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In this supporting information, we first explain how to derive the
conditions for persistence, microbial coexistence, and negative
plant–soil feedback (PSF) at steady-state (Section 1 and Tables S2
and S3). On the basis of these derivations, we show supplemental
results of Figs. 2 and 3 (Fig. S2). Second, we show the robustness
of the buffering effect of microbial diversity on nutrient pool size,
regardless of microbial food web structures (Section 2 and Fig.
S1). Third, we show how parameters related to plant functions
(primary production and litter production) and microbial func-
tions (decomposition and immobilization) affect the roles of
microbial diversity in facilitating negative PSF (Section 3 and
Figs. S3 and S4). Fourth, we show a typical example of the time-
evolution of the plant–microbe–soil feedback (PMSF) system, to
demonstrate how microbial diversity facilitates plant species co-
existence (Section 4 and Fig. S5). Finally, we show the global
impact of PMSF on the plant and microbial community compo-
sitions (Section 5 and Fig. S6).

Section 1: Deriving Conditions for Persistence, Microbial Coexistence,
and Negative PSF. For each equilibrium in a system with a single
plant species Pi (i= L or N) and a single microbial groupMj (j=
R or S), we obtain the following quadratic equation for the
equilibrium nutrient level N*,
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whichhasauniquepositiveroot.Thisderivationreveals that theratio
of microbial mortality and immobilization efficiency (1/m′Mj ≡ eMj/
mMj) determines nutrient cycling: both the lower mortality and
higher immobilization efficiency imply the higher “immobilization
capacity” of microbes. We also obtain the equilibrium values of
the other components,
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We calculate the persistence condition for the equilibrium with Pi
and Mj (i.e., N* > mP/ri) from the inequality FPiMjðmP=riÞ< 0, as
fi > f EPiMj

(Table S2). This is the condition for positive equilibria
(i.e., a persistence condition). The system cannot persist when
starting from lower litter decomposability than these thresholds,
that is, if fL < f EPLMR

ð≈0:45Þ or fN < f EPNMR
ð≈0:44Þ, as shown in

Figs. 3 and 4A.
For the equilibrium with Pi, MR, and MS, we obtain the fol-

lowing quadratic equation for the equilibrium nutrient level N*,
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noting that it has unique positive root. We also obtain the
equilibrium values of the other components,
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At this equilibrium, the persistence condition for plants (N* >
mP/ri) calculated from FPiMRMSðmP=riÞ< 0 is equivalent to
ðkRR − kSRÞm′MS − ðkRS − kSSÞm′MR

cDðkRRkSS − kRSkSRÞ <TN −mP
ri
. For a nonzero biomass of or-

ganic nutrients (DR* andDS*), kSSm′MR − kSRm′MS and kRSm′MR −
kRRm′MS should be positive. For a nonzero biomass of microbes
(MR* and MS*), the inequality f ��MR→PiMS

< fi < f ��MS→PiMR
should be

satisfied (Table S2), which requires f ��MR→PiMS
< f ��MS→PiMR

. Note that
some of these conditions are not satisfied in region XM in Fig. S3
and S4.
The condition for PL or PN to yield a negative PSF (i.e., N* <

NL** or N* > NN**) is obtained from FPLMjðNL
��Þ> 0 or

FPNMjðNN
��Þ< 0, respectively, in a system with a single microbe

Mj. We use the same method in a system with two microbes by
focusing on FPiMRMSðN�Þ. With this method, we can obtain the
threshold values that separate positive and negative PSF (Tables
S2 and S3). From the coefficients of the quadratic equation for
N*, we also find that N* always increases with the litter de-
composability fi in a system with Pi andMj. However, for a system
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with Pi, MR, and MS, N* increases with fi for m′MR > m′MS, de-
creases with fi for m′MR < m′MS, or is not affected by fi for m′MR =
m′MS. This is why the conditions for a negative PSF in a system
with Pi, MR, and MS depend on the difference between m′MR and
m′Ms. When both plant species cause a negative PSF, the two
species are likely to coexist for a system with one or two mi-
crobial groups, respectively (Tables S2 and S3).
To understand how plant litter decomposability affects the

competitiveoutcomein themicrobial community,we investigated
the condition for DR-preferring microbes to successfully invade
the system under equilibrium with a single plant species
Pi and DS-preferring microbes MS. The invasion succeeds
ð½ 1
MR

dMR
dt �Pi¼P�

i ; MS¼M �
S
> 0Þ when a fraction fi of rapidly de-

composable organic nutrient (DR) in the litter from Pi is suffi-
ciently high ðfi > f ��MR→PiMS

Þ (Table S2), which can be analytically
derived from the equilibrium. Similarly, DS-preferring microbes
can invade the system under the equilibrium with plant species
i and DR-preferring microbes when a fraction fi is sufficiently
small ðfi < f ��MS→PiMR

