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Abstract

Interaction of plants with the nearby soil environment, a process termed

plant-soil feedback (PSF), is a structuring force for vegetation development.

Understanding how plant functional traits control PSF strength variation among

species is thus critical for plant community ecology. Studies have highlighted either

nutrient cycling (litter-mediated PSF) or soil biota (microbial-mediated PSF)

separately as two main drivers of PSF and thus focus on different sets of plant traits.

However, the two PSF drivers are not independent and their way of interaction

depends on the functional type of microbes (i.e. pathogens and mycorrhizas). An

ecosystem model coupling indirect interaction between litter and microbial feedback

is presented to identify which traits have strongest effect on PSF strength and, its

dependence on soil microbial community composition. This model shows that the

identity of the most influential plant functional traits alters when microbial-mediated

PSF is considered along with litter-mediated PSF. The relative importance of traits

depends on microbial composition. In particular, the importance of litter

decomposability increases with the relative abundance of mycorrhizas due to its

indirect positive effects on litter production. Plants with more easily-decomposable

litter and with more beneficial plant-mycorrhiza associations are more advantageous

than other plants species in pathogen-free soils. On the other hand, plants with better

il



defense traits are expected to be dominant in pathogen-rich soils. The results can

provide useful insights into understanding the key determinants of successful plant

invasion in different soil environments.

Keywords

functional trait-based ecology, litter decomposition, mycorrhiza, soil pathogen,

indirect interaction, population stage structure, exotic plant invasion
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Introduction

Understanding the processes controlling community structure and the influence

of functional traits of organisms on community characteristics through these processes

is a central question for trait-based ecology (McGill ez al., 2006). While many studies

have discussed the importance of plant functional traits (e.g. leaf economics, wood

density) in determining aboveground species interaction and ecosystem processes in

terrestrial ecosystems (Wright et al., 2004; Chave et al., 2009; de Bello et al., 2010;

Kunstler ef al., 2012), the plant traits that affect the interaction between plants and

soil, a process termed plant-soil feedback (PSF), are also found important to plant

community structure (Bever et al., 2010; De Vries et al., 2012). Plants with different

traits are able to cultivate nearby soil environment differently, causing changes in the

physical, chemical and biological properties of the soil, and eventually influence

future performance of these same individuals or other individuals that grow nearby

(Bever et al., 1997; Ehrenfeld et al., 2005). The direction and strength of such PSF

can be determined by the relative growth rate of plants in soils with different

cultivation history. When a plant changes the soil environment in a direction such that

growth response of conspecific plants are larger (or smaller) compared to those

individuals that were grown in heterospecific-cultured soils, the feedback is defined as

positive (or negative) PSF (Bever et al., 1997; Brinkman et al., 2010).



Past empirical studies have revealed that PSF processes are ubiquitous in various

ecosystems, ranging from temperate grassland (Klironomos, 2002), temperate forest

(Packer and Clay, 2002), to tropical rainforest (Bell e al., 2006; Mangan et al., 2010).

Empirical studies have also showed that species vary greatly in realized PSF strength,

and suggested that such variation acts as a structuring force of plant community

(Bever et al., 2011; van der Putten et al., 2013 and reference therein). PSF can change

plant community composition by accelerating species replacement, which is the major

driving force of succession in sand dune and grasslands (van der Putten and Peters,

1997; Kardol et al., 2006; Kardol et al., 2007). Other studies in temperate grasslands

and tropical forests (Klironomos, 2002; Mangan et al., 2010) showed that rare species

suffer stronger negative PSF, implying that variation in PSF strength is a key to

explain rarity of some species and thus have the power to shape community relative

abundance. Moreover, there has been increasing recognition that PSF mediates the

success of exotic plant invasion (Reinhart & Callaway, 2006). Invasive species often

experience more positive PSF in their introduced range compared to that in their

native range by leaving their belowground natural enemies behind (i.e. enemy escape

hypothesis, Callaway et al., 2004). Native species in the invaded area, however, often

received stronger negative PSF after invasion processes due to altered nutrient cycling

(Eppinga et al., 2011) or accumulation of pathogens which have stronger negative



impact on natives (i.e. pathogen accumulation hypothesis, Eppinga et al, 2006).

These examples all show that PSF have the ability to shape vegetation properties such

as community composition and resilience against perturbations (Miki & Kondoh,

2002; Miki et al. 2010). Given the importance of PSF in vegetation development,

understanding what functional traits control species variation in PSF strength is a

critical, but remain unsolved issue, for plant community ecology (van der Putten et al.,

2013).

While many mechanisms can generate PSF, the importance of nutrient cycling

(i.e. litter-mediated PSF) and soil biota (i.e. microbial-mediated PSF) were most

highlighted in past studies. Litter-mediated PSF considers the indirect interaction

between plant and soil chemistry through litter dynamics, emphasizing the role of

species-specific litter traits in controlling local nutrient cycling process through litter

quantity (e.g. litter production rate) and quality (e.g. litter carbon: nitrogen (C:N) ratio,

secondary compound concentration, Binley & Giardina, 1998). Litter feedback studies

often suggest that the direction and strength of PSF depends on the litter

decomposability of nearby trees (Berendse, 1994; Miki & Kondoh, 2002; Eppinga et

al., 2011). For example, species may create positive PSF by enhancing nutrient

cycling through the production of quickly decomposing litter (Berendse, 1994; Miki

& Kondoh, 2002), while negative PSF may be realized due to soil nutrient depletion



by other individuals or release of phytotoxic compounds during decomposition

(Mazzoleni et al., 2007).

The other well-documented mechanism is termed microbial-mediated PSF,

which investigates the direct interactions between plants and soil organisms. Such

studies emphasize the well-established observation that plants differ in their locally

associated microbial community (e.g. due to difference in root exudation and

architecture), and their response to individual microbial species (Bever et al., 2011).

Bever et al (1997) summarized past evidences and synthesized the

microbial-mediated PSF model, which viewed the local soil community as a whole to

have either net positive or negative effects on local plant performance (Bever et al.,

1997). Follwoing this framework, microbial-mediated PSF studies concluded that the

sum of effect of each microbial group on plant performance is the most important

determinant of PSF strength. Positive PSF is thus believed to occur when the plant

facilitates population growth of beneficial microbes (e.g. mycorrhizal fungi and

nitrifying bacteria) more than detrimental microbes (e.g. soil-borne pathogens and

nematodes) during cultivation, while PSF will be negative if the impacts of

detrimental microbes overwhelm that of beneficial organisms (Bever et al., 1997;

Kulmatiski ez al., 2011).

Although litter- and microbial-mediated PSF have been both widely documented,



some key properties of the PSF process are often neglected and thus hinder progress

towards characterizing the functional traits that act as major determinants of

interspecific variation in PSF strength. First, litter- and microbial-mediated PSF are

not independent, but have strong indirect interaction between litter and soil microbes

and thus affect plant performance simultaneously. Soil microbes can cause PSF

directly by affecting plant population dynamics (e.g. influencing mortality and

reproduction), and such process will also indirectly influence nutrient cycling through

controlling litter input and nutrient uptake of plants (van der Heijden et al., 2008).

Litter dynamics, similarly, will influence microbial-mediated PSF since their effects

on plant primary production will also influence plant-microbe interactions (Wardle,

2006). In addition, experimental studies often show that the direction and strength of

PSF caused by soil microbes will change with soil nutrient conditions (de Dyne et al.,

2004; Manning et al., 2008). This line of evidence also suggests that litter- and

microbial-mediated PSF are not independent. A single plant trait can thus influence

the direction and strength of PSF through both mechanisms simultaneously. Thus, the

relative importance of traits in controlling PSF strength remains unclear unless effects

of single trait on both litter- and microbial-mediated mechanisms are considered.

Moreover, viewing the soil community as a black box neglects the complex

nature of indirect interaction between litter and microbes. While it is often assumed



that the net effect of local soil community on plant growth is the sum of effect size of

each microbe when discussing plant-microbe interaction, it should be noted that

microbes from different functional groups (e.g. detrimental pathogens and beneficial

mycorrhizas) may indirectly influence litter dynamics through different processes.

