dynamics in which its maximum

rate of uptake decreases as its quantity Q. increases:
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N Nmax _ 7N
p iN (1_ Q%imax JN p iN ( QQNimax QQNimin JN
N i Pi(NaQiN): i N :
3" +N 3" +N

P,(V,0")- , ®

N max

: N min N max s : :
where Q'™ s O, and O, are the minimum and maximum walsevalues of the nutrient

quantity allowed, respectively, 4" is the half-saturation constant for uptake rate, and p." is the

maximum uptake rate-whea- Q" = 0, which is approached when Q" approaches Q"™ and N

is very large (Michaelis and Menten 1913, Monod 1949, Grover 1990, 1991).

Each plant also photosynthesizes to produce carbon compounds; the quantity of carbon in a

unit of plant biomass is given as Q° . As with Q" , we think of QF as the quantity of carbon

used as building blocks to construct biomass and fuel to run metabolism, and not as the total

amount of carbon in the body. We assume the maximum photosynthetic rate asymptotically

increases with the quantity of nutrient Q" in the plant to a maximum of A, and the parameter ¢

scales the rate of approach to the asymptote. We also assume that plants compete for light, and

so their rate of carbon production due to photosynthesis decreases with increasing plant

abundance according to an exponential function, where ¢; scales the rate of decline in carbon

accumulation via photosynthesis with increasing plant abundance of both species. These

assumptions result in the following function:

A (Q1.R)

2

_ A0 ;E @)
¢ +0,

We assume that ¢ =¢,, 4, =4, and ¢, = a, ,+eswhich makes the two plant species are

equivalent at producing carbon from sunlight: i.e., in this analysis, plants are equivalent in

carbon production and so differential carbon production capabilities cannot promote their

coexistence.
The biomass production rate at which the plant grows and reproduces follows the multi-
compound Droop (1973a, b, 1974) formulation, where plants would not produce new biomass if

either quantity was at its minimum, but increases with increasing values of each up to a

maximum production rate of z,:
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173 \Iji (QiN, QiC) =4, (1 . Q[Nmin J[l _ Q,-Cmin ] (5)

o of
174  (see also Sterner and Elser 2002). Plants lose biomass at a rate of f,. Plants-alse-exerete-aA

175  fraction i 6, of the nutrient quantity in dead plant biomass is recycled back inteto the available

176  environmental pool. Plants also have basal minimum utilization rates of a fraction giN of their

177  nutrient peel-at-a-econstantrate-from their basal metabolisms and uses-the-nutrient-at-arate- élu_se

178  an amount that scales with the-biomass production at rate b for growth rateto-grew-and

179  repredueereproduction. Plants also lose carbon due to metabolic processes at a baseline rate &
180  and increases at a rate of 5" that scales with the biomass growth rate to grow and reproduce.
181 This community also contains a mycorrhizal fungus species that has an abundance of M .
182 Like plants, each unit of fungal biomass has a quantity of the abiotic nutrient Q,; and of carbon

183 Qf,, and the dynamics of these quantities are shaped by similar processes as for plants. The

184  fungus takes up nutrient from the environment according to the same modified version of

185  Michaelis-Menten/Monod dynamics as used for the plants

N Nmax_ N
pj}/(l_ QNKaxjN :01\]/\;[ Nﬁax_g%ﬁlnian
186 P, (N,0Y)= M P, (N,0Y)= M a , (6)
w(N.05) 9Y + N w (N.0) IV + N

Nmax N min N max s . .
187  where O, 4sQ,,"" and Q™" are the minimum and maximum vaksevalues of the nutrient

188 quantity, respectively, ' is the half-saturation constant, and p,, is the maximum uptake rate

N N min

189  when Q,, =0 Q. -approaches Q. and N is very large (Michaelis and Menten 1913, Monod

190 1949, Grover 1990, 1991). The fungus also exereteshas a basal minimum utilization rate of a
191  fraction &, of its nutrient inte-the-environment-at-a-constantratefrom its basal metabolism and

192 uses an amount that scales with biomass production at rate b;, for growth and reproduction.

193 The fungus may also extract carbon from the environment according to the equation
194 Ay (M) =A™, ™)

195  where 4,, is the maximum rate of carbon extraction, and £ scales the rate at which carbon

196  extraction declines with fungal abundance- (e.g., greater fungal biomass would deplete available

197  environmental carbon, which is not explicitly included in the model). A value of 4,, =0
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198  characterizes arbuscular mycorrhizae and some ectomycorrhizal fungi since they obtain all their
199  carbon from their plant partners and none from the environment (Lindahl and Tunlid 2015,

200  Genre et al. 2020). A value of 4,, >0 may characterize some ectomycorrhizal, ericoid, and
201  orchid fungi that can potentially obtain some carbon (and other nutrients) from the environment

202 by producing enzymes to decompose organic matter (Akroume et al. 2019, Genre et al. 2020).

203  The fungus loses carbon due to metabolic costs at a baseline rate of 8y, that increases with

204  biomass production at a rate of b, for growth and reproduction. Because of the differences in

205  carbon production mechanisms between plants and fungi (i.e., photosynthesis versus carbon

206  extraction from plants or the environment), throughout these analyses A, ? A,, is assumed.

207 The fungus also produces new biomass according to multi-compound Droop dynamics
N min Cmin

208 TM(Qﬁ,QAi):ﬂM(l—QMN j[l— e j ()
Ou Ov

209  where p,, is the maximum production rate. The fungus also loses biomass at a rate of f,,._A

210  fraction 6,, of the nutrient quantity in dead biomass is recycled back to the available

211 environmental pool.

212 Plants and fungi directly interact with one another by extracting one of the materials from the

213 other species (Figure 1a). A plant extracts nutrient from the fungus at rate

N Nmax _
o™ (1 - Q%max j h P (QQN“‘—QQN‘“j o
D14 D,(0y,0")= " D(0y.0")= i l ’
( M ) g™ 1 oY ( M ) I+ 0y

215  where 3" is the half-saturation constant, and p*" is the maximum uptake rate from the fungus

216  when- Q" =0, which is approached when Q approaches Q™" and Q,) is very large.

