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Abstract. Growing evidence shows that soil microbes affect plant coexistence in a variety
of systems. However, since these systems vary in the impacts microbes have on plants and in
the ways plants compete with each other, it is challenging to integrate results into a general pre-
dictive theory. To this end, we suggest that the concepts of niche and fitness difference from
modern coexistence theory should be used to contextualize how soil microbes contribute to
plant coexistence. Synthesizing a range of mechanisms under a general plant-soil microbe
interaction model, we show that, depending on host specificity, both pathogens and mutualists
can affect the niche difference between competing plants. However, we emphasize the need to
also consider the effect of soil microbes on plant fitness differences, a role often overlooked
when examining their role in plant coexistence. Additionally, since our framework predicts that
soil microbes modify the importance of plant—plant competition relative to other factors for
determining the outcome of competition, we suggest that experimental work should simultane-
ously quantify microbial effects and plant competition. Thus, we propose experimental designs
that efficiently measure both processes and show how our framework can be applied to identify
the underlying drivers of coexistence. Using an empirical case study, we demonstrate that the
processes driving coexistence can be counterintuitive, and that our general predictive frame-
work provides a better way to identify the true processes through which soil microbes affect
coexistence.

Key words:  equalizing mechanisms, fitness difference; Janzen-Connell hypothesis; mutualism; niche dif-
ference; pathogens; plant—soil feedback; stabilizing mechanisms.

INTRODUCTION

Ecologists have long invoked resource partitioning to
explain the coexistence of competing species (Gause
1934, Tilman 1982), yet differences in resource use can-
not fully account for plant diversity (Silvertown 2004).
As a result, plant community ecologists have broadened
their focus beyond plant—plant competition to address
how interactions between trophic levels can affect plant
coexistence (Chesson 2008, Mordecai 2011, Cardinaux
et al. 2018, Lanuza et al. 2018). Growing evidence sug-
gests that plants can influence the performance of both
conspecifics and competitors by modifying soil micro-
bial communities, an effect commonly studied under the
framework of plant—soil feedbacks (Bever et al. 1997,
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Bever 2003). Differences in the way competing plants
interact with soil microbes might promote plant coexis-
tence (Bever 2003, Chung and Rudgers 2016). Alterna-
tively, soil microbes could favor certain plants over their
competitors, creating variation in species’ relative abun-
dance (Klironomos 2002, Mangan et al. 2010) and inva-
sion success (Reinhart and Callaway 2006, Ke et al.
2015).

The wide range of plant—soil microbe interactions
makes it difficult to draw general conclusions about their
effects on plant communities. In some systems, soil
microbial communities may be predominantly harmful
to plants due to high pathogen prevalence, while in other
systems, beneficial microbes such as mycorrhizal fungi
may play a more important role. Moreover, the impacts
of soil microbes depend on their degree of host speci-
ficity. For example, pathogens can promote plant coexis-
tence if they are host specific (Bell et al. 2006, Yamazaki
et al. 2008, Bagchi et al. 2010) but may reduce plant
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diversity if a single species suffers greater attack (Morde-
cai 2011). On the other hand, mycorrhizal fungi can hin-
der plant coexistence if the dominant species has greater
mycorrhizal dependence (Urcelay and Diaz 2003), but
may promote coexistence if they benefit not only their
hosts but also their hosts’ competitors (Bever 2002).
Further adding to this complexity, plant—soil microbe
interactions do not operate in isolation: their effect on
coexistence must be considered within the context of
plant—plant competition for limiting resources such as
light and soil nutrients (Callaway et al. 2004, Casper
and Castelli 2007, Shannon et al. 2012, Crawford and
Knight 2017). Indeed, variability in experimental results
suggests that the relative importance of plant—soil
microbe and plant—plant interactions may be highly sys-
tem specific (Lekberg et al. 2018). Because of the con-
text dependency of soil microbial interactions, an
important question remains: what are the general condi-
tions under which soil microbes promote plant
coexistence?

To synthesize the diverse roles that plant—soil microbe
interactions play in plant communities, we draw on mod-
ern coexistence theory (Chesson 1990, 2000, 2008). This
framework uses two quantitative components to link
species differences to competitive outcomes. Niche dif-
ferences summarize mechanisms that promote coexis-
tence, such as differences in resource use (Chesson 1990)
or parasitism (Chesson 2008). These prevent competitive
exclusion by giving each species an advantage when it is
rare. On the other hand, fitness differences, such as dif-
ferences in reproductive output or environmental toler-
ance, determine the ability of one species to exclude its
competitor. Thus, modern coexistence theory classifies
processes mediating coexistence into two general cate-
gories: equalizing mechanisms, which decrease fitness
differences between species, and stabilizing mechanisms,
which increase niche differences between species (Ches-
son 2000, Adler et al. 2007, HilleRisLambers et al.
2012). Since coexistence requires the niche difference to
be greater than the fitness difference between the two
species, the two components form a common currency
for understanding how mechanisms simultaneously
affect coexistence. Moreover, niche and fitness differ-
ences can be calculated for mathematical models (Ches-
son 2008) as well as experimental results (Godoy and
Levine 2014, Gross et al. 2015, Kraft et al. 2015), pro-
viding a quantitative link between empirical results and
theoretical perspectives.

Taking advantage of the strengths of modern coexis-
tence theory, we provide a unified framework that pre-
dicts and classifies the effects of soil microbes on plant
coexistence. We begin by presenting a theoretical frame-
work for modeling interactions between plants and soil
microbes (Modeling plant—soil microbe interactions). In
this section, we summarize previous theoretical treat-
ments of plant—soil microbe interactions and outline a
new mathematical model that links this field of research
to the empirical and experimental tools of modern
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coexistence theory. In particular, we highlight the
derivation of niche and fitness differences from the
underlying plant-soil microbe demographic model. In
the next section, we demonstrate how this model can be
used to understand the outcome of plant—soil microbe
interactions in diverse contexts (Synthesizing microbial
effects on plant coexistence). Here, we apply the model
to four soil-microbe-mediated scenarios drawn from
the empirical literature and simulate their impacts on
plant coexistence. Synthesizing the results, we provide a
general classification of soil microbial effects that clari-
fies: (1) when soil microbes stabilize plant coexistence,
(2) when soil microbes equalize plant fitness, and (3)
how soil microbes affect the importance of plant—plant
competition. Finally, we show how our framework can
guide empirical studies (Applying modern coexistence
theory to plant—soil microbe interaction experiments). To
do so, we propose experimental designs that efficiently
quantify the full set of plant—plant and plant—soil
microbe interactions. In a case study, we then apply our
framework to existing experimental data and show how
it uses the context of plant competition to identify the
plant-soil microbe interactions most important for
coexistence.

MODELING PLANT-S0IL MICROBE INTERACTIONS

A brief overview of past modeling achievements

We begin by summarizing previous theoretical work
on plant-soil interactions to clarify the rationale behind
our model. In the first theoretical investigation of the
role of soil microbes in plant coexistence, Bever et al.
(1997) showed that plant-induced changes in the soil
microbial community can promote coexistence if these
changes negatively affect the growth rate of the plant rel-
ative to that of its competitors. The model underlying
this result focuses on plant and microbe frequencies (i.e.,
relative abundances): plant populations grow exponen-
tially at rates determined by the frequencies of soil
microbial communities, and coexistence conditions can
be derived from the equations for plant frequencies. This
approach allowed Bever et al. (1997) to define an “inter-
action coefficient,” I;, whose sign is mathematically a
necessary (but not sufficient) criterion for plant coexis-
tence (Revilla et al. 2013, Ke and Miki 2015). Bever
et al. (1997) used this index to categorize the overall
effects of soil microbes: when plants only interact with
each other through their soil microbes, coexisting plants
have a negative I; and are said to be experiencing “nega-
tive plant-soil feedback.”