Pathogens interact with litter dynamics via inducing additional plant mortality since

dead plant materials becomes litter, while mycorrhizal fungi operate through helping

the plant to deplete soil nutrient, which can increase both plant productivity and litter

production (Read & Perez-Moreno, 2003; Orwin ef al., 2011). Litter-mediated

nutrient cycling also indirectly affects pathogens and mycorrhizas differently. An

increase in soil nutrient content and plant biomass due to faster decomposition may

support larger population size of soil-borne pathogens, but may alter plant-mycorrhiza

interactions due to shifts in nutrient limiting status of the microbes (Wallander, 1995;

Treseder, 2004; Johnson, 2009). With these lines of empirical evidence, studies need

(1) to incorporate indirect interaction between litter and microbes via combining the

two mechanisms, and (2) to separate microbial functional groups for better

understanding of the relative importance of traits in determining PSF strength under

different microbial composition.

When combining litter- and microbial-mediated PSF for different microbial

groups, it is important to note that individuals of different stage classes within the



plant population interact with PSF drivers differently and thus their effects on soil
properties are not identical. Seedlings and adults differ in their contribution to litter
production and therefore may play different roles in litter feedback. In particular,
adults can produce litter through tissue turnover (i.e. annual litter production) in
addition to mortality (Clark ez al., 2001), while seedlings only contribute to the litter
pool when individuals die. Seedlings are thus passively influenced by soil nutrient
status which is mainly controlled by adults. Seedlings and adults also differ in their
interactions with soil microbes. Seedlings are highly vulnerable to detrimental
pathogens, while adults suffer less pathogen-induced mortality due to their better
protected roots (Augspurger & Kelly, 1984; Alvarez-Loayza & Terborgh, 2011). In the
case of beneficial mycorrhizal fungi, a larger percentage of fungal hyphae are
associated with adults since they can provide more resources to the carbon limited
microbes (Smilauerova et al., 2012), while seedlings usually depend on mycorrhizal
network which is mainly supported by adults (Dickie et al., 2005).

Although empirical studies had detected large variation in PSF strength, it may
be difficult to experimentally quantify the individual contribution of each trait since
traits are often correlated and thus growth response measured in empirical studies
cannot reveal their relative importance. Modeling is useful to approach this problem.

Here, I present a stage-structured open ecosystem PSF model that couples both litter-



and microbial-mediated PSF. My main purpose is to identify which plant traits have

the strongest effects on PSF strength when both litter- and microbial- mediated

feedbacks are incorporated, and to elucidate how microbial community composition

and stage structure of plants influence the relative importance of traits. In the model, I

separate plant population as seedlings and adults, and model dynamics of litter and

soil nitrogen to incorporate litter-mediated PSF. I consider two distinct groups of

microbes: detrimental soil-borne pathogens and beneficial mycorrhizal fungi. I

highlight these two groups of soil microbes because they have intense direct

interactions with plant roots and may represent the positive and negative extremes of

plant-microbe interaction, also because these two microbial groups are associated

with most plant species and are abundant in soils of all ecosystems. I showed that the

identity of the most influential plant functional traits alters when microbial-mediated

PSF is considered along with litter-mediated PSF. The predicted relative importance

of traits is different for different microbial functional groups. In particular, the

importance of litter decomposability increases with the relative abundance of

mycorrhizas in the whole microbial community. The results provide insights into

understanding the key deternimant of success of exotic plant invasion and restoration,

and can give better predictions of plant growth response in different soil

environments.






Materials and Methods

Model Description

I developed a stage-structured model of PSF with six state variables in an open

ecosystem to explore the effect of different plant traits on PSF strength via coupling

litter and microbial dynamics. The model includes two stages of plants: seedlings and

adults (with densities indicated by S and A4, respectively). I included litter ( L) and

soil nitrogen content ( R ) for describing litter feedback mechanisms, while pathogen

(P) and mycorrhiza nitrogen content (M) are included to represent two distinct

functional groups for microbial feedback mechanisms. Major fluxes of the model are

shown in Fig. 1, model equations are shown in Table 1 and 2.

Seedling and adult demographic dynamics

I divided plant individuals into seedlings and adults to emphasize the differences

in litter contribution and interactions with microbes between the two stages. Density

of seedlings increases with reproduction from adults. The rate of reproduction per

adult is proportional to its soil nitrogen uptake rate »R (where r represents

species-specific reproduction rate per nitrogen uptake). The density of adults increases

with seedling maturation into the adult stage via nitrogen uptake for biomass growth

(with biomass growth rate per nitrogen uptake g). I consider a negative shading

10



effect of adults on plant demography. Adult reproduction rate and seedling maturation

rate decreases linearly with increasing adult density, represented by rR-(l—i) and

max

gR.(l_Ai) respectively, where 4 represents the maximum adult density in the

max

model ecosystem (Eqn.1 and 2 in Table 1). Plants are assumed to die with a density
independent mortality rate (mg; and m, for seedlings and adults, respectively) or
due to pathogen-induced mortality rate o« P and «,P (with infection efficiency

as; and a, forseedlings and adults, respectively).

Mycorrhiza and mycorrhizal-enhancement of plant growth

I assume mycorrhizal biomass is homogeneously distributed belowground and

can thus be divided, proportionally to plant biomass, into those associated with

S-B A-B
5 and M, =M - 4

_— ——=—— , where
S-Bg+A-B, S-Bs+A4-B,

seedlings or adults, M =M -
B, and B, are the individual carbon biomass for seedlings and adults, respectively
(Table 2). I assume interaction between mycorrhizas and plants is mainly based on
negotiation for two currencies: plant photosynthetic carbon products and mycorrhizal
nitrogen uptake. I assume mycorrhizas uptake soil nitrogen at a rate of uR (with
uptake coefficient #), and transfers a minimum proportion #,,;, to associated host

plant. Such a process is aimed to separate true mutualistic from parasitic relationships

in the model. Mycorrhizas request for carbon from the plant in order to maintain its

11



C:N ratio (7,, ), resulting in carbon demand as (1—n,;, )uRM - y,, (Wallander, 1995;

Johnson, 2009).

Plants use carbon from the atmosphere for primary production. The amount of
carbon uptake when the plants are not associated with mycorrhizas is
(N —uptake; + N —uptake,)-y,, where y, is the plant tissue C:N ratio. N —uptake
and N —uptake, within the parentheses represents soil nitrogen uptake by seedlings
and adults when unassociated with mycorrhizas, respectively (see Soil nitrogen
section for detailed formulation). When plant-mycorrhiza associations are formed,
plants may adjust their carbon uptake to(N —uptake; + N —uptake,)-y, -(1+C,,.),

where C,,. represents the maximum proportion of primary production that plants

will use as root exudation for benefit exchange (Cowden & Peterson, 2009). The
maximum amount of carbon that the mycorrhiza can acquire from the plant after
accounting for respiration loss is (N —uptake; + N —uptake,)-y, -C,.. -e, , Where
e, 1s the mycorrhiza carbon assimilation ratio (Bryla & Eissenstat, 2005).

I assume plants and mycorrhizas compare the carbon demand and supply at
every time step in order to decide the amount of exchange between parties. If
mycorrhizal carbon demand is larger than the maximum supply offered by plants,
mycorrhizas are in a carbon-limited status. Under this situation, plants will transfer

maximum amount of carbon, whereas mycorrhiza will transfer excess nitrogen to the

12



plant after meeting its own metabolic demands (Johnson, 2009). The total amount of

. . 1
transferred nitrogen is thus uRM —[(N —uptakes + N —uptake, )- 7, - Cp - €3y |- —

max %
On the other hand, if mycorrhizal nitrogen content is too low such that it is also
limited by nitrogen (i.e. mycorrhizal carbon demand is less than plant supply), the
microbe will keep nitrogen for its own metabolism (Johnson, 2009) and only transfer
minimum amount of nitrogen, #n,,,uRM . Plants adjust their carbon uptake and
transfer the amount of carbon just enough to meet mycorrhizal demand.