217  Likewise, the fungus extracts carbon from each plant at rate

Cmax _
le (1_ QCAn/{aiji ID/\C/}( Cmax __ QC]:/[anQi
a0 G (0.0n)= o
M I

218 C(0°.05)=

3

4/ +0r

219  swherewhere Q™" and Q™ are the minimum and maximum carbon quantities, respectively,

220 9/ is the half-saturation constant, and p,, is the maximum uptake rate from the plants when
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&21 0., =0 O, approaches O;,™ and Qf is very large.

222 These assumptions lead to the following set of differential equations describing the changes
223  in the abundances of the abiotic resource, the plant and fungus species, and the nutrient and

224  carbon quantities for each species,

2 2
25 ‘il—];]:Q(N)—ZPi(N,QiN)Ri—PM(N,Qﬁ)M+ZgiNQiNRi+gﬁQ]f\4’M
i=1 i=1
2 2
26 Z—JZIQ(N)—ZPi(N,QiN)Ri =Py (N )M + 26" f, O'R + 0, 1, QM
i=1 i=1
dR,
—L=R(¥Y.(0",0°)-f
227 dt t( l(Ql ’Qz ) f;)
do/ v
D28 = =P,(N,0")-b"Y,(0",0°)0" -£"0" +D,(0),,0" )M
inC_ _iC N Ac\YNC _ SCHC _ Cc AC ﬁ_ NY_ (N N
229 Jt _Ai(Ri) bi \Pi(Qi >Q,' )Qz 51 Qi Ci(Qi ’QM)M dt —Pi(N,Qi ) (gi +bi ‘Pi(
C
230 LA (r)-(08 +0w, (07,00 )) 0 ~C (0 .05 )M an
dM
231 — =M (¥ (0.00) - 1)
dQﬁ_ NY_ N N AC N_NN_2 N AN
232 dt _PM(NaQM) lePM(QM:QM)QM gMQM ZDi(QM’Qi )Ri
i=l1
do, cp c :
233 dt :AM(M)_bM (QM’QM)QM 6MQM+ZCI(Q1 ’QM)
dQA]/\;_ NY_ (N N N AC :
P34 = =P, (N0} )~ (en +bu¥,, (0N, 05)) O ZI:D,(QM, 0")R
d C
235 G N a)-(35+55%. (0. 05)) 05 + 360 05 R
i=1
236  where the components are as given in equations (2)-(10).
237 A model of this complexity prohibits mathematical analysis. Therefore, we used computer

238  simulations (numerical integration of the model using the ode45 solver of Matlab (version
239  R2023a, Mathworks Inc.)) to analyze patterns emerging from biologically reasonable areas of
240  parameter space. Matlab code of the model for one and two plant species interacting with a

241  single fungus species is provided on Figshare (https://figshare.com/s/f6b0875¢7d35¢99d6138,

£42 PlantResourceFungusBaseModel 1R 1Mv5.m, PlantResourceFungusBaseModel2R 1Mv5.m).

10
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Simulations were run until the system came to a stable equilibrium (i.e., the abundances of all

species stopped changing to 5 significant digits for 500 iterations) or a stable limit cycle- (i.e., a

repeated cycling through the same orbit evaluated visually in a graph of the abundances for 500

iterations). Coexistence is defined as species havin itive-abundances >10- at the
p g >10~

equilibrium or sometime during the limit cycle. Limit cycles were only encountered in narrow

ranges of parameter combinations at some transitions between species being able to coexist in
the system and with environmental nutrient abundance being very low. Also, wefeund-nein the

areas of parameter space that-had-we explored, we found no alternative equilibria, based on

many replicate simulations using random initial speetes-abundances. Because this model is not

meant to mimic quantitative features of the system, we focus on the general conditions that
promote or retard species coexistence and the qualitative changes in abundances and quantities

across various areas of parameter space.

Results
One plant and one fungus

Coexistence of a plant and a mycorrhizal fungus species cannot be assumed;-beeause-of-their
complex-interaction-eirenitry.. First, the plant and fungus are competitors for the abiotic
environmental nutrient. Because the plant has a substantially greater capacity to acquire carbon,
the fungus can coexist with the plant over all but the very lowest range of the environmental
nutrient availability gradient if the fungus has a substantially higher environmental nutrient
uptake rate than the plant (i.e., p; ? p.") (Figure 2).

Also, how composition and abundances change along the environmental nutrient gradient
depend on whether the nutrient or carbon is more limiting to each species. Plant abundance
increases while fungal abundance actually decreases with increasing environmental nutrient

availability in the range where the nutrient is more limiting for both species (i.e., low 7},).

Remember that the plant is both competing with the fungus for the environmental nutrient pool

and extracting nutrient from the fungus directly. At the very low values of 7, the plant’s

11
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abundance is not large, and so the total amount of nutrient that the plant extracts from the fungus
is not large. As plant abundance increases in this range of 7),, the resulting increases in the
combined effects of direct consumption and indirect competition for the limiting nutrient cause
the fungal abundance to decline (Figure 2d). Moreover, if the fungus’ environmental nutrient

uptake rate is only moderately higher than the plant, these combined effects cause fungal

abundance to decrease to zero in the intermediate range of 7, (Figure 2c).

In contrast, fungal abundance increases and plant abundance decreases at high values of T,

where carbon is more limiting to both species (Figure 2d). In this range, carbon production by
the plant is limited by intraspecific competition for light, and carbon extraction by the fungus
from the plant becomes the more important direct interaction between them. The increasing
fungal abundance with higher nutrient availability causes more carbon to be extracted from the

plant, which causes its abundance to decline.

If the fungus is able to extract environmental carbon (e.g., 4,, =0.5) instead of solely relying

on plant subsidy (e.g., 4,, =0.0), the fungus can coexist with the plant at lower maximum

nutrient uptake rates across the whole nutrient availability gradient (cf. Figures 2a and 2b).

The rate at which the plant consumes the fungal nutrient relative to its ability to extract
nutrient from the environment also influences whether the plant and fungus can coexist.
Coexistence requires that either (1) the plant extracts nutrient from the fungus at a high rate but

has a substantially lower environmental nutrient uptake rate than the fungus ( p,, > p" ); or (2)

the plant has a higher environmental nutrient extraction rate than the fungus but extracts nutrient
from the fungus at a low rate (“ R, & M ” area in both panels of Figure 3). Thus, over much of
parameter space, coexistence requires that the fungus must be better at extracting the nutrient
from the environment than the plant. Even though the plant extracts the environmental nutrient
at a slower rate, it coexists because it also extracts the nutrient from the fungus. However, when
the plant extracts the environmental nutrient at a faster rate, coexistence requires that it extract
little nutrient from the fungus, and the fungus coexists because it extracts carbon from the plant.