The model of Bever et al. (1997) served as a starting
point for subsequent theoretical studies (reviewed in
Bever et al. 2010, Ke and Miki 2015), including spatially
explicit treatments (Eppinga et al. 2006), frameworks
explicitly representing soil nutrients (Umbanhowar and
McCann 2005), and multispecies models (Kulmatiski
et al. 2011, Eppinga et al. 2018). Moreover, this
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theoretical treatment stimulated a productive line of
empirical investigation (Kulmatiski et al. 2008, van der
Putten et al. 2013). Since the interaction coefficient in
Bever et al. (1997) can be calculated by comparing plant
performance in conspecific (home) and heterospecific
(away) soils, it has allowed researchers to identify the
direction of soil microbe-mediated feedbacks in a variety
of systems (reviewed in Bever et al. 2010, 2015, van der
Putten et al. 2013).

Subsequent work has addressed restrictions of the
original approach. First, some follow-up work replaced
the frequency-dependent microbial effects of the original
model with density-dependent effects, which may be
more appropriate for certain guilds of microbes
(Umbanhowar and McCann 2005, Eppinga et al. 2006).
Second, studies have incorporated more realistic plant
population dynamics into the model. Originally, Bever
et al. (1997) focused on the effects of soil microbes by
assuming no self-limitation or competition in the plant
populations. As a result, the original model cannot pre-
dict coexistence in systems where plants experience
asymmetric competition. Bever (2003) added Lotka-Vol-
terra-type density-dependent plant competition to the
original frequency-based plant-soil feedback model;
Revilla et al. (2013) later analyzed this model and
derived indexes corresponding to the original /; in Bever
et al. (1997). Nonetheless, these results have not pro-
vided a way to empirically predict the competitive out-
come of combined plant—soil microbe and plant—plant
interactions.

SOIL MICROBES AND PLANT COEXISTENCE
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Model

We build upon these previous models of reciprocal
plant—soil microbe interactions to provide a theoreti-
cal model that (1) represents a more general set of
plant—-microbe and plant—plant interactions, (2) allows
us to quantify niche and fitness differences, and (3)
can be applied to predict competitive outcomes from
greenhouse measurements of plant population dynam-
ics. In contrast to the approach in Bever (2003), which
mixes frequency-dependent microbial effects with den-
sity-dependent plant—plant competition, we choose to
consistently adopt density units. This approach has
previously been used to model a variety of soil
microbes, and is compatible with experimental
approaches that measure per-capita effects of competi-
tors on plants.

Our model adapts and generalizes the approach of
Eppinga et al. (2006) by considering mutualistic soil
microbes in addition to pathogens. Like most models of
plant-soil interactions, it does not explicitly consider
variability in time or space. The model tracks the densi-
ties of two competing plants and their associated soil
microbes (summarized visually in Fig. 1a): Ny and N
represent the density of competing plant species A and
B, respectively, while Sx and Sp represent the total den-
sity of each plant’s root-associated soil microbial com-
munity. Each soil microbial community grows
logistically with intrinsic growth rate ga or gg toward its
carrying capacity ka or kg:

Janzen-Connell

Enemy release

Soil conditioning

0

Fig. 1. Conceptual framework for the plant—soil microbe interaction model. (a) The model describes the dynamics of two

plants (Na and Np) and the total density of their associated soil microbial communities (S and Sg), considering both plant—plant
competition (c;) and plant—soil microbe interaction (c;). All arrows are labeled with corresponding model parameters; see section
Model for parameter definitions. (b) The four interaction scenarios analyzed in this study: Janzen-Connell (top left, varying caa
and opp); enemy release (top right, varying ogs and opg); mutual facilitation (bottom left, varying cap and oga); and differential
soil conditioning (bottom right, varying ¢g). Parameters varied in each scenario are highlighted with thick arrows. Soil microbial
effects in the Janzen-Connell and enemy release scenario are pathogenic (c; < 0, dark red arrows), whereas in the mutual facilita-
tion and differential soil conditioning scenario, they are mutualistic (c; > 0, light blue arrows). Default parameter values are pro-
vided in Appendix S4: Table S1.
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Since the soil microbial community relies on resources
that are supplied by plants (e.g., litter inputs, root exu-
dates, or roots for direct colonization), we let the carry-
ing capacity of the soil microbial community increase
linearly with host plant density: k; = ¢; x N;, where
i = A or B. The parameter ¢; represents the ability of a
plant individual to condition its soil microbes by supply-
ing litter inputs or root exudates. As a result, when the
host plant population increases, the carrying capacity of
soil microbes also increases. In this respect, our model is
similar to a recent model by Kandlikar et al. (2019),
which assumed that the per-capita growth rate of soil
microbes increases linearly with plant density but
decreases due to density-dependent mortality.

Plant populations Ny and Np grow at rates deter-
mined both by plant-plant competition and by the
effects of soil microbes. As in the Lotka-Volterra compe-
tition model, the population growth of plants in the
absence of competitors or microbes is given by the
intrinsic growth rates r4 and rg. Plant—plant interaction
is measured by c;;, the linear effect of plant j on plant 7.
We build on this classic model by incorporating direct
interaction between plants and soil microbial communi-
ties: o, the soil microbe interaction coefficient, gives the
linear effect of the microbial community specific to plant
j on plant i (see Eppinga et al. 2006 and Aguilera 2011
for nonlinear functional response). Note that unlike in
the model of Bever (2003), here ¢;; and o;; have the same
density-based units. Accordingly, plant population
dynamics are described as follows:

dN,

TIA = rANA(l + cAANA + caABNB + GaaSA + GABSB)
(3)

dNg

g =rgNp(l + cgaNa + cggNp + 0BaSA + OB SB).

“)

For our purpose, we assume that plant—plant inter-
actions are competitive (c; <0, thus hereafter referred
as plant-plant competition), where a more negative c;;
represents stronger competition. On the other hand,
each species-specific soil microbial community may be
either detrimental (o;<0) or beneficial (5; > 0) to
each plant. A more negative G; represents a stronger
detrimental effect of a soil microbial community on a
plant, whereas a more positive G; represents a greater
beneficial effect. Since o; represents the entire effect
of a microbial community, it may summarize a variety
of microbial guilds. Thus, on the whole, each specific
microbial community may be considered to have a net
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Box 1. Separating the stabilizing and equalizing
components

To calculate the components of modern coexis-
tence theory, we applied separation of timescales by
assuming that soil microbe dynamics were suffi-
ciently fast compared to plant population dynamics
and that all dynamics occurred near equilibrium. In
particular, this means that soil microbes reach their
plant-determined carrying capacities without any
time lag and die instantly when the host plant dies.
Under these conditions, we reduced our model
(Egs. 1-4) to a two-species Lotka-Volterra model
(see Appendix S2), with the following interaction
coefficients:

Otij = C,'j + Gij¢j' (5)

Here, oy represents the net competitive effect of
species j on i and i and j = A or B. Importantly, we
can observe that net competition consists of two
terms: (1) plant—plant competition not related to soil
microbes, ¢;;, and (2) soil microbial effects, summa-
rized as ;;¢;. We assumed that plant-plant interac-
tions are competitive (¢; <0) and plant—soil microbe
interactions can be either detrimental (o;<0) or
beneficial (c; > 0). Note that, when microbes have
no effect on plants (o or ¢; = 0), the model simpli-
fies to pure Lotka-Volterra competition. In addition,
if the soil microbes have a very strong positive effect,
o; becomes greater than zero and the plant popula-
tions grow toward infinite population size without
other regulatory forces.