I assume plants allocate their nitrogen, both from root uptake and mycorrhizal
transfer, to reproduction, litter production, and growth. The quantity of mycorrhizal

nitrogen content and mycorrhizal-enhancement of plant demography thus depends on

the nutrient limitation status of mycorrhizas. I assume adults allocate nitrogen to

. . . . . B
reproduction and primary production with fixed proportion /:7-— , whereas
Vp

seedlings allocate all their nitrogen for biomass growth. Seedling and adult dynamics
are given by eqn. 1 and 2 in Table 1, whereas equations for mycorrhizal-enhancement
of plant reproduction and growth is given as 7, and Gy, . in Table 2,
respectively.

Mycorrhizal nitrogen content is released back to the soil following natural
mortality ( J6,, ). Turnover of mycorrhiza hyphae may also result from the
density-dependent negative effect of pathogens ( 3., ) during competition for root

13



colonization sites (Sikes et al., 2009). The dynamics of mycorrhiza is shown as eqn. 3

in Table 1, while its population growth under different nutrient limitation status is

givenas f ., inTable?2.

Pathogens

I assume that pathogen infection causes the mortality of seedlings and adults
with per plant infection rate agP and o,P, respectively (ag and o, represent
infection efficiency). I assume that the infection efficiency of adults (a,) is much
smaller compared to that of seedlings (ag) since adults have stronger physical
protection (Augspurger & Kelly, 1984; Reinhart et al., 2010). The nitrogen flux from
plants to soil due to pathogen-induced mortality is the product of the number of dead

individuals, their individual carbon biomass, and nitrogen:carbon ratio ( 7;')

B B . . . .
(a,SP-—= and «,AP-—+ for seedlings and adults, respectively). A fraction of this
7P 7p

nitrogen flux will be incorporated into pathogen nitrogen content with assimilation
ratio (b, ). Another fraction, f,, will accumulate as litter and thus influencing litter
dynamics. The remaining part, 1—5, — f,, is released back to the soil nitrogen pool.

I assume that nitrogen in pathogens is released back to the soil due to natural

mortality (J,) and density-dependent competition and inhibition by mycorrhizal

fungi ( B, ) (Raaijmakers et al., 2008). The dynamics of pathogens are shown in eqn.

14



4 in Table 1.

Litter

Nitrogen in plants enters the litter nitrogen pool due to mortality (natural or
pathogen infection) and tissue turnover. The amount of litter caused by mortality is
determined by the number of dead plants and their nitrogen content. Tissue turnover is
assumed to be contributed by adults only. Litter production from seedlings is

neglected due to their relatively small size. Adults uptake nitrogen for primary

. A . . . .
production at a rate of /R-(1-——), and release it at the same rate into litter pool in

ax

order to remain fixed individual size. In addition, litter production can increase due to
mycorrhizal-enhancement of nitrogen uptake, where the increment depends on the
nutrient limitation status of mycorrhiza (indicated by [, in Table 2). For litter
decomposition, I assume decomposition rate (dec) is mainly determined by litter
quality (Berendse, 1994; Kurokawa & Nakashizuka, 2008). Nitrogen in litter is also
lost from the system due to leaching (¢ ), which is an important characteristic of open
ecosystems (Menge et al., 2009). The equation for litter dynamics is given as eqn. 5 in

Table 1.

Soil nitrogen

15



In this model, inorganic nitrogen is considered as the main limiting resource in
the ecosystem. Nitrogen dynamics consists of external supply and loss, litter
decomposition, release from dead material of plants and microbes, and biological
uptake of plants and mycorrhizas (eqn. 6 in Table 1). Soil nitrogen pool is supplied by
a constant deposition rate / and lost through leaching with the rate of Le. Nitrogen
is released from biological components through litter decomposition, nitrogen
released following pathogen-induced mortality of plants and those resulting from
microbial turnover. Biological uptake includes both mycorrhizal and plant nitrogen
uptake. The amount of plant nitrogen uptake (i.e. N —uptake; and N —uptake, for
seedlings and adults, respectively) is determined by plant carbon allocation, biomass
growth and plant tissue quality (Eppinga ef al., 2011). Seedlings accumulate
photosynthetic carbon as its own biomass during maturation, the amount of carbon

biomass yield is the product of the number of matured seedlings and the difference

between carbon biomass of the two stage classes: [ gRA-(B, — By )] (1- i). Adults

max

allocate primary production to reproduction and litter production and thus the amount

of carbon uptake can be quantified by the sum of these two processes as

[rRA - By +IRA-;/P]-(1—i), where the first term within the bracket represents
A

biomass of new recruits and the second term is the primary production that ended up

as litter. The total amount of nitrogen uptake is determined via dividing primary

16



production by its C:N ratio.

Model Analysis and Simulation Experiments

In this study, I focused on the plant and microbial traits which are related to plant

demography processes (r, g, m,, mg), litter dynamic processes (/, dec),

plant-microbe interactions (y,, a5, &,, by, fo, 6oy u, Couis €us Vs Oy

and microbial interaction ( 3,,, B,,) (Table 4). I examined the interactive effects of

litter- and microbial-mediated PSF and the relative importance of traits via the

following four scenarios: (1) a system only considering litter-mediated PSF without

any direct-interacting microbes (P=M=0 in Fig. 1), (2) a system considering

litter-mediated PSF and pathogens as representative of microbial-mediated PSF

(P>0, M=0 in Fig. 1), (3) a system with litter-mediated PSF and mycorrhizas

(P=0, M>0 in Fig. 1) and, (4) a system with litter-mediated PSF and both

pathogens and mycorrhizas (P, M >0 in Fig. 1). In order to address the effect of

microbial community composition on relative importance of traits, [ set two

interaction scenarios between pathogens and mycorrhizas for the system with both

microbes: (4a) bidirectional interaction between the two microbes due to competition

for root colonization site and (4b) unidirectional impact of mycorrhiza on pathogen

17



via producing antimicrobial metabolites. The effect of microbial community

composition on PSF can thus be obtained via comparing the results of these two

scenarios.

Empirical experiments typically quantify PSF strength via comparing biomass

growth of the target species’ seedlings in self-cultivated soil in greenhouses to those

that grown in heterospecies-cultured soils. I perform a simulation experiment to

quantify PSF strength following a similar framework. I consider two hypothetical

plant species: a reference plant species (species ref) with trait values obtained from

empirical studies (detailed parameter values shown in Table 4 and Appendix S4) and a

target plant species (species tar). 1 also conducted basic mathematical analysis to

check the positivity of microbe-free equilibrium and invasibility of microbes into the

microbe-free equilibrium when choosing the plausible set of parameter values

(Appendix S3). I set the target plant species to have only one trait value deviated from

the reference plant species at a time in order to identify the relative importance of

each trait on the direction and strength of PSF. Deviation of trait values was set to

+50% for scenarios without mycorrhizas. For the scenarios with mycorrhizas,

deviation range was set to £20% in order to remain a realistic range for e,, . I also

calculate the effect size of larger deviation for other traits while still remaining in a

realistic range (10% to 300% of the references plant species value, Appendix S1).
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I first run the model numerically to equilibrium for each microbial composition
scenario with both reference and target plant species parameter settings. This is a step
for simulating plant trait-specific cultivation of nearby soil environment for a long
period of time. Numerical simulation was carried out by C language using the
fourth-order Runge-Kutta method with a fixed interval (see Appendix S5 for detailed
numerical method). Equilibrium values of soil nitrogen (R, ) and microbes ( P, and
M) are recorded to represent properties of the soil cultivated by the specific plant
species k (k = ref or tar, stage 1 in Fig. 2). A sub-model was then prepared to simulate
the dynamics of seedling growth of plant species i in the pots filled with cultivated
soils (eqns. shown in Table 2 and 3). The sub-model is similar to seedling and adult
dynamics in the full model in that it considers growth of seedlings, growth
enhancement by mycorrhiza (represented as st 1) in Table 2), seedling natural
mortality and pathogen infection. However, the sub-model does not consider
reproduction and shading effect of adults and the equilibrium values recorded from
the full model are used to represent specific soil properties (i.e. R,, P, and M,).
These soil properties are assumed to be constant during the simulation of the
sub-model following the recognition that seedling growth is determined by historical
plant growth legacies (Kardol et al., 2007; Kulmatiski & Beard, 2011). I run the
sub-model to equilibrium (i.e. all seedlings are matured or dead) and denote the
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equilibrium adult density as A;*k, which represents the growth response of plant
species i in soil cultivated by plant species k (i and k = ref or tar, stage 2 in Fig. 2).
The PSF strength for the target plant is determined by comparing its biomass growth

f and 4

tar, tar

in the two different soils (i.e. A,* :

ar, re

) via the formulation following

tar

A**
Petermann et al. (2008): PSF, zlog[ ik "”]. If the resulting PSF is positive, it

tar, ref

means that the growth of the target plant species is benefitted in soils cultivated by
conspecies due to deviation of that specific trait. However, if the PSF is negative, it
means that such deviation of trait from the reference plant corresponds to a net

disadvantage on home soils compared to the reference soils.
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Results