The plant species can also drive the fungus extinct if it extracts nutrient from the fungus at too

12



297
298

299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316

317
318
319
320
321

322
323

Ecology

Running Head: Plant-Mycorrhizal Fungus Coexistence

high a rate, even when it is significantly poorer at extracting the environmental nutrient as

compared to the fungus (“ R, only” area in both panels of Figure 3). The rate required for the

plant to drive the fungus extinct depends on the fungus’ ability to extract carbon from the
environment ( 4,, ) (Figure 3).

Whether the nutrient or carbon is more limiting to plant and fungal growth also defines the
areas where the fungus is either a mutualist or parasite to the plant, which further depends on the
fungus’ maximum carbon extraction rate from the plant (Figure 4). At low environmental
nutrient availabilities where the nutrient is more limiting to both species, the fungus is a
mutualist, enhancing the abundance of the plant if they can coexist, regardless of the fungus’
carbon extraction rate (Figure 4a-b). In the zone of nutrient availabilities where both species are
shifting from nutrient to carbon limitation, the fungus is a mutualist if the fungus’ carbon
extraction rate is low, but a parasite depressing plant abundance if the fungus’ carbon extraction
rate is high (Figure 4c-d). Finally, in the range of environmental nutrient availabilities where
both species are carbon limited, the fungus is a parasite because of carbon consumption from the
plant, except at its very lowest carbon extraction rates (Figure 4e-f). The ability of the fungus to
extract carbon from the environment does not appreciably affect these trends (cf. panels for each
T, value with 4,, =0.0 versus 4,, =0.5).

One interesting observation is that the maximum rate at which the plant extracts the nutrient
from the fungus has relatively little effect on the plant’s abundance over a large parameter range

of o™ (Figure 5a). However, the rate at which the fungus extracts the nutrient from the
P g g

environment can have a substantial effect on plant abundance; plant abundance increases with

o until plant reproduction is limited by carbon and not by the nutrient (Figure 5b). Thus, the

environmental nutrient uptake ability of the fungus is a critical determinant of plant abundance

when the nutrient limits plant abundance.

Two plants and one fungus

A second plant species (R, ) can invade and coexist with the mycorrhizal fungus and the first
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plant species under restricted conditions. In the comparisons made here, the two plant species
being considered have identical parameters except for those being compared explicitly. In the
absence of the fungus, the plant species with the higher environmental nutrient extraction rate
will drive the other plant extinct, all else being equal (Tilman 1982).

The two plant species can coexist if they differ in specific ways in their abilities to extract the
nutrient from the environment and from the fungus. Coexistence requires that the relative
abilities of the two plant species must trade off within a zone of parameter space where one plant

is better at extracting the nutrient from the environment, but the other is better at extracting the

nutrient from the fungus (i.e., the R, R, & M area in Figure 6). If R, extracts less from the
fungus than R,, R, must be able to extract proportionally more from the environment. However,

R, cannot be too good at extracting the environmental nutrient; R, will drive R, extinct if it

extracts the environmental nutrient at too high a rate, even if it is poorer at acquiring the nutrient
from the fungus. As expected, one plant always drives the other plant extinct if it has higher
maximum extraction rates from both environmental and fungal nutrient pools.

In the parameter space where the two plants coexist with the fungus (Figure 6), R, (the plant
that extracts the nutrient from the environmental pool at a slower rate but from the fungal pool at
a faster rate) has a positive growth response in the presence of the fungus when R, is absent (i.e.,
the fungus is a mutualist with R,). However, R, (the plant that extracts nutrient from the
environmental pool at a faster rate but from the fungal pool at a slower rate) has a negative
growth response in the presence of the fungus when R, is absent (i.e., the fungus is a parasite of

R,). More generally from our explorations of large areas of parameter space, when the two

plants coexist, at least one has a parasitic relationship with the fungus. The fungus is typically a
mutualist with the-eeexisting plant that depends more on the fungal nutrient pool, and the fungus
is typically a parasite with the eeexisting-plant that depends more on the environmental nutrient
pool.

The abilities of the fungus to extract nutrient and carbon from the various sources also shapes

coexistence of the plant species. In the examples presented in Figure 7, R, again has a lower
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maximum environmental nutrient extraction rate but a higher maximum fungal nutrient
extraction rate than R, (i.e., p' < p) and p™ > pi™). Also, the fungus has identical
parameters for interactions with both plant species, unless otherwise specified in the example.
The relative rates at which the two plant species extract fungal nutrient influence the
coexisting plantsplants’ relative frequencies (Figure 7a). Coexistence occurs because the high
rate of fungal nutrient uptake by R, offsets the competitive advantage of R, for the
environmental nutrient pool. Interestingly, within the parameter range of coexistence, the

relative abundances of the two plant species do not change monotonically. At the lower range of

o™ permitting plant coexistence, R, (the plant with the higher maximum environmental
nutrient uptake rate) decreases in abundance, and R, increases. As a result, fungal abundance
decreases because R, is now extracting nutrient from it, and the environmental nutrient
abundance increases because of the decreases in R, and fungal abundances. However, at higher
o™ values, the changes in plant relative abundances reverse because fungal abundance is
greatly reduced, which more disadvantages R,, and environmental nutrient availability is higher,

which advantages R,. Here again, the relative resource competitive abilities of the plants for the

environmental and fungal nutrient pools interact to determine the outcome of these species
interactions.