After transforming the model, we quantified niche
overlap and fitness ratio between the two plants
using formulas derived specifically for two-species
Lotka-Volterra models (Chesson 1990, 2013, Ches-
son and Kuang 2008). Under this formalization, sta-
bilizing mechanisms represent processes that
decrease niche overlap (p, or increase niche differ-
ence, 1| — p). Here, p is the magnitude of difference
in inter- to intraspecific interaction coefficients, i.e.,
p = \/opa0ap/0aacps. Equalizing mechanisms, on
the other hand, represent processes that reduce the
fitness ratio, which is defined as
;—i = \/oaa0ap/0popa. Following these definitions,
we derived the niche overlap and fitness ratio
between N and Np as:

o= \/(CBA + oBadA)(caB + OaBDR) 6)

(can +ocaada)(cpp + opdp)

/8 [(can + oaada)(caB + OaBPy) o)
fa\ (cBB + oBB®R)(cBA + OBADA)
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pathogenic (o, <0) or mutualistic effect (c; > 0) rela-
tive to the case where no plant-specific soil condition-
ing occurs. Additionally, we note that our model is
able to represent shared soil microbial associates
through their net effect on o; (see Appendix SI,
where we derive Eqgs. 3, 4 from a model that explicitly
represents microbial species).

Quantifying the components of modern coexistence theory

Modern coexistence theory provides a general method
to quantify the stabilizing and equalizing components of
coexistence for a variety of models (Chesson 2003,
Barabas et al., 2018). The formulas for these compo-
nents in the Lotka-Volterra model of competition (Ches-
son 1990, 2013, Chesson and Kuang 2008) can be used
in cases where environmental variability is not the pri-
mary focus. To take advantage of this theory, we applied
separation of timescales to transform our model into the
standard Lotka-Volterra form. In particular, we
assumed that the dynamics of soil microbes were suffi-
ciently fast compared to those of the plants (see Box 1
and Appendix S2 for detailed derivation and interpreta-
tion). While we focus here on our general theoretical
framework, we note that timescale separation can be
applied to derive niche overlap and fitness ratio for a
variety of models of plant—soil microbe interactions
(Appendix S1).

A key feature in our mathematical derivation is the
phenomenological interaction coefficient, oy (i.e., the
competition coefficient of the Lotka-Volterra appoxi-
mation, Eq. 5 in Box 1). This coefficient represents the
total per-capita effect of each plant species on its con-
specifics or heterospecifics, summarizing the combined
effect of plant—plant competition (c;;) and soil microbes
(oj). As oy corresponds to the interaction coefficients
measured by plant competition experiments, this result
links our framework to existing experimental methods
for quantifying the modern coexistence theory compo-
nents. After transforming the model, we used the for-
mulas from Chesson (2008) to quantify niche overlap
and fitness ratio between the two species. Doing so, we
were able to examine how plant—plant competition
and soil microbial effects interactively determine
coexistence.

SYNTHESIZING MICROBIAL EFFECTS ON PLANT
COEXISTENCE

In this section, we demonstrate how our model can be
applied to predict the effect of soil microbes, and show
that the two components of modern coexistence theory
synthesize a diverse set of microbial processes that affect
plant coexistence. We begin by applying the formulas for
niche overlap and fitness ratio (Box 1) to study four
plant—soil microbe interaction scenarios, each represent-
ing a well-documented empirical example of how soil
microbes can influence plant performance. In each case,

SOIL MICROBES AND PLANT COEXISTENCE
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we determine whether soil microbes promoted or pre-
vented coexistence, and whether this effect was mediated
by niche, fitness, or both components. Generalizing
these results, we then present a small set of categories
that can predict how a large number of soil microbe-
mediated processes affect plant coexistence.

Simulating different plant—soil microbe interaction
scenarios

As shown in Fig. 1b, we considered the following
scenarios: (1) a Janzen-Connell scenario, where both
plants experience increasingly negative conspecific
microbial effects driven by host-specific pathogens
(Janzen 1970, Connell 1971); (2) an enemy release sce-
nario, where negative microbial effects on one plant
are alleviated (Keane and Crawley 2002, Reinhart and
Callaway 2006); (3) a mutual facilitation scenario,
where the beneficial mycorrhizal fungus hosted by each
plant has an increasingly positive effect on the com-
petitor of its host (Bever 2002); and (4) a differential
soil conditioning scenario, where one plant allocates
more photosynthetic products to support a greater
population of beneficial microbes (Norby et al. 1987,
Zheng et al. 2015). Fig. 1b summarizes these scenarios
using thick arrows to highlight each set of characteris-
tic parameters. Together, the four scenarios encompass
a wide array of microbial functional groups, ranging
from pathogens to mutualists and from specialists to
generalists. See also Table 1 for a list of other scenar-
ios that can be considered using our modeling frame-
work.

For each of the four scenarios, we ran simulations
to quantify how varying soil microbial effects (i.e.,
the magnitude of o; or ¢; see Fig. 3 and
Appendix S4: Table S1 for parameter values) affected
overall competitive outcomes. We visualized these
results on the parameter space of niche difference
and fitness ratio (Box 2). Although varying effect
strengths always impacted both of these components
(arrows of Fig. 3), the effect of some scenarios was
primarily mediated by a single mechanism. The Jan-
zen-Connell (Fig. 3a) and mutual facilitation
(Fig. 3c) scenarios always increased niche differences,
but their effects on fitness ratio were smaller and
inconsistent. Thus, in these scenarios, soil microbes
acted as a stabilizing mechanism. On the other hand,
enemy release (Fig. 3b) primarily affected the fitness
ratio; thus, soil microbes in this scenario primarily
had an equalizing effect, promoting coexistence when
they benefited the inferior competitor. Finally, both
mechanisms were important in the soil conditioning
case (Fig. 3d).

To understand the interaction between plant—soil
microbe interactions and plant—plant competition, we
simulated each of the four scenarios with different
strengths of plant—plant competition, ¢;, producing the
different-colored arrows in Fig. 3. We varied one of the
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four ¢; at a time while keeping the other three fixed (see
Fig. 3 and Appendix S4: Table S1 for parameter values).
The range of niche differences and fitness ratio gener-
ated by different values of ¢; then indicates the impor-
tance of plant-plant competition in determining
competitive outcome. We showed that the effect of the
illustrated coefficients could be either reduced (Fig. 3a)
or amplified (Fig. 3b-d) by soil microbial effects, sug-
gesting the need to consider interactions between plant—
plant and plant-soil microbe interactions. However, for
other coefficients, plant-soil microbe interactions did
not alter the qualitative importance of plant—plant com-
petition (Appendix S4: Figs. S1-S4). In general, these
interactive effects only occurred for the forms of plant—
plant competition (c;) corresponding to the soil micro-
bial effects (o) varied by the plant—soil microbe interac-
tion scenario. Below, we detail the simulation results for
each of our four scenarios.

Janzen-Connell scenario.— According to the Janzen-
Connell hypothesis, a classic mechanism of natural
enemy-mediated coexistence, species build up high densi-
ties of host-specific natural enemies near parent trees
(Augspurger and Kelly 1984). We focused on a version
of this mechanism mediated by soil pathogens, corre-
sponding to the negative plant—soil feedbacks measured
in both temperate (Bennett et al. 2017) and tropical
(Mangan et al. 2010) forest systems. In the simulation,
plants cultivated soil pathogen communities that were
only slightly harmful to the non-cultivating species
(oap = —0.4, opa = —0.5). Beginning with ocas =
opg = —0.32 (weaker than interspecific effects), we
strengthened the impact of both soil pathogen communi-
ties on their cultivating plants until both parameters
reached —6.0 (much stronger than interspecific effects).