Litter-mediated PSF without any direct-interacting microbes

Plant tissue and litter quality traits are most important traits in determining PSF
strength compared to other plant functional traits under the scenario with
litter-mediated PSF only (Fig. 3a, effect size of £50% deviation from the reference
value). An increase in litter decomposition rate ( dec) and plant tissue C:N ratio (7, )
resulted in strongest positive PSF as such increases produced larger soil nitrogen
content in the target plant species cultivated soil compared to those of the reference
plant species (i.e. AR > 0, Fig. 3b). An increase in adult mortality rate (m, ) caused
the target plant to realize negative PSF due to decreased soil nitrogen. I found
qualitatively the same pattern for even larger deviation of the trait value (i.e. 10% -
300% of the reference plant species value, Appendix S1, Fig. S1). The identity of the
most influential traits remains unchanged when other trait values, in addition to the
target trait, were randomly assigned simultaneously (Appendix S2, Fig. S6). The

direction of PSF resulting from positive deviation of traits is summarized in Table 5.

Litter-mediated PSF and pathogens
The traits related to plant defense against pathogens are most influential in
determining PSF strength under the scenario with pathogens as the only representative
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of microbial-mediated PSF (Fig. 4, effect size of £50% deviation from the reference
value). An increase in plant tissue C:N ratio (7, ), pathogen mortality rate (5, ) and
seedling biomass growth rate per nitrogen ( g ) resulted in strongest positive PSF (Fig.
4a). This positive PSF is due to a combined effect of increased soil nitrogen (i.e. AR
> 0, Fig. 4b) and decreased pathogen nitrogen content (i.e. AP"< 0, Fig. 4¢) of the
target plant species cultivated soil. An increase in pathogen assimilation ratio (5, ) of
plant tissue resulted in strongest negative PSF due to increased pathogen nitrogen
content despite the accompanied increase in soil nitrogen. Increased plant
reproduction () also generated negative PSF, which is due to synergic effects that are
opposite to those of increased biomass growth rate. Relative importance of litter
decomposability (dec) on PSF strength is low under this scenario because benefits of
increased soil nitrogen are offset by the slightly increased pathogen nitrogen content. I
found the same pattern for larger deviation of the trait value (Appendix S1, Fig. S2).
The identity of the most influential traits remains unchanged when other trait values

are simultaneously randomly assigned (Appendix S2, Fig. S7).

Litter-mediated PSF and mycorrhizas
The traits related to plant tissue and litter quality, as well as those related to
mycorrhiza nutrient acquisition ability are most influential in determining PSF
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strength under the scenario with beneficial mycorrhizal fungi as the only
representative of microbial-mediated PSF (Fig. 5, effect size of +20% deviation from
the reference value). An increase in trait value such as plant tissue C:N ratio (¥, ),
plant carbon transfer ratio (C,, ) and mycorrhiza carbon assimilation ratio (e,, ) (i.e.
traits related to plant-mycorrhiza carbon exchange) resulted in strong positive PSF
(Fig. 5a). This positive PSF is due to significantly increased mycorrhiza nitrogen
content (i.e. AM > 0, Fig. 5¢), despite soil nitrogen level was depleted (i.e. AR <0,
Fig. 5b) to support growth of both plant and microbes. Relative importance of litter
decomposability (dec) is high for this scenario as an increase of decomposition rate
resulted in synergic increase of both soil nitrogen and mycorrhiza. Increase in other
mycorrhiza traits such as mycorrhiza nitrogen uptake coefficient (% ) and mycorrhiza
C:N ratio (y,, ) resulted in large decrease of soil nitrogen and mycorrhiza nitrogen
content, respectively, mainly due to carbon starvation of the microbe and are thus
influential in determining negative PSF. The pattern remains qualitatively the same
even for larger deviation of the trait value (Appendix S1, Fig. S3). The identity of the
most influential traits remains unchanged when other trait values are simultaneously

randomly assigned (Appendix S2, Fig. S8).
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Litter-mediated PSF and both pathogens and mycorrhizas

The traits related to plant tissue quality and nutrient acquisition ability of
microbes are most influential in determining PSF strength under the scenario with
both pathogen and mycorrhiza (Fig. 6 and 7, effect size of £20% deviation for
bidirectional and unidirectional competition, respectively). An increase in plant tissue
C:N ratio (7, ) and traits related to plant-mycorrhiza carbon exchange (i.e. C,,, and
e,, ) resulted in strong positive PSF for both competition scenarios (Fig. 6a and 7a).
The positive PSF resulting from positive deviation of these traits was due to increased
mycorrhiza relative abundance (i.e. A(M%/[* +P*)> 0, Fig. 6¢ and 7c¢), despite such
increase is accompanied by decreased soil nitrogen (i.e. AR’< 0, Fig. 6b and 7b). An
increase in mycorrhiza nitrogen uptake coefficient (# ) and mycorrhiza C:N ratio ( 7,, )
resulted in negative PSF due to similar reasons in the case only with mycorrhizas.

The relative importance of some traits is different among the two competition
scenario (bidirectional Fig. 6 vs. unidirectional Fig. 7). In particular, the effect size of
litter decomposability (dec) is low when negative effects are bidirectional (i.e.
Burs Bey >0, Fig. 6a), while it acts as an important determinant for PSF strength
when only mycorrhizas have negative impact on pathogens (i.e. S,, >0, B, =0,
Fig. 7a). This pattern is confirmed when quantifying the effect size of litter
decomposability under different competition scenarios via continuous changes in
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B and B, (Fig. 8a, effect size of +20% deviation from the reference value),

which can be explained by the difference in the relative abundance of microbes (Fig.

8b). When the competition tends to be symmetrical (i.e. f,, = By, ) Or negative

impact from pathogen on mycorrhiza is stronger (i.e. B, < B, ), the relative

importance of litter decomposability is low and is accompanied with lower relative

abundance of mycorrhiza. This result corresponds to the case only with pathogens

(Fig. 4a). On the other hand, effect size of litter decomposability is high when

negative impact of mycorrhiza on pathogen is stronger (i.e. B,, > B, ), since under

such asymmetric interaction scenario the relative abundance of mycorrhiza is higher

(Fig. 8b). The results under these scenarios thus correspond to the case only with

mycorrhizas (Fig. 5a). The same pattern was found for larger deviation of the trait

value (Appendix S1, Fig. S4 and S5). The identity of the most influential traits

remains unchanged when other traits, in addition to the target trait, are randomly

assigned (Appendix S2, Fig. S9 and S10).
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Discussion

The present study is a modeling attempt to identify the relative importance of

traits on PSF strength when litter- and microbial-mediated PSF are coupled. The

inclusion of microbial-mediated PSF alters the identity of the most influential traits

predicted via litter-mediated PSF due to indirect interactions between litter and

microbes. Pathogens and mycorrhizas interact with litter dynamics differently, and

thus the relative importance of traits depends on the microbial community

composition of cultivated soils.