The maximum environmental nutrient extraction rate of the fungus will also shift the relative
importance of the two conduits of resource competition between the plants, because this rate
increases the amount of nutrient available to the two plants in the fungal nutrient pool and

decreases the amount in the environmental pool (Figure 7b). At low environmental nutrient

extraction rates for the fungus (i.e., p, <2.2), the plant that is less dependent on the fungal

nutrient pool (i.e., R,) is favored. Where the two plant species coexist (i.e., 2.2 < p,; <4.9),

their relative abundances are determined by the rate at which the fungus extracts the

environmental nutrient. Moreover, at high enough fungal extraction rates (i.e., pj >4.9), the

plant species that depends more on the environmental nutrient pool may be unable to coexist,

because the combined effects of the fungus and competing plant species drive the environmental
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nutrient availability to a level at which it cannot support a population.
The rate at which the fungus can extract environmental carbon also shapes plant coexistence,
because a higher environmental carbon extraction rate elevates fungal abundance (Figure 7c).

Higher values of the maximum environmental carbon extraction rate for the fungus favor the

plant species more dependent on the fungal nutrient pool. Within the range of 0.0< 4,, <0.15,
higher values shift the plant species’ relative abundances, with R, increasing and R, decreasing

in relative abundance. Above this range, fungal abundance has increased above a level at which

R, can maintain a population. Here, inflation of environmental carbon uptake by the fungus
exacerbates apparent competition between the two plant species and exacerbates resource
competition between R, and the fungus. The increase in fungal abundance favors the plant
species that depends more on the fungal nutrient pool. However, if R, is absent, R, and the

fungus will coexist with 4,, >0.15, because fungal abundance will be lower.

The maximum rates at which the fungus extracts carbon from the two plant species also

influences plant species coexistence (Figure 7d). In this example, the fungus has the same

maximum carbon extraction rates from both plants (i.e., o, = p.,) and does not extract carbon
from the environment 4,, =0.0. In the parameter range where the two plant species can coexist
(ie., 0.19< p.' = p.7 <1.0), increasing the maximum carbon extraction rates from the two

plants shifts the plant relative frequencies in favor of R,, and above this range R, cannot coexist.

In this case, direct consumption by the fungus shifts the plants’ relative abundances, which again

favors the plant species that more depends on the fungal nutrient pool. Also note that fungal

abundance changes very little as p|, = p;,” increase, because it becomes nutrient limited.

Discussion

As in nature, these model results highlight that the interactions among plants and their
mycorrhizal fungal partners are sometimes mutualistic and sometimes antagonistic. These
outcomes depend on the abilities of the interacting species, and the shift between mutualism and

antagonism occurs along environmental gradients of nutrient availability (Hoeksema et al. 2010,
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Johnson 2010). Plants and mycorrhizal fungi can be mutualist partners that share resources, but
they are also competitors for those resources from the environment and consumers of one
another with all the attendant consequences of these interactions. Moreover, a mycorrhizal
fungus can be an indispensable community member to promote the coexistence of competing
plant species that could not otherwise coexist. However, a fungal partner shared by multiple
plant species is also a direct consumer of all, and so a conduit for apparent competition between
the plants that may or may not foster coexistence (Simard et al. 1997).
Plant—fungus coexistence

The requirements for coexistence of one plant species with a mycorrhizal fungus species in
our model echo the coexistence requirements for an intraguild predator and prey, but with a
richer set of possibilities. With intraguild predation, coexistence requires that the intraguild prey
consume their shared resource at a faster rate, and that the intraguild predator inflicts only a low
to moderate level of mortality on the intraguild prey (Polis and Holt 1992, Holt and Polis 1997,
McPeek 2022). Coexistence of a plant and a fungus is possible over a broad range of parameter
space if the fungus extracts the environmental nutrient at a higher rate than the plant, and the
plant extracts the nutrient at a moderate rate from the fungus. However, the fungus is also a
consumer of plant carbon. Consequently, coexistence is also possible if the plant extracts the
environmental nutrient at a higher rate than the fungus but extracts relatively little nutrient from
the fungal pool, and if the fungus extracts carbon from the plant at-an-adequaterate:above some

minimum rate defined by other conditions.

Direct measures of environmental nutrient uptake by plants and fungi are difficult, but
models suggest that fungi typically have substantially higher nutrient uptake rates than plants
because fungi explore a much larger volume of soil and have a much greater surface area for

uptake (Schnepf and Roose 2006, Schnepf-et-al-, Roose and Schweiger 2008, See et al. 2022).

Ericoid and some ectomycorrhizal (EcM) fungi can also access various pools of soil nutrients
that are inaccessible to plants by producing extracellular enzymes that mine organic matter for

nutrients (Koide et al. 2008, Bodeker et al. 2014, Lindahl and Tunlid 2015, Adamczyk et al.
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2016, Pellitier and Zak 2018, Akroume et al. 2019, Genre et al. 2020). Furthermore, root
colonization by arbuscular mycorrhizae (AM) fungi can reduce the root’s ability to take up
nutrients (Smith and Smith 2012). These results suggest that fungi in nature may have a much
higher environmental nutrient extraction rate than their plant partners in most cases. Plants also

derive different nutrient levels from various fungal partners (Smith-et-al, Smith and Jakobsen

2003, 2004). Whether any particular plant-fungus pair is coexisting in nature will depend on the
balance of these various uptakes and exchanges.

Our model results provide a mechanism for how the interaction between a plant and
mycorrhizal fungi can shift between mutualism and parasitism. At low environmental nutrient
levels, the effect of the fungus on plant abundance is positive, because the plant is more limited
by the nutrient. The fungus can also permit the plant to support a population in an ecosystem
with nutrient availability too low for the plant to persist by itself. However, at high
environmental nutrient levels, plant abundance can be depressed by the fungus because carbon
becomes limiting to plants, and the carbon loss to mycorrhizae slows plant growth. The more
effective the fungus is at siphoning carbon from the plant, the lower the ambient nutrient
availability at which this interaction becomes negative for the plant.

These results are consistent with experiments testing plant responses to mycorrhizal fungi
presence. The effect of arbuscular mycorrhizal (AM) fungi on plant biomass is positive in low
phosphorus soil but negative in high phosphorus soil (Johnson 2010). Similarly, plants are
significantly more responsive to mycorrhizal inoculation in unfertilized soil relative to fertilized
soil (Hoeksema et al. 2010). In some cases, plants may have adjusted to this negative response:
root colonization by AM and ectomycorrhizal (EcM) fungi can decrease as nutrient availability
increases, which may decrease the plant’s carbon cost for interacting with the fungi (Egerton-

Warburton and Allen 2000, Egerton-Warburton-et-al-, Johnson and Allen 2007, Pellitier et al.