This promoted coexistence primarily by increasing
niche difference between the competing plant species: in
other words, soil microbes acted primarily as a stabiliz-
ing mechanism. Nonetheless, varying Janzen-Connell
strength also affected fitness ratio, which was sometimes
enough to change the identity of the dominant competi-
tor (Fig. 3a, caa = —1), but this effect was small relative
to the change in niche difference and varied depending
on plant-plant competition. As the negative effect of
host-specific pathogens increased, intraspecific plant—
plant competition (caa and cpp) became less important
in determining overall competitive outcome. This can be
seen in Fig. 3a, where the changes in fitness ratio and
niche difference caused by changing cas decreased with
intensifying soil microbial effects. However, we did not
observe a similar effect for interspecific competition (cap
and cpa), which remained qualitatively important for
determining fitness ratio regardless of Janzen-Connell
strength (Appendix S4: Fig. S1).

Enemy release scenario.—Enemy release occurs when
species experience decreased pressure from natural ene-
mies in their introduced range. While release from
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species-specific natural enemies has received greater
attention, the effect also encompasses decreased pressure
from generalist natural enemies (Keane and Crawley
2002); here, we considered both kinds of natural ene-
mies. Inspired by evidence that plants are less negatively
affected by soil pathogens in their introduced ranges
(Reinhart and Callaway 2006), we considered an intro-
duced species (plant B) competing with a native species
(plant A). Beginning with a scenario where soil pathogen
communities affect both plants (cap = ocap = —0.5;
opa = og = —2.0), we alleviated the effect of both
pathogen communities on B by making opa and opp less
negative until ogp = opp = 0 (representing complete
enemy release).

The enemy release scenario had a strong effect on fit-
ness ratios: as plant B became increasingly released from
enemy effects, its fitness increased relative to that of its
competitor. In the case examined here, this allowed the
two plants to coexist. More generally, such an effect
should be expected to promote coexistence if it benefits
the inferior competitor to an intermediate degree
(Appendix S4: Fig. S2). Enemy release had a smaller effect
on niche difference, and the direction of this effect varied
according to cpa (different arrows in Fig. 3b). As the
impact of natural enemies on plant B decreased, its sensi-
tivity to plant-plant competition (cga and cpg) became
increasingly important for determining fitness ratio and
niche difference (shown for cga in Fig. 3b). In contrast,
the remaining coefficients (cap and caa, representing the
sensitivity of plant A to plant—plant competition) did not
produce this interactive effect (Appendix S4: Fig. S2).

Mutual facilitation scenario.—While much work on
microbe-mediated plant coexistence has focused on
pathogens, Bever (2002) proposed that conditioning of
mutualist communities can promote plant coexistence if
each plant’s conditioning favors its competitors (i.e.,
causes plants to facilitate one another). Beginning with a
scenario where the soil mutualist communities benefited
their cultivating hosts (caa = opg = 0.5) but not their
hosts’ competitors (cag = oga = 0.0), we increased the
degree of mutual facilitation (cap and opa) until each
soil community was much more beneficial to non-host
plants than to its own host (cag = oa = 2.0).

Like the Janzen-Connell scenario, the mutual facilita-
tion scenario always increased niche difference between
the two competitors; in some cases, this was enough to
result in coexistence. Additionally, mutual facilitation
affected fitness ratio, but the direction of these changes
was inconsistent (different arrows in Fig. 3c). Increasing
mutual facilitation amplified the effect of interspecific
plant-plant competition (cap and cpa), but not that of
intraspecific competition (caa and cpg), on fitness ratio
and niche difference (shown for cap in Fig. 3c; see also
Appendix S4: Fig. S3). Thus, though the Janzen-Connell
and mutual facilitation scenarios both increased niche dif-
ference, they interacted differently with plant-plant com-
petition.
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Box 2. Visualizing the niche difference—fitness ratio
parameter space

In our model, niche difference (1 — p) and fitness
ratio (fg/fa) predict the outcome of plant competi-
tion. Thus, we use the parameter space defined by
the two components to visualize competitive dynam-
ics between the two plant species. Here, we use Fig. 2
as an illustrative example to demonstrate how to
interpret our results. The solid linear and dotted
curvilinear black lines denote the boundary where
fitness ratio is equal to niche overlap (p) and the
inverse of niche overlap (1/p), respectively. These two
boundaries partition the parameter space into four
distinct regions, representing different outcomes of
competition. If the two species differ too greatly in
fitness relative to their niche difference, one species
outcompetes the other (upper and lower white
regions). When the niche difference is positive, stable
coexistence occurs if the fitness ratio is not too
extreme (right gray region). When niche difference is
negative, priority effects may occur (left gray region),
where community composition depends on which
plant arrives first (Ke and Letten 2018).

The pathways shown in Fig. 2 illustrate how soil
microbes might alter competitive outcomes. For
example, soil microbes may promote coexistence by
primarily affecting niche difference (a stabilizing
mechanism, arrow a in Fig. 2) or fitness ratio (an
equalizing mechanism, arrow b Fig. 2). Soil microbes
may also flip the competitive hierarchy by changing
the identity of the dominant competitor (arrow c in
Fig. 2). Note that since microbe-mediated parame-
ters make up part of the phenomenological interac-
tion coefficients (Eq. 5), varying their strength
simultaneously affects both niche difference and fit-
ness ratio. The only exception is the special case
where a pair of o coefficients are varied in a way
that maintains the value of Eq. 6 or Eq. 7. In gen-
eral, however, plant-soil interactions should predom-
inantly affect either the stabilizing or equalizing
component depending on the interaction network
between plants and soil microbes (Synthesizing
microbial effects on plant coexistence).

Differential soil conditioning— Differences in the
strength of soil microbial effects on plants may also be
mediated by differences in plants’ ability to cultivate soil
microbial communities. For instance, the amount of
fixed carbon provided by plants to their mycorrhizal
mutualists may vary depending on the environmental
context (Norby et al. 1987, Zheng et al. 2015) and on
plant competitive strategy (Hoeksema et al. 2010). We
considered a pair of competing plants, each cultivating a
mutualist community (oaa = 0.5; oap = 0.25;
opp = 0.20; oga = 0.10). We began by giving both

SOIL MICROBES AND PLANT COEXISTENCE

Article e01391; page 7

1.4 5
Plant:B wins
< : )
A H
™) H
4 '
g ;
= '
2 i
» :
3 . Coexistence
0 10 EReeoees bt e
= 5
Planti
0.7 o ¢ E

-0.50 025 0 0.250 0.50
Niche difference, 1-p

Fic. 2. Potential effects of soil microbes on the outcome of
plant competition, visualized on the parameter space of niche
difference (1 — p, x-axis) and fitness ratio (fg/fa, y-axis). The
solid and dotted lines represent the boundaries where fp/fa
equals p or 1/p, respectively. The right and left gray shaded
areas indicate the regions where coexistence or priority effects
occur, respectively; the top and bottom white areas indicate
where plant B or A is dominant, respectively. The red arrows
demonstrate how soil microbes may alter the outcome of com-
petition by (a) acting primarily as a stabilizing mechanism, (b)
acting primarily as an equalizing mechanism, or (c) changing
the identity of the dominant competitor. Open and solid circles
represent competition in the absence or presence of soil
microbes, respectively.

plants equal conditioning ability, represented by the
microbial carrying capacity ¢, = ¢ = 0.025. We then
increased the ability of plant B to condition its soil com-
munity by increasing ¢y up to 2.5.