Effects of microbial community composition on relative importance of traits

While there has been increasing interest in understanding how plant functional

traits may determine community properties and ecosystem processes (de Bello et al.,

2010), this study shows that the effect size of different functional traits on PSF

direction and strength is context-dependent. In particular, identity of the most

influential trait in determining PSF strength depends on the relative abundance of

mycorrhiza and pathogen.

When the soil lacks of both pathogenic and beneficial microbes, litter

decomposability is most influential in determining PSF strength (Fig. 3a). Higher

litter decomposition rate can release nitrogen stored in the organic litter to the soil at a
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faster rate, resulting in nutrient rich environments and positive PSF (Fig. 3b). Other

litter feedback models agree with the results by showing species that produce easily

decomposing litter can accelerate nutrient cycling, and may gain growth advantage

over other plants if it favors nutrient-rich environments (Berendse, 1994; Miki &

Kondoh, 2002). In addition, the model shows that an increase in adult mortality rate

resulted in strong negative PSF under this model setting. I speculate this is because

higher adult mortality will produce more open canopy, which can enhance plant

population growth but decrease soil nitrogen content due to larger uptake flux, and

thus in turn has negative impact on future seedling growth.

When the soil biota is dominated by pathogens, the plant defense traits against

pathogens are influential in determining PSF strength. Plant roots are able to exhibit a

large variety of defense strategies, including physical defense via producing lignified

roots, or chemical defense through excreting secondary metabolites (van Dam, 2009;

Rasmann et al., 2011). The model shows that an increase in plant tissue C:N ratio (e.g.

increase in wood density) can result in strong positive PSF (Fig. 4a). Plants with such

trait are low in nutrition quality and thus can significantly suppress pathogen level in

the target plant-cultivated soils (Fig. 4c). This prediction is supported by Augspurger

& Kelly (1984) as they show species with higher basic wood density suffer less

disease mortality. Other defense traits that can increase pathogen mortality (e.g.
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excrete secondary metabolites that directly act against pathogens or attract predators

of the pathogen, van Dam, 2009), or decrease pathogen assimilation ratio of plant

tissue (e.g. more lignified roots) can also generate positive PSF in the target

plant-cultivated soils.

When mycorrhizas are included in the model, the traits that characterize

plant-mycorrhiza interactions are influential in determining the strength of PSF.

Moreover, when mycorrhizas are abundant, the model predicts that litter

decomposability is also equally important as litter- and microbial-mediated PSFs

interact strongly. Plant tissue C:N ratio remains an important determining factor for

positive PSF. Plants with higher carbon transfer ratio and/or cooperating with

mycorrhizas that have higher carbon assimilation ratio also realize strong positive

PSF (Fig. 5a). In the model, carbon is assumed to be unlimited for plants. Plants with

higher C:N ratio and higher carbon transfer ratio are able to supply more

photosynthetic product to the microbe per unit nitrogen uptake. Since both plants and

mycorrhizas rely on soil nitrogen for metabolism, species with such properties can

form more beneficial plant-mycorrhiza associations and increase the mycorrhiza level

in soils (Fig. 5c). In contrast, soils that are abundant in mycorrhizas with

characteristics such as higher nitrogen uptake coefficient and/or higher C:N ratio will

result in strong negative PSF. I speculate that this is due to stronger competition
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between plants and mycorrhiza for soil nitrogen, and larger carbon demand of the

microbe resulting from higher mycorrhizal C:N ratio, which may easily lead to

microbial carbon starvation (Wallander, 1995; Johnson, 2009). Mycorrhiza abundance

is expected to be lower for such plant-mycorrhiza associations and thus growth of

seedlings is suppressed in self-cultivated soil.

Effects of microbial composition on the relative importance of litter-mediated PSF

When combining litter- and microbial-mediated PSF caused by different

microbes, the importance of litter decomposability dramatically changes with

microbial composition. Litter decomposition contributes largely to positive PSF when

the soil contains no direct-interacting microbes (Fig. 3a). However, the importance of

litter decomposability reduces when pathogens are included as the only

representatives of microbial-mediated PSF (Fig. 4a). This is because although higher

litter decomposability of the target plant can increase plant primary production due to

enhanced nutrient cycling, increased plant population will also support more

pathogens and thus cancelling out the beneficial effects of higher decomposability.

Compared to pathogen-dominated soils, litter decomposability has strong

positive effect on PSF strength when mycorrhiza is abundant (Fig. 5a and 7a). Such

difference is due to the different interaction of pathogens or mycorrhizas with litter
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dynamics. The hyphae of mycorrhizas can grow into soil micropores to help the host

plant obtain nutrients that would otherwise be unavailable (Veresoglou et al., 2002).

This mycorrhiza-enhanced nutrient uptake process can increase plant productivity and

result in greater litter production (Orwin et al., 2011). A higher decomposition rate of

the target plant under such scenario will thus result in faster nutrient release of

mycorrhizal-enhanced litter production back to the low-nitrogen soil, causing strong

positive PSF due to its synergic positive effects on soil nitrogen content and

mycorrhizal nitrogen content. This result is consistent with other studies

demonstrating that mycorrhizas can increase plant litter input to the soil and thus

increase soil carbon accumulation (Read & Perez-Moreno, 2003; Orwin et al., 2011).

Effects of stage structure on PSF strength and relative importance of traits

Plant individuals from different stage classes within the population may

experience different interaction strength with PSF drivers. Such differential

interaction is especially important when discussing relative importance of traits if the

soil biota mainly consists of pathogens. In particular, higher biomass growth of

seedlings results in faster transition from the vulnerable seedling stage to a

better-defended adult stage. Such characteristic can shorten the period of time when

plants are most susceptible to disease and thus creating positive PSF via suppressing
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pathogen population size in the target plant cultivated soils (Augspurger, 1990;

Reinhart et al., 2010). The pathogen level, however, will increase due to a larger

supply of susceptible seedlings and thus create negative PSF if the target plant has

higher reproduction rate per soil nitrogen. These results are consistent with empirical

studies, which showed that plants in gap environments grow faster and thus suffer less

pathogen-induced mortality (Augspurger, 1990; Reinhart ef al, 2010). Other

experimental studies also revealed that negative density-dependent mortality is

pervasive and severity of damping-off disease is higher when seedlings grow in high

densities (Augspurger, 1983; Bell er al., 2006, Bagchi et al., 2010).

Insights for exotic plant invasion success

Interactions between plant and soil had long been recognized as an important

factor determining the success of exotic plant invasion (Reinhart & Callaway, 2006).

Past studies attribute the success of invasion to either modified nutrient cycling

caused by the invader through altering litter dynamics (Miki & Kondoh, 2002;

Eppinga et al., 2011), or due to novel plant-microbial interactions (Callaway et al.,

2003; Mitchell & Power, 2003; Eppinga et al., 2006) following the invasion process.

Understanding the linkage between plant traits and PSF allows us to predict which
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invading species is most likely to successfully invade due to its specific combination

of functional traits.

One of the dominating hypotheses connecting plant invasion to local soil biota is

the enemy release hypothesis, which states that the release from host-specific soil

pathogens in their native range contributes to the success of plant invasion (Callaway

et al., 2003; Mitchell & Power, 2003). From the invader point of view, soils in the

invaded area may be characterized as having few direct-interacting microbes (i.e. both

pathogens and mycorrhizas are absent) or higher mycorrhiza relative abundance due

to the absence of host-specific pathogens. My model indicates that under all soil

environments without pathogens, decomposition rate is an important factor for the

success of plant invasion. When the soil biota mainly consists of mycorrhizas, |

suggest that traits of plant-mycorrhiza carbon exchange are also important factors in

addition to litter decomposability. Invaders that produce easily decomposing litter are

predicted to be most powerful in invading areas with little direct-interacting microbes,

while invaders with easily decomposing litter and produces more root exudation as

carbon supply to the mycorrhiza are best able to invade such enemy-released soils.

Empirical studies support the predictions by showing that litter from the invader often

decomposes at a faster rate (Allison & Vitousek, 2004), and litter decomposition rate

is usually higher in invaded areas (Liao et al., 2008). My model thus suggests that
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indirect interaction between litter and mycorrhiza in enemy-released soils can explain

the trend of higher litter decomposability of invaders.