2021). Other resource gradients also affect the mycorrhizal growth response of plants: the
interaction can become parasitic at low light levels where carbon should be more limiting

(Ibafiez and McCarthy-Neumann 2016). Overall, our model demonstrates how the mycorrhizae-
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plant interaction exists on a continuum of mutualism to parasitism.

Environmental nutrient availability is not the only factor that determines the plant growth
response to the presence of mycorrhizal fungi. Plant growth is increased as the fungus’ ability to
take up nutrients from the environment increases. Plant growth is often dependent on the

mycorrhizal species involved (Smith-et-al-, Smith and Jakobsen 2003, Hoeksema et al. 2018).

The growth of ectomycorrhiza-associating trees across Europe increased as the genetic potential
of the EcM fungi to take up inorganic nitrogen increased (Anthony et al. 2022). In that study,
fungal community composition explained more variation in tree growth than climate or soil
factors. The growth response of arbuscular mycorrhiza-associating plants also differs among

different AM species (Smith-etak, Smith and Jakobsen 2003, 2004, Bennett and Bever 2007, van

der Heijden-et-ak, Bardgett and van Straalen 2008), but whether these differences are due to

differences in the fungi’s nutrient uptake capabilities is unknown. Our model provides testable
predictions about the mechanisms by which the benefits of the mutualism and costs are
dependent on fungal species traits (e.g., Wilson and Hartnett 1997, Klironomos et al. 2000,
Klironomos 2002, Bennett and Bever 2007).

Whether the mycorrhizae can coexist with the plant depends on its ability to extract nutrients
from the environment. In nature, major shifts in EcM assemblage composition occur across
nutrient gradients towards fungal species that are better adapted for taking up inorganic nutrients

EiHeskev-et-al204)-(Lilleskov, Hobbie and Horton 2011). EcM fungi are polyphyletic and

have large differences in their morphology and ability to take up inorganic versus organic
nutrients (Avis 2012, Pellitier and Zak 2018). The EcM fungi that produce extracellular
enzymes to mine organic matter for nutrients, which is a slower and more energetically costly
nutrient acquisition strategy, often decline the most with increasing nitrogen availability. In
contrast, hydrophilic, shorter distance exploration types of EcM that are better at taking up

inorganic nitrogen from the soil solution increase {LiHeskev-et-al2041-(Lilleskov, Hobbie and

Horton 2011). Our results suggest that competition with plants may be one component of why

the EcM species specializing in a slower, more organic-dominated nitrogen cycle are lost as
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nitrogen availability increases. AM fungal assemblages can also shift as nutrient availability
increases depending on ecosystem type and climate (Ma et al. 2021, Kasanke et al. 2022).
However, the mechanism for this change in AM fungi is more likely due to plants limiting their
carbon subsidies in response to a negative mycorrhizal growth response at high nutrient levels
(Egerton-Warburton and Allen 2000). We have not incorporated plant control over carbon
subsidies to the fungus into this model, but we plan to do so in future versions of the model.
Because such controls would decrease the rate of carbon exchange to the fungus, we expect that
such controls at high nutrient availability would increase the plant’s abundance by mitigating the
loss of carbon to the fungus.
Plant coexistence and species diversity

Theory predicts that two resource competitors cannot coexist on a single resource, but they
can coexist on two resources if each is better at consuming a different resource (Levin 1970,

Tilman 1980, Hsu-et-al, Cheng and Hubbell 1981, Tilman 1982). Our results show that the

presence of a mycorrhizal fungus can promote the coexistence of two plant species that compete
for a single limiting nutrient, and plant coexistence requires that one plant species be better at
extracting the nutrient from the environment and the other plant species be better at extracting
the nutrient from the fungus (see also Umbanhowar and McCann 2005, Johnson and Bronstein
2019). The fungus is not simply a nutrient conduit but rather acts as a separate nutrient pool for
the plants, and coexistence results when they trade off the ability to extract the nutrient from the
environmental and fungal pools (Umbanhowar and McCann 2005, Johnson and Bronstein 2019).
However, the two species must draw the nutrient in relatively equitable but opposite proportions
from the two pools (i.e., the area in Figure 6 labeled “R,, R, & M ). These relative nutrient
extraction rates between the two plant species also influence the plants’ relative abundances
when they do coexist. Thus, quantifying the relative supply of nutrients from the environment
and from mycorrhizal fungi for competing plant species will be an essential test of this model.

The loss of carbon to the fungus also shapes plant coexistence (Ek-et-al, Andersson and

Soderstrom 1997, Hobbie 2006, Kiers et al. 2011, Bever 2015, Genre et al. 2020). Greater
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maximum carbon extraction rates from the plants by the fungus increases the fungus’ abundance,
which (1) exacerbates the plants’ costs, but also (2) provides a larger total fungal nutrient pool
available to the plants. Because the fungus is a consumer of both plants, this linkage via carbon
supply has two effects: the direct cost of consumption on each plant and the mediation through
the fungus of apparent competition between the plants (sensu Holt 1977).

Experimental results testing the effect of mycorrhizae on plant coexistence and diversity are
equivocal, which suggests a great range of fungal effects on plant competitive performance. In a
tallgrass prairie, suppressing mycorrhizal fungi increased plant richness, evenness, and diversity,
because competitively dominant plant species decreased in abundance and competitively inferior

plant species increased (Hartnett and Wilson 1999, Smith-et-al., Hartnett and Wilson 1999). In

contrast, in a microcosm experiment, mycorrhizal fungi permitted competitively inferior species
to coexist with competitively superior plant species, but the competitive inferiors were excluded
in mycorrhizae-free replicates (Grime et al. 1987). Likewise, among 21 plant species in an
Ontario old field, species with a greater competitive effect on a common phytometer species had
a smaller growth response to the presence of mycorrhizal fungi (Stanescu and Maherali 2017).
Thus, in some plant communities, mycorrhizae promote coexistence and in others, they
exacerbate competitive differences among species. Our model results predict that these
differences in response are due to the relative capabilities of the plants and fungi to extract
nutrients and carbon from one another and from the environment.