Depending on plant—plant competition parameters,
increased soil conditioning by plant B could either pro-
mote or prevent coexistence, an effect mediated by both
fitness and niche components (Fig. 3d). Mathematically,
this context-dependent result occurs because changing
the conditioning ability of B affects the invasion growth
rate of plant A, but not that of plant B (Appendix S3).
Examining the interaction of plant-plant competition
parameters with soil conditioning, we found that soil
conditioning increased the importance of plant B’s com-
petitive effect (cap and cpp; shown for cap in Fig. 3d)
but did not change the qualitative importance of plant
A’s competitive effect (cga and caa; Appendix S4:
Fig. S4).

A general categorization of soil microbial effects

The above simulations illustrate that interactions
between plants and soil microbes can have diverse effects
on coexistence. Some mechanisms primarily affected
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Fic. 3. Examples of how plant-soil microbe interactions and plant-plant competition together determine competition out-
come. Four plant-soil microbe interaction scenarios were considered: (a) Janzen-Connell (varying o and opg), (b) enemy release
(varying oga and ogg), (¢) mutual facilitation (varying cap and op,), and (d) differential soil conditioning (varying ¢g). For each
scenario, arrows show how niche difference (1—p, x-axis) and fitness ratio (fg/fa, y-axis) changed as we varied the strength of soil
microbial effects (5, and ¢;) from weakest (open circles) to strongest (solid circles). To demonstrate its interactive effect with plant—
plant competition, this trajectory is shown for different strengths of plant-plant competition (c;;) ranging from weak (light colors)
to strong (dark colors). Plant—plant competition coefficients that were shown here for each scenario are (a) caa; (b) cga; (¢) cap:
and (d) cag. In panels a—c, ¢; was varied between —0.5, —1.0, and —1.5, whereas in panel d, ¢; was varied between —0.8, —1.0, and
—1.2. See Appendix S4 for other plant—plant competition coefficients (Appendix S4: Figs. S1-S4) and default parameter values

(Appendix S4: Table S1).

niche differences, others affected fitness, and still others
acted through a combination of the two components;
moreover, each mechanism interacted differently with
plant-plant competition. Given these diverse results,
how can we synthesize existing perspectives into a uni-
fied understanding of how soil microbes influence plant
coexistence?

Our study provides a general framework for integrat-
ing a diverse set of plant-soil microbe interactions with
plant—plant competition. In Table 1, we show how the
effects of a microbe-mediated process on niche and fit-
ness differences, as well as its impact on the relative
importance of plant—plant competition, can be predicted
using an understanding of which interactions are being
modified. We identify four ways a process can affect the
plant-microbe interaction network, representing each

possible pair of plant-soil microbe interactions c;; (col-
umn I). Within each category of network effects, we con-
trast processes that increase the overall negative
interaction among plants (i.e., making o, the total per-
capita effect of one plant on another, more negative)
with those that decrease the overall negative interaction
(column II). In other words, we consider whether the
indirect effect of microbe intensifies or mitigates nega-
tive interaction among plants. Importantly, these
changes are not specific to pathogens or mutualists: for
instance, an increase in a plant’s overall negative impact
can result from strengthening the effect of pathogens or
from weakening the effects of mutualists.

Based on this general categorization, the effect of a
process on the underlying interaction network determi-
nes whether it primarily affects niche or fitness (column
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TaBLE 1. General framework for understanding how soil microbes affect plant coexistence through their effects on niche and
fitness differences.

V. Effects on the relative
importance of plant—plant
competition

1. Which interactions  II. How does the process
does the process modify plants’ negative
affect? effects on each other?

III. Primary effect on
coexistence

V. Example
mechanisms

a. Both microbes’
effects on the host
(S ij)

b. Both microbes’
effects on non-hosts
(o4, ©ji)

c. Both microbes’
effects on plant i
(Gija Gji)

Increases negative
interaction

Decreases negative
interaction

Increases negative
interaction

Decreases negative
interaction

Increases negative
interaction

Decreases negative
interaction

Increases niche
difference

Decreases niche
difference

Decreases niche
difference

Increases niche
difference

Decreases fitness of
plant i

Increases fitness of
plant i

Decreases role of intraspecific
competition (c;;, ¢;)

Increases role of intraspecific
competition (c;;, ¢;)

Decreases role of interspecific
competition (¢, ¢;;)

Increases role of interspecific
competition (¢, ¢;;)

Decreases role of i’s
sensitivity to competition
(¢ip Cij)

Increases role of i’s sensitivity
to competition (c;;, ;)

Janzen-Connell
(host-specific)
pathogens

Host-specific
mutualists

Pathogen spillover

Mutual facilitation,
pathogen specificity

Increased sensitivity
to pathogens

Enemy release,
increased benefits
from mutualists

d. Microbe i’s effects  Increases negative Not consistent; affects ~ Decreases role of i’s Pathogen
on both plants (o, interaction j’s invasion growth competitive effect (c;;, ¢;;) conditioning
Gjis or §; . . ) .
i OF ) Decreases negative Not consistent; affects  Increases role of i’s Mutualist
interaction J’s invasion growth competitive effect (c;;, ¢;;) conditioning

Notes: Processes are categorized according to (I) the types of interactions they affect and (II) whether they intensify or mitigate
overall plant interaction. Accordingly, we predict how each category affects (I11) niche and fitness differences and (IV) the interac-

tive effect of processes. Finally, (V) we give examples of mechanisms for each category.

IIT) and predicts which forms of plant—plant competi-
tion (¢;;) will change in importance for coexistence (col-
umn IV). In both cases, the direction of these changes
depends on whether a process increases or decreases
the overall negative interaction among plants. Thus,
our framework can be applied to predict the effects of
various soil microbe-mediated processes considered in
the empirical literature (column V), including the four
focal scenarios simulated in this study (shown in bold

type).

Soil microbes and stabilizing niche differences.—QOur
findings confirm that soil microbes can promote plant
coexistence by favoring each plant when it is rare, an
effect frequently discussed in the literature (Bever et al.
1997, Bever 2003, Hart et al. 2003, Ke and Miki 2015).
This effect, often termed negative plant—soil feedback
Bever et al. (1997), corresponds to the niche difference
component of modern coexistence theory. Our approach
shows that this occurs when a microbe-mediated process
causes the negative impact of a plant on conspecifics to
increase (type a in Table 1; e.g., Janzen-Connell scenar-
io, Fig. 3a) or that on its competitors to decrease (type b
in Table 1; e.g., mutual facilitation scenario, Fig. 3c).
This result is in accordance with those from the expo-
nential model of Bever et al. (1997), which showed that
both pathogens and mutualists may promote plant coex-
istence. Our application of modern coexistence theory

adds to this classic perspective by linking it to the
broader empirical literature on plant coexistence and
providing a more thorough exploration of the contexts
under which soil microbes affect coexistence.