Multiple possible outcomes have been documented when soils of the invaded

area are also pathogen-rich for the invaders (e.g. pathogens are generalists or brought

by the invader along invasion). One possible outcome is that the invasion may fail as

the invader encounters pathogens in the invaded area which prevent the invasion, a

situation related to the biotic resistance hypothesis (Mitchell & Power, 2003). Another

possible scenario is termed pathogen accumulation hypothesis. Under this scenario

invasion can still succeed if the invader promotes growth of pathogens that have a

stronger negative effect on the surrounding native plants than on the invader itself

(Eppinga et al., 2006; Mangla et al., 2008). My model indicates that when the invaded

area contains high pathogen level, defense traits against pathogens plays a key role for

successful invasion. In particular, the model predict that plants that produce higher

wood density and/or exhibit other defense strategies are able to invade despite high

level of pathogen in the invaded area. This may also answer why in some cases higher

litter decomposition rate is not associated with invasion status (Drenovsky & Batten,

2007, Kurokawa et al., 2010) since litter decomposability is not an important

determinant of PSF in soils with high pathogen level. In conclusion, my model

suggests that the contrasting trait characteristic of invaders at different sites can be
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explained by the difference in soil microbial community composition of different

invaded area.

Future work and Conclusion

To my best knowledge, this study is the first attempt to link plant functional

traits with PSF strength through a modeling approach. The model presented is novel

in its ability to combine litter-mediated and microbial-mediated PSF, also in its ability

to give predictions by simulating field experimental settings. I highlighted the

importance of indirect effects of microbes on litter dynamics and demonstrated that

separation of plant stage classes and microbial functional groups is necessary for

understanding the determinants of PSF strength. In particular, the effect of litter

decomposability increases with the relative abundance of mycorrhizas. Past

trait-based ecological studies tried to predict the shifts of ecological and ecosystem

functions along abiotic gradients through focusing of the changes in values of specific

traits (McGill ef al., 2006). My model results would challenge this traditional research

framework by arguing that some traits may lose its impact on ecological and

ecosystem processes along the abiotic gradient since its importance is also determined

by indirect biotic interactions with other species. In the case of PSF, my results

suggest a closer look in the microbial community composition is necessary for
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development of trait-based approach. While many studies had revealed a systematic

change of bacteria to fungi ratio across large geographic scale, I suggest that further

studies targeted to reveal the ratio between detrimental and beneficial microbes across

different ecosystems (e.g. from tropic to temperate regions) may provide knowledge

for understanding the frequency distribution of functional traits (Manning et al., 2008).

Experimental studies often show that the response of species’ PSF strength to nutrient

enrichment is species-specific, suggesting that further studies focusing on more

detailed characteristics of the plant, in addition to species identity, are needed. My

trait-based approach can thus provide insights and pinpoint some potential traits

which could be important PSF determinants.

Future works that extend the model to include multiple plant species interaction

may reveal the importance of species-specific combination of litter quality and

nutrient competition strategy (Berendse 1994, Miki & Kondoh 2002, Miki et al.,

2010). Results from such models may give valuable predictions about the role of PSF

in determining plant coexistence and the relative abundance patterns in plant

community. I believe that integration of this new model framework with modeling

aboveground and belowground interactions mediated through plant induced response

(Wardle et al., 2004; van der Putten et al., 2009) can also contribute to a solid and
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improved theoretical framework for understanding the role of functional traits in

controlling plant community development.
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Figures

Figure. 1. Flow diagram of the opened-ecosystem stage-structured PSF model.

Figure. 2. Schematic diagram of model analysis.

Figure. 3. Effects of +50% deviation of each functional trait from the reference value
for the scenario only considering litter-mediated PSF without any
direct-interacting microbes.

Figure. 4. Effects of +50% deviation of each functional trait from the reference value
for the scenario with litter-mediated PSF and pathogens.

Figure. 5. Effects of £20% deviation of each functional trait from the reference value
for the scenario with litter-mediated PSF and mycorrhizas.

Figure. 6. Effects of +20% deviation of each functional trait from the reference value
for the scenario with litter-mediated PSF and both microbes, where
negative effects is set bidirectional between pathogens and mycorrhizas.

Figure. 7. Effects of +20% deviation of each functional trait from the reference value
for the scenario with litter-mediated PSF and both microbes, where
negative effects is set to be unidirectional.

Figure. 8. Effects of doubling litter decomposability from the reference value under
different combinations of interaction strength between pathogens and
mycorrhizas.
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Figure. 1. Flow diagram of the opened-ecosystem stage-structured PSF model. Flows
from the inorganic soil nitrogen pool (R) to the two plant stage classes (S and A)
represent resource uptake and allocation of primary production. Flows from plants to
litter pool ( L) represent litter increase due to mortality and litter production, whereas
flows from litter to nitrogen pool represent litter decomposition and mineralization.
Grey solid lines from plants to pathogen (P) represent pathogen consumption,
whereas solid and dashed lines between plants and mycorrhiza (M) represent
nitrogen and carbon exchange between the two components, respectively. Dotted lines
represent negative interaction between the microbes and solid lines from microbes to
soil nitrogen represent nutrient release. Flows entering and leaving litter and soil

nitrogen pool represent deposition and leaching, respectively.
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Figure. 2. Schematic diagram of model analysis. Stage 1 represents the stage when

plants cultivate nearby soils for a long period of time, R,, P/ and M, represent

extracted equilibrium values from the model using parameters for plant k. Stage 2

represents growth dynamics of seedlings in the greenhouse where A,

tar,

« Trepresents

equilibrium adult density from the sub-model and is interpreted as growth response of

the target plant species in soils cultivated by plant k (k = ref or tar).
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Fig. 8. Effects of doubling litter decomposability from the reference value under
different combinations of interaction strength between pathogens and mycorrhizas. (a)
PSF strength and (b) mycorrhiza relative abundance at equilibrium resulting from

positively deviated litter decomposability
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Tables

Table. 1. Model equations.

Table. 2. Model equations of mycorrhizal-enhancement of plant dynamics under
different mycorrhiza nutrient limitation status.

Table. 3. Sub-model equations used for model analysis.

Table. 4. Model parameters and state variables.

Table. 5. Summary of PSF directions resulting from positive deviation of each trait

under different microbial composition.
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Appendix S1: PSF strength using trait values with larger

deviation from the reference plant

In this section I examine the effects of larger positive (to maximum 300%) and
negative (to minimum 10%) deviation of trait values from the reference plant on PSF
strength, in order to check the robustness of results based on smaller deviation range
(Fig. 3-7). Each line in Fig.S1-S5 represents the PSF strength due to the
corresponding deviation of one specific trait (0% represents that the target plant is
identical to the reference plant and thus PSF strength is 0). Larger deviation of the
trait values showed qualitatively the same pattern as the ranking of functional traits
based on their resulting PSF strength is almost identical to that in Fig. 3-7. Note that
effect sizes of some traits were not simulated to largest range in order to remain a

realistic range for the parameter.
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Figure. S1. Effect sizes of larger deviation of functional traits on PSF strength for the
scenario only considering litter-mediated PSF without any direct-interacting microbes.
The x-axis represents percentage change of trait value from the reference plant (i.e.
10% - 300% of the original value). Each line represents the effect size of one specific

functional trait.
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Figure. S2. Effect sizes of larger deviation of functional traits on PSF strength for the
scenario with litter-mediated PSF and pathogens. The x-axis represents percentage
change of trait value from the reference plant (i.e. 10% - 300% of the original value).

Each line represents the effect size of one specific functional trait.
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Figure. S3. Effect sizes of larger deviation of functional traits on PSF strength for the
scenario with litter-mediated PSF and mycorrhizas. The x-axis represents percentage
change of trait value from the reference plant (i.e. 10% - 300% of the original value).

Each line represents the effect size of one specific functional trait.
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Figure. S4. Effect sizes of larger deviation of functional traits on PSF strength for the
scenario with litter-mediated PSF and both microbes, where negative effects is set as
bidirectional between pathogens and mycorrhizas. The x-axis represents percentage
change of trait value from the reference plant (i.e. 10% - 300% of the original value).