Mycorrhizae have been shown to promote coexistence when the dominant plants in a
community without mycorrhizae have a lower or even negative mycorrhizal growth response
than other plants in the community (Grime et al. 1987, Stanescu and Maherali 2017, McHaffie
and Mabherali 2020). Consistent with these results, our model predicts that the plant species that
is better at extracting the nutrient from the environmental pool will have a negative growth
response to the presence of the fungus (i.e., a parasitic relationship), and the plant species that is
better at extracting the nutrient from the fungal nutrient pool will have a positive mycorrhizal

growth response (i.e., a mutualistic relationship). Umbanhowar and McCann (2005) arrived at
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similar conclusions from analyzing a generalized graphical model of this interaction. This result
is also analogous to the criterion for coexistence of two resource competitors that are fed upon by

a single consumer (Holt-et-al:, Grover and Tilman 1994, Leibold 1996, McPeek 1996, 2022).

The effect of mycorrhizae on coexistence is also dependent on the abilities of the fungi
species present (Wilson and Hartnett 1997, Klironomos et al. 2000, Klironomos 2002, van der

Heijden-et-al:, Bardgett and van Straalen 2008, Vogelsang and Bever 2009). For example, our

model predicts that plant coexistence is less likely if the fungus uses carbon from the
environment. Consequently, the model predicts arbuscular mycorrhizal fungi, which are obligate
biotrophs, should be more capable of fostering plant coexistence than ericoid and orchid
mycorrhizae and possibly more than ectomycorrhizal fungi depending on their saprotrophic

capabilities. AM systems are generally more diverse than EcM or ericoid systems (Brundrett

and Tcdersoo 2018). For-example-in-the-tropies:-AM-forests-are-gquite-diverse-whereas-EeM
forests-are-often-dominated-by-a-sthgle-spectes-tCorrales-et-ak-2048):For example. in the tropics,

AM forests are quite diverse whereas EcM forests are often dominated by a single species

(Corrales, Henkel and Smith 2018). Additionally, the model predicts that the rate at which the

fungus can extract the nutrient from the environment strongly influences whether plant species
can coexist and their relative abundances if they do. Increasing fungal abundance means a larger
fungal nutrient pool from which the plants can draw, but also a greater carbon cost for each plant
to pay. It would be interesting to test the predictions of this model result in the field among
various ectomycorrhizal communities, which can differ greatly in their nutrient uptake abilities
(Pellitier and Zak 2018).

Obviously, this model does not include some features of plant-mycorrhizal fungus
interactions that may influence plant coexistence. These include when mycorrhizae increase the
strength of intraspecific competition (McHaffie and Maherali 2020) and the sharing of carbon
through common mycorrhizal networks (Teste and Simard 2008, Klein-et-ak, Siegwolf and
Korner 2016, Pickles et al. 2017). In ectomycorrhizal systems, carbon transfer can occur across

plant species from the stronger competitor to the poorer competitor via mycorrhizae (Simard et
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al. 1997), reducing interspecific competition. Our model also lacks any control by the plant of
carbon subsidy to the mycorrhizae (e.g., Bever 2002, Bever et al. 2009, Bever 2015). Lastly,
carbon and nutrients are not coupled in this model. In vivo, plants and fungi maintain their
carbon to nutrient ratios within certain bounds, so that nitrogen uptake would be constrained by
the amount of carbon in their biomass. Future analyses should explore these additional
mechanisms to see how they may alter the model’s predictions.
Conclusions

The results of this model show that the coexistence of a plant and a fungus requires that the
fungus be substantially better at extracting the environmental nutrient, unless the plant extracts
little nutrient from the fungus. The plant can drive the fungus extinct if it extracts too much
nutrient from both the environment and the fungus. In contrast, the fungus can drive the plant
extinct if it has a higher environmental nutrient uptake rate than the plant and extracts carbon
from the plant at a much greater rate than the plant gains nutrient from the fungus. Our model
also predicts that the fungus can permit the plant to occupy nutrient-poor environments where it
would be incapable of living without the fungus, but that the fungus can become parasitic in
nutrient-rich environments where the plant is carbon-limited if it extracts carbon from the plant

at a substantial rate.

Furthermore, the results showed the presence of a single fungus species can foster the
coexistence of two plant species competing for a single environmental resource, because the
fungus is a second limiting resource to the plants and is a conduit of “apparent” competition
between them. Whether the plant species can coexist depends on 1) the balance among their
relative competitive abilities for the environmental nutrient and for the nutrient from the fungus
and the relative amount of carbon extracted by the fungus from each and 2) the ability of the
fungus to extract nutrients and carbon from the environment. The ability of the fungus to extract
carbon from the environment controls the intensity of apparent competition between the plants.
Our analysis highlights several future avenues of inquiry including how the functional

capabilities of the mycorrhizal fungi affect competitive interactions between the fungi and plant
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and between plants. Understanding this complex web of interactions among plants and

mycorrhizal fungi should help guide empirical research into new and fruitful directions.
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838  Table 1. List of state variables, equation terms, and parameters used in the model.

839

840  State variables

841 N abundance of the environmental nutrient: units, nutrient

842 R, R, abundances of plant species 1 and 2, respectively: units, plant —

843 expressed as either individuals or biomass

844 M abundance of the mycorrhizal fungus: units, fungus — expressed as

845 biomass

846 oY, or, o) individual quantities of the nutrient in plant species 1 and 2, and the
847 fungus, respectively: units, nutrient/([plant or fungus])

848 oc, 05, 0, individual quantities of carbon in plant species 1 and 2, and the fungus,
849 respectively: units, carbon/([plant or fungus])

850  Equation Terms

851 Q(N) renewal function for the abiotic nutrient pool: units, nutrient/time

852 P ( N,Q) ) , P, ( N,Q) ) , P, ( N, Qﬁ) uptake function of environmental nutrient by plant
853 species 1 and 2, and the fungus, respectively: units, nutrient/([plant
854 or fungus]-time)

855 D, (QA]; Nou ) , D, (Qg , 0 ) rate function for plant species 1 and 2 extracting nutrient
856 from the fungus, respectively: units, nutrient/(plant-fungus-time)
857 C, (QIC, 0, ) , C, (ch L0y, ) rate function for the fungus extracting carbon from plant
858 species 1 and 2, respectively: units, carbon/(plant-fungus-time)