This perspective synthesizes a diverse range of stabiliz-
ing and destabilizing soil microbial processes from the
literature. We confirm that species-specific soil patho-
gens indeed promote coexistence by increasing niche dif-
ferences, thus acting as a stabilizing mechanism
(Petermann et al. 2008). We also note that stabilization
is not unique to soil pathogens: mutualists can stabilize
coexistence if they also confer their mutualistic benefits
to their host plant’s competitors (Bever 1999, 2002). In
contrast to the case of mutual facilitation, we also pre-
dict that host-specific soil mutualists can lead to priority
effects by increasing niche overlap, thus acting as a
destabilizing mechanism (sensu Fukami et al. 2016).
Empirical evidence of such positive feedbacks comes
from systems where arbuscular mycorrhizal plants com-
pete with ectomycorrhizal plants (McGuire 2007, Ben-
nett et al. 2017, Kadowaki et al. 2018). Accordingly, we
suggest that experimental approaches informed by mod-
ern coexistence theory may further elucidate links
between mycorrhizal strategy and plant community
dynamics.

Despite similar stabilizing effects, different soil
microbial processes may have different effects on the
importance of plant—plant competition, an aspect not
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captured by the original Bever et al. (1997) model and
its I; index. For example, while host-specific pathogens
contribute to stabilization and can overwhelm the
effect of intraspecific plant-plant competition
(Fig. 3a), interspecific competition remains important
in determining the degree of stabilization required for
coexistence (Appendix S4: Fig. S1). This prediction
emphasizes the importance of considering interspecific
competition when studying conspecific negative density
dependence (LaManna et al. 2017). In other cases
(e.g., mutual facilitation), microbe-mediated processes
may amplify the role of certain forms of plant—plant
competition (here, interspecific competition). This is in
line with empirical findings that mycorrhizal fungi can
intensify plant competition for light (Facelli et al.
1999) by modifying the shoot-to-root ratio of plants
(Veresoglou et al. 2012). Such differences between sce-
narios, despite their similar stabilizing effect, highlight
the importance of considering soil microbial effects
within the context of plant-plant competition (Call-
away et al. 2004, Casper and Castelli 2007, Shannon
et al. 2012, Crawford and Knight 2017, Peay 2018).
Here, we suggest that further categorizing plant-soil
microbe interactions with our framework provides con-
crete predictions of how the two processes interact
(Table 1).

The need to consider soil microbial effects on fitness.—In
addition to their frequently cited stabilizing role, soil
microbes may also affect the fitness of competing plants
(Mordecai 2011). However, this aspect of soil microbial
effects is often overlooked in frequency-based models
(but see Kandlikar et al. (2019) for how to quantify the
effect of soil microbes on plant fitness differences for
the classic Bever model). Supporting the notion that
niche and fitness differences are not independent (Let-
ten et al. 2017, Barabas et al. 2018), we found that soil
microbes always affected fitness (Fig. 3). Mathemati-
cally, this occurs because changing any soil microbial
coefficient always affects both p and f>/f; (Box 1). Fur-
thermore, fitness is sometimes key to predicting coexis-
tence: when a process alters the sensitivity of one plant
to both microbial communities, its effect on coexistence
is primarily mediated by equalizing mechanisms (type ¢
in Table 1; e.g., enemy release scenario). In some cases,
soil microbes promote coexistence if they benefit the
plant with lower fitness to an intermediate degree
(Fig. 3b); in other cases, the effects of soil microbes on
fitness can lead to competitive exclusion despite their
stabilizing effects (Fig. S2b). In a recent study, Kand-
likar et al. (2019) also showed, for a variety of theoreti-
cal models, that studying “microbially mediated fitness
differences” is critical for understanding plant coexis-
tence. Observed trade-offs between plant—plant compe-
tition and responsiveness to mutualists (Grman 2012)
or defense against soil pathogens (Rasmann et al. 2011)
may thus promote coexistence by acting as equalizing
mechanisms.
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As in other scenarios, these microbe-mediated pro-
cesses may affect the importance of plant—plant competi-
tion for plant fitness. For instance, fitness differences
generated by intraspecific plant competition were erased
by host-specific pathogens in the Janzen-Connell sce-
nario (Fig. 3a), but were not affected in the mutual facil-
itation scenario (Appendix S4: Fig. S3). Another
example comes from the enemy release scenario: we pre-
dict that, as an invader (here, plant B) becomes increas-
ingly released from enemies, its sensitivity to
competition (cga and cpg) will become increasingly
important for determining competitive outcome
(Appendix S4: Fig. S2). This prediction has practical
implications: when considering the invasive potential of
an enemy-released exotic plant, for instance, it may be
particularly important to evaluate its sensitivity to
plant-plant competition. That is, in the presence of
enemy release, the most successful invaders should be
those with the highest tolerance of competition from
natives (least negative cga), rather than those with the
strongest negative impact on natives (most negative
cap)- In summary, the different effects of soil microbes
on plant fitness, a crucial determinant of coexistence
highlighted in modern coexistence theory, emphasize the
importance of the competitive context in which plant—
soil microbe interactions occur.

Though some processes are primarily equalizing or
stabilizing, we also identify a set of processes where both
effects must be considered (type d in Table 1). Namely,
when a mechanism varies a single soil community’s
effect on both plants (e.g., differential soil conditioning
scenario, Fig. 3d), its effect on coexistence is mediated
by both niche difference and fitness ratio. This occurs
because a soil microbial community can only affect the
invasion growth of the non-cultivating plant. Thus, it
affects both niche difference and fitness ratio, and the
direction of these effects varies depending on plant—
plant competition.

Many biologically relevant processes belong to this
category. For instance, pathogens vary in their virulence
(Reinhart et al. 2010) and plants’ ability to condition
mutualists may vary due to environmental conditions
(Norby et al. 1987, Zheng et al. 2015). Under these
cases, it is not possible to draw a general conclusion on
the effect of soil microbes on plant coexistence because
the direction of these effects are context dependent. To
further decipher the role of soil microbes in these pro-
cesses, we emphasize the need for empirical work to
directly measure the strength of both plant—plant and
plant—soil microbe interactions.

APPLYING MODERN COEXISTENCE THEORY TO PLANT-SOIL
MICROBE INTERACTION EXPERIMENTS

Our framework demonstrates the importance of the
interaction between soil microbial effects and plant—
plant competition. Given the complexity highlighted
above, how can empirical work effectively evaluate the



February 2020

role of soil microbes? In this section, we outline an
approach that quantifies all plant—plant and plant-soil
microbe interactions for a pair of competing plants. We
then use data from an existing study (Aguilera et al.
2017) to demonstrate how our framework can identify
which plant-microbe interactions drive coexistence in
empirical systems.

Recommendations for empirical experimental design

Comparing the performance of plants grown individu-
ally to plants grown in competition is already a standard
approach for inferring phenomenological interaction
coefficients (Hart et al. 2018). These interaction coeffi-
cients correspond to the oy; of our model, which can be
partitioned into terms representing plant—plant competi-
tion and the effect of soil microbes. Thus, growing plants
in soil where conditioning has not occurred allows the
researcher to calculate the plant—plant competition coef-
ficients, and comparing these to the corresponding coef-
ficients in conditioned soil gives the plant-soil microbe
term. With this information, it is then possible to apply
our quantitative framework.