Each line represents the effect size of one specific functional trait.
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Figure. S5. Effect sizes of larger deviation of functional traits on PSF strength for the

scenario with litter-mediated PSF and both microbes, where negative effects is set to

be unidirectional as only mycorrhizas have negative impact on pathogens. The x-axis

represents percentage change of trait value from the reference plant (i.e. 10% - 300%

of the original value). Each line represents the effect size of one specific functional

trait.
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Appendix S2: Robustness of results based on randomly

assembled target plants

In this section the robustness of the results is examined by allowing the target
plant to have more than one trait deviated from the reference plant simultaneously. In
this analysis, I assemble a target plant with random trait combination. When
quantifying the effect size of a specific trait, I fix the deviation of that specific target
trait at £k % (k > 0) from the reference plant value, while randomly assigning trait
deviation from a uniform distribution in between 5% for other traits (k and s
depends on the specific microbial composition scenario in order to remain a realistic
range for the parameter). I run the simulation 200 times for each scenario and
calculate the PSF strength for each target plant by comparing its growth in conspecific
cultivated soil to reference plant cultivated soil as described in the main text. Results
of this analysis showed that the most influential traits remain unchanged even for a
broad spectrum of randomly assigned target plants which have other traits also

slightly different from the reference plant.
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Figure. S6. PSF strength for target plants with random trait combinations for the
scenario only considering litter-mediated PSF without any direct-interacting microbes.
The target functional trait is set to deviate 50% from the reference plant while other
traits were randomly assigned to deviate between 120%. Traits are sorted from
positive to negative according to the PSF strength resulting from positive deviation of
traits in Fig. 3. Thick bars within boxes represent median values. Boxes enclose data
points between the upper and lower quartiles, while whiskers extend from the

quartiles to maximum 1.5 times of the data range.
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Figure. S7. PSF strength for target plants with random trait combinations for the
scenario with litter-mediated PSF and pathogens. The target functional trait is set to
deviate 50% from the reference plant while other traits were randomly assigned to
deviate between 120%. Traits are sorted from positive to negative according to the
PSF strength resulting from positive deviation of traits in Fig. 4. Figure captions are
as in Figure. S6. Open circles represent outliers exceeding 1.5 times of the data range

from the quartiles.
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Figure. S8. PSF strength for target plants with random trait combinations for the
scenario with litter-mediated PSF and mycorrhizas. The target functional trait is set to
deviate 20% from the reference plant while other traits were randomly assigned to
deviate between 15%. Traits are sorted from positive to negative according to the
PSF strength resulting from positive deviation of traits in Fig. 5. Figure captions are
as in Figure. S6. Open circles represent outliers exceeding 1.5 times of the data range

from the quartiles.
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Figure. S9. PSF strength for target plants with random trait combinations for the
scenario with litter-mediated PSF and both microbes, where negative effects are
bidirectional between pathogens and mycorrhizas. The target functional trait is set to
deviate 20% from the reference plant while other traits were randomly assigned to
deviate between *5%. Traits are sorted from positive to negative according to the
PSF strength resulting from positive deviation of traits in Fig. 6. Figure captions are
as in Figure. S6. Open circles represent outliers exceeding 1.5 times of the data range

from the quartiles.
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Figure. S10. PSF strength for target plants with random trait combinations for the
scenario with litter-mediated PSF and both microbes, where negative effect is
unidirectional between pathogens and mycorrhizas. The target functional trait is set to
deviate 20% from the reference plant while other traits were randomly assigned to
deviate between *5%. Traits are sorted from positive to negative according to the
PSF strength resulting from positive deviation of traits in Fig. 7. Figure captions are
as in Figure. S6. Open circles represent outliers exceeding 1.5 times of the data range

from the quartiles.
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Appendix S3: Positivity of the microbe-free equilibrium and
invasibility analysis for the microbes

In this section I derive the analytical solution of the microbe-free equilibrium
E,. (S;F,ALF,L;F,R;W > 0). I perform mathematical analysis for the positivity of the
equilibrium and invasibility analysis for the microbes to invade the microbe-free
equilibrium in order to derive inequalities for choosing suitable parameter values.

The microbe-free equilibrium
I derive the microbe-free equilibrium via setting P=M =0 and solve the

following subset of our full model with only four state variables:

= (1R Ay — 8RSy )- [1 —jm—MFj—mSSLF =0,

ds
dt o
dA - A .
E:gRMFSMF .(1—£j—mAAW =0,
dL

. . | 4, . .
. =(mgS, e .BS+mAAW-BA)-—+1RWAW.(1—ﬁj—dec-Lm—¢-LW =0,

P

. . B . . (B, B A,
d—R:(l—Le~RMF)+dec~LMF— [l+r-—SJ~RMFAMF+gRMFSMF-[—A——S] -[1— MF]:O.
dt }/P 7P }/P max

The microbe-free equilibrium is solved as:

ALF = f;:v-[a'—c# (at'Jrc')2 —d'} ,

*

S;/IF = 77AMF >

*

IAmax + ( dec j ' (mSnSn + mAnA )Amax AMF

dec + ¢

5

Ry = ] ] p (i)
Led, . + Ay '(Amax _AMF)'|:rnS +g77'(”A _nS)+l.(dec+¢j:|

* * A* A*
Ly = Ay '|:msn577 +m,n, +l'f(A,’w) -[1 —Al—WJ:|.(—dech_¢j .
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where,

2.2
—gmA+\/g m, +4grmem, _ By
= , Ng , Ny )

2gmy Vp 7p

. dec
a {gnz(decw]msns—gﬂ(defw]mm+(gf7—r)mws—(ﬁjl%}flm,

c'=gnl, d'=4a'm Le.

Positivity analysis of the microbe-free equilibrium

In order to select parameter values that are able to obtain positive, and thus
biologically reasonable, microbe-free equilibriums, I perform positivity analysis to
derive the criteria of parameters that can insure S,,,4,,,L,.,R,, >0. From the
analytical form of E,,, one can observe that the equilibrium will be positive as long

as A,, >0, which gives the inequality:

1

4 <

en Le’

m

This inequality can be rewrite to give the following criteria for choosing parameters:

IY I
V> — -mm .+| —|-gm, .
8 (Le] Mg (Leng

Invasibility of pathogens into the microbe-free equilibrium

I perform invisibility analysis for the pathogen to invade into the microbe-free
equilibrium. This is necessary for selecting suitable parameter values from empirical
studies, which ensures the persistence of the pathogen with the plant population. I
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evaluate the per capita growth rate of pathogens under the microbe-free equilibrium

when its population size is low. Pathogens are able to invade the microbe-free

equilibrium and then can persist when

Vp

=bp-[(asS:4F B +a, A4, -BA)-i}—ép >0,

which is only possible when the following inequality is fulfilled:

! -5—P<A

MF

*

ognng +on, b,

Invasibility of mycorrhizas into the microbe-free equilibrium

I perform invisibility analysis for the mycorrhiza via evaluating the per capita
growth rate of mycorrhiza under the microbe-free equilibrium when its population
size is low. I perform the analysis for both carbon and nitrogen limiting situation.
Mycorrhizas are always able to invade the microbe-free equilibrium when it is carbon
limited. This is because population growth rate under such scenario is independent to
mycorrhizal abundance but depends on plant population growth. Mycorrhizas which
are nitrogen limited can invade and persist only when
LTS

Ii

Ty =(1-n,, )uR,, —6,, >0,

which is only possible when the following inequality is fulfilled:

5, .
— SR .
(1—n, u = e
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Appendix S4: Sources of parameter values used for the

reference plant

In this Appendix I explain how the model parameters for the reference plant were
derived from empirical studies. I considered a hypothetical tree species in the tropics
as the reference plant species. Plant trait and environmental parameter values were
thus obtained mainly from literature data reported from the tropical forest ecosystem.