859 A(R), A (Ry), Ay (M) carbon production rate function for plant species 1 and 2
860 and the fungus respectively: units, carbon/([plant or fungus]-time)
861 Y, ( oY, QIC) , P, (QZN 05 ) , ¥y, ( o, Qfl) biomass (or individual) production rate
862 function for plant species 1 and 2, respectively and biomass

863 production rate function for the fungus: units, [plant or

864 fungus]/([plant or fungus]-time)
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maximum abundance of the environmental nutrient: units, nutrient

renewal rate of environmental nutrient: units, 1/time

maximum individual nutrient quantities in plant species 1 and 2, and the
fungus, respectively: units, nutrient

minimum individual nutrient quantities in plant species 1 and 2, and the
fungus, respectively: units, nutrient

maximum individual carbon quantities in the fungus: units, carbon

minimum individual carbon quantities in plant species 1 and 2, and the
fungus, respectively: units, carbon

maximum environmental nutrient uptake rates for plant species 1 and 2,
and the fungus, respectively: units, nutrient/time

half-saturation constants of environmental nutrient uptake rates for plant
species 1 and 2, and the fungus, respectively: units, nutrient

maximum nutrient uptake rates from the fungus by plant species 1 and 2,
respectively: units, nutrient/time

half-saturation constants of nutrient uptake rates from the fungus for
plant species 1 and 2, respectively: units, nutrient

maximum carbon uptake rates from plant species 1 and 2, respectively,
by the fungus: units, carbon/time

half-saturation constants of carbon uptake rates from plant species 1 and
plant species 2, respectively, by the fungus: units, carbon

maximum rate of carbon production by plant species 1 and 2, and of
carbon acquisition by the fungus, respectively: units, carbon/time

half-saturation constants for photosynthetic rates scaled by Q¥ and Q)
for plant species 1 and 2, respectively: units, nutrient

maximum production rate for plant species 1 and 2, and maximum
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biomass production by the fungus, respectively: units, [plant or
fungus]/time

scaling parameter for carbon production by plant species 1 and 2, and of
carbon acquisition by the fungus, respectively: units, 1/[plant or
fungus]

nutrient-exeretionratebasal quantities used for growth and reproduction

by plant species 1 and 2, and the fungus, respectively: units,
nutrient/(nutrient-time)

nutrient quantities used for growth and reproduction by plant species 1
and 2, and the fungus, respectively: units, nutrient/ [plant or fungus]

basal carbon metabeliclossratequantities used for growth and

reproduction by plant species 1 and 2, and the fungus, respectively:
units, carbon/(carbon-time)

carbon quantities used for growth and reproduction each offspring by
plant species 1 and 2, and biomass production rate for the fungus,
respectively: units, carbon/[plant or fungus]

fraction of individual nutrient quantity that is recycled to the

Jis fos Su

environmental pool from dead biomass for plant species 1 and 2. and

the fungus, respectively: unitless

intrinsic death rates for plant species 1 and 2, and intrinsic biomass loss
rate of the fungus, respectively: units, [plant or fungus]/([plant or

fungus]-time)
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Figure Legends

Figure 1. Conceptual diagrams of the consumption linkages between plants and mycorrhizal

fungi. Each circle represents an individual of the plant, fungus, or the environmental pool of
an abiotic nutrient (e.g., a nitrogen or phosphorus compound). The plant and fungus have
pools of the nutrient NV and carbon C in their tissues. Arrows point from the consumed pool
to the consumer (i.e., the direction of flow of the quantity) and are labeled by the
corresponding rate functions (see text). Panel A(a) illustrates these consumption linkages for
one plant species and one fungus, and panel B(b) illustrates these linkages for two plant

species and one fungus.

Figure 2. Areas of coexistence of one plant species and one fungus species along an

environmental nutrient gradient for various values of maximum nutrient uptake by the fungus
( o ) . Panels A(a) and B(b) identify the areas of parameter space where the two species
coexist (identified as “ R, & M ), only the plant is present (““ R,”), and a small unlabeled area

at very low 7, (environmental nutrient) values where neither species can support a

population. The fungus cannot extract carbon from the environment (4,, =0.0) in panel
#A5(a), and it can (4, =0.5) in panel B-(b). Panels €(c) and B(d) show the changes in
species and environmental nutrient abundances and quantities along transects of
environmental nutrient availability for two different values of maximum environmental
nutrient uptake for the fungus. In the top panel in each column of €(c) and B;(d), the blue
curve is the nutrient equilibrium abundance, the redorange solid curve is the fungal
equilibrium abundance, the green solid curve is the plant equilibrium abundance when both
species are initially present and interact with one another. The green dashed curve is the
plant equilibrium abundance in the absence of the fungus. The bottom panel in each column
gives equilibrium quantities for nutrient (solid curves) and carbon (dot-dashed curves) for the
plant individuals-(green) and fungus individuals(red(orange). The other parameters used in
these examples are as follows unless otherwise specified: c=0.01, z = ,,=0.2, Q""" =

ﬁmin= 1C1nin= Aclmin 202’ Qleaxz gmale.oj plN =01, blN =bA]>[f 201’ 191N=19A]/\[]=31NM 225,
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g =gl =0.05, p™'=0.5, 1,=100, 4=0.2, a,==0.1, b°=2.0, b;,=0.1, 5°=0.15, 5,,=0.1,
pi'=0.3, 3,'=50, f,=f,,=0.1-.6,=6, =0.5.

Figure 3. The combinations of maximum nutrient uptake rates for the plant that shape whether

the plant and fungus can coexist. The ordinate axis is the plant maximum uptake rate from
the environment, and the abscissa axis is the plant maximum uptake rate from the fungus.
Panel A(a) has a fungus that does not extract carbon from the environment (i.e., 4,, =0.0),
and Panel B(b) has a fungus with a maximum environmental carbon extraction rate of

A,, =0.5. These parameter spaces are divided into four areas: No species present, because
neither species can support a population with those parameter combinations; M only, where
the fungus outcompetes the plant, so that only the fungus is present; R, only, where the plant
outcompetes the fungus, so that only the plant is present; and R, & M , where the plant and
fungus coexist. As a reference, the maximum uptake rate of the nutrient from the
environment for the fungus is pj,=0.5 (identified by the dashed line in each panel). Adl-other
parameters-are-as-giveninFigure2-The other parameters are as follows unless otherwise

specified: T, =50, ¢c=0.01, g4, = pu,,=0.2, Q"™ =0, ™" =Q ™ =0 ™ =0.2, O™ = Q)™

=1.0. p¥=0.1. 5" =bY=0.1. $'=9¥=9" =25 &"=¢" =0.05. p™ =0.5. 1,=100. ¢=0.2.

a,=B=0.1. b =2.0, b, =0.1, 5 =0.15. 5,=0.1. p;'=0.3, 3,'=50. f,=f,,=0.1. 6,=6,,
=0.5.