Nonetheless, existing experimental designs for mea-
suring the effect of soil microbes do not provide
enough information to fully quantify plant-soil
microbe and plant-plant interactions. In Fig. 4, we
highlight two experimental designs that are commonly
implemented for the purpose of quantifying soil micro-
bial effects and plant—plant competition. One design,
which we term “fixed density intra/inter” (Fig. 4a; dif-
ferent soils are represented by different colors), sub-
jects a focal plant to either intra- or interspecific
competition in different soil environments (Petermann
et al. 2008). Although this design explicitly considers
competition, it lacks data on the growth responses of
single individuals in the absence of any competition.
Thus, at its best, it can only provide an estimation of
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the difference between intra- and interspecific competi-
tion for each species (i.e., the relative magnitudes of o;
and o). Another design, referred here and elsewhere
as “multiple/single” (Fig. 4b), compares the growth a
focal species alone to its growth with a heterospecific
competitor in different soil environments (Shannon
et al. 2012, Crawford and Knight 2017). Although it
may seem less comprehensive than the intra/inter
design, this design in fact provides the density treat-
ment necessary for estimating interspecific competition
(i.e., o). What is missing here is the growth response
of the focal species when growing with conspecifics
(i.e., an estimation of a;;). The above two experimental
designs quantify aspects of soil microbial effects, but it
is difficult to directly link these data to modern coexis-
tence theory. While Kandlikar et al. (2019) laid out
the necessary treatments to characterize niche and fit-
ness differences mediated by soil microbes, a more
comprehensive experimental design is needed to study
the effects of plant-microbe interactions within the
context of plant—plant competition.

Here, we propose the minimal setup that is required
to quantify the effects of both plant—plant and plant—
microbe interactions on plant coexistence (see also Hart
et al. 2018 for similar design). This minimal design
combines elements of the two common setups and is
capable of estimating intra- and interspecific competi-
tion under different soil types (Fig. 4c). This need not
be as daunting as it may sound, since not all treatments
are necessary. Many combinations, such as growing
multiple individuals of the same focal species in
heterospecific soils (e.g., two red diamond plants in soil
conditioned by the blue circle plant; Fig. 4a), are not
relevant to the invasion perspective of modern coexis-
tence theory. The critical insight is that we must quan-
tify a focal plant’s response to competitors in the
competitor-conditioned soil. For example, we should
quantify the red diamond plant’s intraspecific

.4
g
ifitt

Fic. 4. Experimental designs to quantify the effects of soil microbes on plant competitive outcome. (a) Fixed-density intra/inter
designs consisting of growing the focal plant in either intra- or inter-specific plant-plant competition; (b) multiple/single designs
consisting of growing the focal plant either with or without interspecific plant—plant competition; (c) minimal experimental setup.
Pots with different colors represent soils with different conditioning history: no conditioning history or sterile soil (white); condi-
tioned by the red diamond plant (dark red); conditioned by the blue circle plant (light blue). In the minimal setup, competition coef-
ficients can be calculated from measurements of the plants marked with asterisks *.
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competition by measuring its performance when it com-
petes with conspecifics in conspecific soil (Fig. 4c, top
center). To quantify how interspecific competition
affects the red diamond plant, we should instead mea-
sure its performance when it competes with the blue cir-
cle plant in soil conditioned by the blue circle plant
(indicated in Fig. 4c, top right; asterisk indicates the
individual to be measured). In order to fully include
microbial effects in these competition measurements,
performance under competition in conditioned soil
should be compared to single-individual performance in
a reference soil (i.e., soils without plant-specific micro-
bial communities; single-plant pots in Fig. 4c). After
calculating these effects, we can then partition the effect
of soil microbes by comparing competitive effects to
ones calculated for competition in a reference soil (bot-
tom row in Fig. 4c¢).

There are multiple options for the reference soil, and
it is important to recognize that different reference
soils isolate different aspects of plant-soil microbe
interactions. Two common choices are sterilized soil
and unconditioned soil from a location where neither
plant is present. Ultimately, the most appropriate refer-
ence soil depends on the system and research question.
Comparing density treatments in conditioned soil to
the same treatments in sterilized soils captures the
effect of all soil microbes, since the reference soil
should contain virtually no microbes. This might be a
suitable choice for studies that wish to isolate the
impacts of soil microbes and compare the strength of
microbial effects to other processes (Chung and Rud-
gers 2016, which asked whether soil microbes pro-
moted plant coexistence). One the other hand,
unconditioned soils may harbor microbial propagules
such as dormant spores (Lennon and Jones 2011) that
could potentially affect the focal plant. Comparing
treatments in conditioned soil to those in uncondi-
tioned soil therefore captures the conditioning ability
of each plant. Although the natural history of some
systems may suggest a natural choice for the uncondi-
tioned soil (e.g., bare sand for sand dunes undergoing
primary succession), other systems may lack a reason-
able option. Nevertheless, when selected properly,
unconditioned soil can be an appropriate reference soil
for certain research questions. For instance, soils con-
ditioned by a native plant could be used to study how
microbes impact competition between two simultane-
ously invading species.

We also note that by incorporating a small number
of missing treatments, the two common experimental
designs can be expanded to collect all necessary data:
the “fixed density intra/inter” designs, for instance, are
missing only the performance of single individuals in
reference soil. Moreover, additional density treatments
can be added to our minimal design to improve statisti-
cal fitting or detect nonlinear responses (e.g., higher
order interactions). Whether the substantial work of
these additional treatments (e.g., a response surface
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design; Inouye 2001) is necessary depends on the
research question. For example, the simplified density
treatment may suffice for a study that aims to qualita-
tively predict competitive outcomes, whereas extra den-
sity treatments might be needed if a study is
specifically concerned with quantitatively predicting
community dynamics (Hart et al. 2018, Letten and
Stouffer 2019).

Applying the conceptual framework: a case study

Though fully quantifying plant-plant and plant-mi-
crobe interactions does not require a large number of
treatments, surprisingly few studies have collected all rel-
evant data. One example of such data is given in Aguil-
era et al. (2017), where the authors studied how soil
microbes affect Lactuca sativa and its closely related
competitor Lactuca serriola, showing that the latter gen-
erates stronger negative soil feedback (i.e., it conditions
a more pathogenic soil community). Below, we outline
the experimental design of Aguilera et al. (2017) and
describe how we extracted data to calculate niche and
fitness differences. Using this data, we then apply our
quantitative framework to infer the underlying microbe-
mediated processes driving changes in competitive out-
come.

Aguilera et al. (2017) grew a single focal individual of
each species with four conspecific or heterospecific com-
petitors. They also grew one single individual of each
species alone with no background competitors, creating
a density gradient (i.e., zero vs. four) of competitors.
Moreover, this planting scheme was conducted using
either sterilized or live soil. After nine weeks of growth,
the plants were harvested for biomass measurements.
The authors present biomass data for plant i growing
with competitors of plant j in either sterile or live soil
(Figure 1 of Aguilera et al. 2017). We denote these bio-
mass measuments as M; serile and M; ; jive, respectively,
where i and j can refer to L. sativa, abbreviated “sat,” or
to L. serriola, abbreviated “ser.” They also presented an
index measuring the severity of competition, defined as
the log ratio between the performance of the single-
growing individual (hereafter, M; g swrile) and that of an
individual grown under competition (Figure 2 of Aguil-
era et al. 2017).