Plant Reproduction rate (7 ) and seedling mortality rate (m, ) was derived from
the study of Augspurger (1983) and Bell ef al. (2006). Both studies focused on one
dominant tree species, Platypodium elegans and Sebastiana longicuspis, respectively,
and provided data for germinating seedling density and natural mortality. I assumed
the reference plant species to have parameter values between the two plant species, so
that trait values can fall within a realistic range when conducting simulations.

The living plant biomass was reported to be 133 Mg C ha™ for an Amazonian

forest (Pyle et al., 2008). Under the assumption that at steady state one hectare can

support the living of 1000 adult individual, the biomass of adults (B,) was set as
130000 g C for one adult. The biomass of one seedling individual ( By) was assumed
to be 10 g C as Markesteijn & Poorter (2009) reported that seedling biomass after one
growing season is between 1 to 35 g for 62 tree species in an Amazonian forest.

The value of plant C:N ratio is adapted from the study of Cernusak et al. (2010).
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The study showed that leaf N:C ratio lies between 20 to 60 (mg N g C) for 13 plant
species. I assumed a C:N ratio (7, ) value of 40 (g C g N), which corresponds to a
value within their reported range.

Seedling biomass growth rate was estimated from aboveground wood
productivity, which is reported to liec between 2.11 to 4.33 Mg C ha™ year” for
tropical forests (Pyle et al., 2008; Malhi et al., 2009). Under the assumed adult
biomass and plant C:N ratio, I used 9x10”7 g N m” day™ as the growth parameter. For
the adult mortality rate, it was estimated that 0.02 adult individuals dies per year
(King et al., 2006). Therefore, I assumed an adult mortality rate (m, ) of 5%107 day ™.

The value of litter decomposition rate is based on the study by Kurokawa &
Nakashizuka (2008), which reported that the litter decomposition rate for 40 tree
species in Malaysian tropical forest lie between 0.67 to 4.85 year. I thus assumed a
decomposition rate (dec) of 0.006 day™ for the reference species. Litter production
rate of adults per unit N uptake (/) was estimated from litterfall data from tropical
forests (Clark et al., 2001; Malhi et al., 2009), which estimated that the magnitude of
this flux is between 3.4 to 7.3 Mg C ha™' year™. I set the trait value as 0.008 g C g N”!
day™ ind.” such that the modeled flux has the same order of magnitude.

I adapted the value of pathogen infection efficiency («; ) from Augspurger (1983)
and Bell ef al. (2006). It was documented that 58.25% of Platypodium elegans
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seedlings died due to pathogen infection within three months, while 50% of
Sebastiana longicuspis seedlings died across five weeks. Similar to previous traits, I
assumed the reference plant species to have trait values between the two plant species.
The pathogens infection efficiency of adult («,) is assumed to be much smaller
compared to those of seedlings (i.e. @;x10™). I assumed the pathogen assimilation
ratio (b, ) of the reference plant as 0.6 following other theoretical studies (Miki ef al.,
2010), which is a reasonable value since my model considered nitrogen flux instead of
carbon. The value of litter return ratio ( f,) is set to 0.35 as I assumed 5% of plant
nitrogen will directly return to the soil N pool after pathogen infection.

For the pathogen mortality rate (J,), Hancock (1981) observed that the decline
of Pythium ultimum in the field follows exponential decay with a half-life of
approximately 30 days, yielding a decay rate around 0.02 day™. For the case of
mycorrhiza, an experiment by Staddon et al. (2003) showed that some fraction of
mycorrhizal hyphae have a turnover time up to 30 days (i.e. mortality rate equal to
0.03 day™). Here, I assumed a slightly smaller pathogen mortality rate with the value
0.01 day" to fulfill mathematical conditions from Appendix S3. I assumed the same
value for mycorrhiza mortality rate (0,,).

For the parameter value of carbon transfer ratio (C,,, ), Bryla and Eissenstat

(2005) suggested that the total cost of plant-mycorrhiza associations ranges from 3 to

78



36% of the carbon fixed by photosynthesis. Whereas among the carbon allocated to
mycorrhizal associations, more than 40% is consumed by respiration (Bryla &
Eissenstat, 2005). Therefore, I set the value of carbon transfer ratio as 0.2 and the
mycorrhiza carbon assimilation ratio (e, ) as 0.6.

The value of negative impact coefficient between microbes is calculated from a
study by Sikes et al. (2009), which showed that the percentage colonization of root by
pathogens declined 20 to 40% within five months when growing with mycorrhizas. I
set the negative impact of mycorrhizas on pathogens ( 3, ) as 0.005 g N m* day™ so
that a similar decrease can be realized in the model system. I assumed that the
negative impact of pathogens on mycorrhizas ( £, ) have the same magnitude.

For the environmental parameters, Menge et al. (2009) reported that the
atmospheric N deposition flux is within the order of 10-100 kg N ha” year' in
polluted ecosystems, while the leaching flux of plant-available inorganic N and
plant-unavailable inorganic N lies between 0.1-10 and 0.2-70 kg N ha” year”,
respectively. I assumed a deposition input (/) equal to 0.005 g N m™ day™', which is
adapted from Vitousek & Sanford (1986) from tropical forest studies. This value
corresponds to a flux of 18.25 kg N ha year”, which is reasonable if I assumed an
ecosystem with low anthropogenic impact. I assumed the leaching rate of inorganic N
(Le) and organic N (¢ ) is 0.0002 day™ and 0.00008 day'l, respectively. The values of
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these parameters are chosen in a way that the modeled N flux was within the range

reported by Menge et al. (2009).
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Appendix S5: Processes of numerical simulation

In this section, I provide the pseudocode for the numerical simulation processes.

Simulations are programmed by C language, using fourth-order Runge-Kutta method

with a fixed interval (i.e. 0.01 day step length) as the numerical integration method.

Simulations for all microbial compositions follow these steps:

1.

Simulate the time evolution of the system governed by Eqns. 1-6 (Table 1) using
the reference plant species parameter setting (Table 4). For the scenarios with
mycorrhizas, evaluate the quantity of carbon demand and supply at every step in
order to select the proper equations from Table 2. Run the simulation from # =0
to ¢ = 2,555,000 days. This simulation time is long enough for all microbial
composition scenarios to reach equilibrium.

Save the equilibrium value for pathogen, mycorrhiza, and soil nitrogen level

and R

ref

when using the reference plant species’ parameters as P.., M

ref :ef >
respectively.

Select a trait which is concerned under the specific microbial composition.
Assign a new deviation width (A ) subsequently within the range -0.9 to 2.0.

Multiply the reference value of the selected trait by (1 + A) and save it as the

trait value for the target plant species. The range of A corresponds to a
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minimum 10% and maximum 300% of trait value deviation from the reference
plant (Appendix S1).

Run the model system governed by Eqns. 1-6 for 2,555,000 days using the
new-assigned target plant species’ parameters.

Save the equilibrium value for pathogen, mycorrhiza, and soil nitrogen level as

* M*

tar

P

tar 2

and R, respectively.

Simulate the time evolution of the sub-model governed by Eqns. 7 and 8 (Table
3). In order to compare the growth of target plant species in two different soils,
substitute plant trait parameters in the sub-model by the target plant species’
parameters (i.e. i = tar). Simulate the sub-model twice with two different sets of

soil properties obtained from previous steps (i.e. substitute (P, M,, R,) by

s *

ref 2

either (P, M,,, R, )or(FE,, M

tar ?

R’ ). Run the simulation from 7 =0 to

tar ?

t =365,000 days, which is long enough for all sub-models to reach equilibrium.

Save the equilibrium adult density for the two simulations as A;;, rer (growth

Kk

response in reference plant-cultivated soil) and 4,

ar, tar

(growth response in

target plant-cultivated soil). Calculate the PSF strength resulting from the

far

A**
deviation of the specific trait as PSF,_ = log [%]

tar, ref
Repeat step 4 to 8 until the deviation range for that specific trait is completed.

Note that the range of deviation is slightly different for different traits depending
84



on both realistic range reported in literature and mathematical analysis
(Appendix S3).
10. Select another trait of interest for the specific microbial combination and repeat

the analysis starting from step 3.
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