Figure 4. Carbon extraction rate by the fungus from the plant can shift their interaction from

being mutualistic to parasitic, depending on environmental nutrient availabilities. Each panel
shows the relationship for equilibrium plant abundance when the fungus has different values

of maximum carbon extraction rate from the plant— ,ocﬂ e ( o ); In each panel, the thin

dashed line identifies the plant abundance in the absence of the mutualist. The solid line
identifies the plant abundance. Panels A;-C;5(a), (¢), and E(e) show results for a fungus that
cannot extract carbon from the environment, and panels B;-B;(b), (d), and E(f) of panels
shows results for a fungus that can extract environmental carbon. Panels A(a) and B(b) show

results at an environmental nutrient availability of 7,, = 50, panels €(c) and B(d) for
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T, =100, and panels E(e) and E(f) for 7,, =200. In-panelsA;-CandE-theThe fungus

cannot support a population below pf, =0.15, and so the discontinuity in plant abundance at

this point is caused by the fungus now being able to support a population. AH-ether

parameters-are-as-specified-inFigure 2-and- p), =2.5-The other parameters are as follows

unless otherwise specified: 7, =50, ¢=0.01, ,ul =0.2 QN“"“ ngm_ f“““ fj“‘“—02
IN““‘" =10, p'=0.1, bN =by =0. ,9N 3N g =25, 6" =€, =0.05. o™ =05. 4

=100, ¢=0.2. o, =B=0.1, bfzz.o, b;,=0.1, 51020.15, 55=0.1, py=2.5. pi'=0.3. ' =50,

fi=f,=0.1. 6,=6, =0.5.

Figure 5. Equilibrium abundances for a single plant species interacting with a single fungus

species at various values of (Aa) the maximum plant uptake rate of nutrient from the fungus,
and (Bb) the maximum environmental nutrient uptake rate for the fungus. The equilibrium

abundances of the species and nutrient in the environment and the nutrient are identified as in

Figure 2. Al-otherparameters-are-as-giveninFigure3- The other parameters are as follows

unless otherwise specified: 7, =50. c=0.01. s = 4, =02, QNmn=imin = gt = flm‘“ =0.2,
Nmx = grm=1.0, p=0.1, b = bjj =0.1 ,9N I =9" =25, & —gM—oos M=0.5, A

=100. 4, =0.0. 4=0., ﬁfﬁzo.l,izz.o, @:0.1,5_%0.15, 5_520.1,p_M:2.5,p_M

=0.3, $5'=50. f,=f,=0.1, 6,=6,,=0.5.

Figure 6. Areas of parameter space in which two plant species do and do not coexist while

competing for the abiotic nutrient and interacting with a single fungus species. This figure

contrasts R, “splant species 2’s maximum rate of nutrient uptake from the environment (o5’ )

with its maximum rate of nutrient uptake from the fungus ( o)™ ). The comparable
parameters for R plant species 1 are identified with the dashed lines. Three areas are

identified: where each plant species coexists with the fungus alone, and where both plant

species coexist with the fungus. Al-parameters-are-as-given-inFigure2forboth-plant

fisure-Both plants have the same parameters except for those manipulated in the figure. The
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996 other parameters are as follows unless otherwise specified: 7, =50, ¢c=0.01, g, = =y

997 =02, Q= gVmin— Nmin _ yCrmin — (Cmin _ ()Cmin_ 5 N _ Nmax _ Neax ) ) ¥

998 =0.05. p™ =025, B =b)' =by =0.1. 8" ="' =9, =8™ =" =25, &' =&, =¢,, =0.05.

999 o™ =p =05 A=A =100 4, =00, =¢, =02, e =a, = F=0.1. b =b{ 2.0, b, 0.1
1000 5C 5‘3 =0.15, 5C =0.1. py=1.5. pi'=0.3. 3,'=50, fi=f,= fM_,__H ; 0, 0_5
1001  Figure 7. Equilibrium abundances (top panels) and quotasjbcgm;nels) t;r t;) @n species
1002 interacting with a single fungus species at various values of (Aa) the maximum rate at which
1003 plant species 1 extracts the nutrient from the fungus, (Bb) the maximum environmental
1004 nutrient uptake rate for the fungus, (Ec) the maximum rate at which the fungus extracts
1005 carbon from the environment, and (Bd) the maximum rates at which the fungus extracts
1006 carbon from each plant for a community potentially consisting of two plants and a fungus.
1007 Quantities for the fungus and nutrient are identified as in Figure 2. Quantities for R, -are
1008 givenin-light green-and-for R, -in-dark-green—All parameters-are-as-giveninFigure 6;-execept
1009 for- p' =02 p™ =05+ p)’ =05 p," =02+ p;; =3-5;-and-these-being-manipulated-plant
1010 species 1 are given in dark green and for plant species 2 in light green. The other parameters
1011 are as follows unless otherwise specified: T, =50, ¢=0.01, g = 1, = p1,,=0.2, Q¥™"=Q)™" =
b = Q™= ™ G020 )™ 0y =L0_ <02, p} 05 ™ =10
1013 pM=0.2, b =b) = b,fj 0_L19N =9 =9M=9" =25, & =&l =), =0.05, p™ = p}™
1014 ﬂaf;ﬂﬂ;amg¢@1;ﬁ£bﬁ_ﬁb@ﬁ:0_.1L51"f6§
1015 =0.15, 5C =0.1. py=3.5, pi'=0.3. 8,' =50, f;=f,=f,=0.1.6,=6,=6,,=0.5. B
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