Using the density and soil sterilization treatments
from Aguilera et al. (2017), we calculated the full set of
interaction coefficients required by our framework.
Depending on a study’s measure of plant fitness and
its assumptions about plant demography, these coeffi-
cients can be calculated in several ways (Weigelt and
Jolliffe 2003). For the Aguilera et al. (2017) data set,
we assumed that each plant’s reproductive ability was
proportional to its biomass and calculated the interac-
tion coefficient between plants i and j as the per-capita
effect of j on biomass of i, relative to the biomass of i
when grown individually. To obtain this value in the
presence of microbial effects, we compared
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Fic. 5.  Applying modern coexistence theory to understand the effects of soil microbes on plant competitive outcome using data
from Aguilera et al. (2017) as a case study. (a) Calculating the competitive and soil microbial effects of Lactuca serriola (ser; dark
red) on Lactuca sativa (sat; light blue) and L. serriola. M; j \ represents the biomass of species i competing with species j in soil cul-
tivated by spemes k (with j = 0 indicating no competitors and k = sterile if soils were sterilized); AN; represents the density of com-
petitors of species j. Above each biomass term, we illustrate the corresponding experimental treatment and mark the measured
individual with an asterisk. The effects of L. sativa can be calculated the same way. (b) Predicted effect of soil microbes (open circles,
without microbes; solid circles, with microbes) on the outcome of competition between L. sativa and L. serriola. Using competition
coefticients calculated from empirical data, we applied our model to calculate niche difference and fitness ratio (see Box 2). The
white region (upper left) indicates that L. sativa outcompetes L. serriola, whereas the gray region (lower right) indicates coexistence.
(c) The impact of plant-specific conditioning effects on the competitive outcome between L. sativa and L. serriola (red arrows, only
L. serriola soil conditioning effects; blue arrows, only L. sativa soil conditioning effects).

competition biomass in live soil to the single-individual
biomass in sterile soil (Fig. Sa, left column):

o _ (Mijtlive - i,&,sterile)
ijlive —
A]vj X Mi,O,sterile

where AN; represents the density of competitors of spe-
cies j. Here, it is important to use single-individual bio-
mass in sterile soil (i.e., M serile) in order to include the
effects of soil microbes into the calculation of live inter-
action coefficient. This calculation assumes that the high
density of background competitors conditioned the soil
to its species-specific state (i.e., M. is effectively the
biomass of i in competition with j in j’s species-specific
soil, M;;;; in Fig. 5a, i = ser or sat and j = ser). We cal-
culated interaction coefficients in the absence of

microbial effects by instead using the competition treat-
ments in sterile soil (Fig. 5a, right column):

(Mi,j,sterile - Mi,O,sterile)
A]V] X Mi,O,sterile

;i j sterile =

All required biomass measurements were digitized using
Web Plot Digitizer version 4.1 (https://automeris.io/Web
PlotDigitizer/). Mean biomass from competition treat-
ments (M;;jive and M; serie) Was obtained directly from
Figure 1 of Aguilera et al. 2017. Since biomass of the
single-individual treatments was not reported, we used
the author’s competition index (Fig. 2 of the original
study) to back-calculate single-individual biomass in
sterile soil (Mg swerie) and took the average value for
each species.
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TaBLE 2. Overall interaction coefficients calculated from
Aguilera et al. (2017)

O(s:«n,sal usal,scr otscr,sal O(scr,scr
Sterilized soil —0.2418  —0.1380  —0.2368  —0.1736
Live soil —0.2418  —0.1942 —0.2429 —-0.2314
Microbial effect ~ —0.0 —0.0562  —0.0061  —0.0578

Note: Abbreviations are sat, Lactuca sativa; ser, Lactuca
serriola.

Table 2 shows the interaction coefficients for sterile
and live soils, as well as the contribution of soil microbes
(i.e., the difference between o; j sierile and a;j jive). Examin-
ing changes in the interaction coefficients shows that the
soil microbial community conditioned by L. serriola had
a negative effect on both species, whereas the community
conditioned by L. sativa affected only L. serriola and
had a much weaker negative effect (Table 2). This agrees
with the findings of the original study, which concluded
that soil communities associated with L. serriola caused
stronger negative feedbacks. Our framework adds to this
perspective by showing how these changes affect plant
coexistence. Taking advantage of the explicit demo-
graphic predictions of modern coexistence theory, we
predicted that the two plants can coexist in sterile soil,
but that soil microbes allow L. sativa to competitively
exclude L. serriola (Fig. 5b). Visualizing the changes in
niche and fitness difference indicated that soil microbes
exerted a slight equalizing effect (by decreasing the fit-
ness ratio between the two species), but this change was
counteracted by a much stronger destabilizing effect.

Next, we separately considered the effect of each
plant’s soil community in order to identify which inter-
actions were responsible for changes in coexistence
(Fig. 5¢). Our framework allowed us to selectively
remove individual microbial interactions: starting with
the full set of interactions, we set some of the coefficients
to the values measured without microbes. Simulating
competition with each species’ conditioning effect
“turned off” (Fig. 5c) showed that the strongly patho-
genic L. serriola soil community created larger differ-
ences in fitness ratio and niche overlap, but only the L.
sativa community was able to drive the exclusion of L.
serriola. This counterintuitive result can be understood
using our general framework (Table 1, type d: pathogen
conditioning), which predicts that the stronger condi-
tioning caused by L. serriola modifies both niche and fit-
ness difference, but ultimately only affects the invasion
growth of L. sativa. The exclusion of L. serriola instead
reflects its own negative invasion growth, which accord-
ing to our framework can only be affected by the patho-
gen conditioning caused by L. sativa. This exercise thus
demonstrates that the soil microbial effects that deter-
mine coexistence may not be the ones with the largest
magnitude. Because L. serriola was closer to being com-
petitively excluded in sterile soil, the outcome of compe-
tition was more sensitive to changes in the interactions
that affected its invasion growth rate. Thus, the smaller
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effects of L. sativa’s soil nonetheless altered competitive
outcome in this system.

In order to more rigorously identify the drivers of
plant community dynamics, we call for future studies to
experimentally quantify and interpret soil microbial
effects through the perspective of modern coexistence
theory. Rather than considering all interactions equally,
our approach considers the context of plant—plant com-
petition in order to identify the most important effects
for coexistence. Using an experimental approach that
quantifies both interspecific and intraspecific competi-
tion in soils with and without microbial effects, our
method isolates the role of microbes. By modifying the
strength of different interaction coefficients in a demo-
graphic model, we can then identify the specific mecha-
nisms that are most important for coexistence.

CONCLUSION

As the field of plant community ecology expands to
address the role of plant—soil microbe interactions in dif-
ferent natural systems, there is a growing need to unite
these multiple lines of research (Mordecai 2011, Peay
2016). Modern coexistence theory provides a way to syn-
thesize a variety of soil microbial effects and identify
how they contribute to plant coexistence. Generalizing
beyond the existing focus on soil pathogens, we apply
this theory to show that both pathogens and mutualists
can affect niche difference (i.e., stabilization) depending
on their host specificity. Moreover, the theory shows that
it is also important to consider how both types of
microbes affect fitness differences between competing
plants (i.e., equalization). Finally, since our framework
predicts that coexistence is interactively determined by
soil microbes and plant—plant competition, we suggest
that future studies should simultaneously quantify both
effects in order to accurately understand underlying dri-
vers of coexistence.

We have shown that applying modern coexistence the-
ory provides a valuable framework for experimentally
testing of the role of soil microbes in plant coexistence.
Here, we focus on aspects of the theory that have
informed most experimental work, but we also note that
this developing body of mathematical work continues to
offer rigorous quantitative tools for understanding coex-
istence: for instance, in multi-species communities
(Saavedra et al. 2017), in temporally or spatially variable
environments (Ellner et al. 2019), and when facilitative
interactions are critical (Bimler et al. 2018). While our
current framework does not incorporate these processes,
our use of a demographic model provides a useful start-
ing point that can be extended to incorporate these
recent theoretical developments. Indeed, there is a need
to study the role of soil microbes in highly diverse plant
systems (Johnson et al. 2012) and it is becoming clear
that temporal variation and spatial processes such as
microbial dispersal (Peay 2016) are crucial to soil micro-
bial community dynamics. Thus, we urge plant ecologists
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to place plant-soil microbe interactions into the broader
context provided by general theory as they disentangle
the forces structuring plant communities.
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