Þ. If we focus on a reasonable situation
ð0< f ��MR→PiMS

< f ��MS→PiMR
< 1Þ, we obtain the coexistence condition

for microbes (Table S2), noting that this condition is equivalent
to the nonzero biomass of two microbes in the equilibrium with
plant species i and two microbes.
In addition, by solving FPLMjðN�Þ ¼ 0 and FPLMRMSðN�Þ ¼ 0, we

can plot the relationship between the litter decomposability fL,
nutrientpool size, biomass ofdetritus, and relative abundanceofMR
(Fig. 2 A and B). The relationship between fL and N* withm′MR ≠
m′MS is shown inFig. S2A, indicating thebufferingeffect ofmicrobial
diversity on the nutrient pool size. Similarly, by setting a specific
parameter set (default values in Table S1), we can calculate the
threshold values shown in Tables S2 and S3 and drawn in Fig. 3
(main text).With another set of parameters (eMR= eMS=0.45), we
can show that the reduction ofN* by the dominance ofMR shifts the
sign of PSF from positive to negative in a system with PL with high
decomposability (shaded range in Fig. S2B). However, simulta-
neously, such a reduction ofN* by the presence ofMR can also shift
the sign of PSF from negative to positive in a system of PNwith high
decomposability (shaded range in Fig. S2C).
Although it would also be valuable to derive the invasion con-

ditions for the competing microbial group in the equilibrium with
two plant species, it is difficult to analytically derive simple con-
ditions for this scenario, such as those shown in Table S2. Similarly,
it is difficult to analytically derive the equilibrium with PL, PN,MR,
and MS. Realization of these equilibria was checked as a part of
the numerical calculations [Fig. 4 (main text) and Fig. S6].

Section 2: Plant Control of Nutrient Pool Size Under Various Microbial
Food Web Structures. In Fig. 2A, the nutrient pool size is not tightly
coupled with plant litter decomposability when two microbial func-
tional groups coexist with a single plant species. We checked the
robustness of this prediction under various microbial food web
structures. In place of Eqs. 5 and 6, we used the following equations
for the microbial dynamics (Mj), microbial consumers (Cj), and top
predator (CT) on the consumers. Nonassimilated parts of the nu-
trients by trophic interactions are assumed to bemineralized into the
nutrientpool (N), such that the total amountofnutrient in the system
is kept constant (i.e., bLPL + bNPN + DR + DS +MR+MS + CR+
CS + CT + N= const ≡ TN). With these assumptions, we obtain:

dMj=dt ¼ cDeMj
�
kRjDR þ kSjDS

�
Mj − lMj ð j ¼ R; SÞ

dCj=dt ¼ gCj − lCj ð j ¼ R; SÞ

dCT=dt ¼ gCT − lCT
where lMj, lCj, and lCT are loss terms by predation, and gCj anc gCT
are growth terms.

Four distinct types of microbial food webs are prepared: (i)MR
and MS only, (ii) MR and MS with a generalist consumer CR that
utilizes both MR and MS, (iii) MR and MS with specialist con-
sumers CR and CS for each, and (iv) MR and MS, specialist
consumers CR and CS, and generalist top predator CT. Case (i)
has the same settings as Fig. 2A (main text). For trophic inter-
actions between microbes (Mj) and consumers (Cj), we assume
a Lotka-Volterra (LV) or a donor-controlled (DC) interaction
type. For LV, the loss term lMj is proportional to the product of
the microbial biomass and the corresponding consumer. For DV,
the loss term is proportional to the microbial biomass. The DC
interaction would realistically represent the trophic interaction
between fungi and their consumers in soil (i.e., for MS in our
model), because fungal biomasses tend to be controlled from the
bottom up (1). We prepared all possible combinations for LV
and DC interactions (Fig. S1). For example, in “DC-LV” sce-
narios (Fig. S1), the loss terms lMR and lMS are determined as DC
and LV, respectively. For trophic interactions between microbial
consumers and the top predator, we assumed LV interactions.
The relative abundance of DR-preferring microbes (MR/[MR +

MS]) with a higher preference for readily decomposable litter
increases with plant litter quality (fL), regardless of the microbial
food web structure. The nutrient pool size correlates poorly with
litter quality in a system with functional microbial diversity
compared with a system with single microbial groups (Fig. S1
A–E, I, M) or the availability falls to intermediate levels (Fig. S1
H and L), suggesting the buffering effect of the microbial di-
versity. Although exceptions are shown in Fig. S1 F, G, J, and K,
where the nutrient pool size is largest in a system with microbial
diversity, the responses of this microbial community structure are
unrealistic; the relative abundance of MR does not change with
litter quality (Fig. S1 F and J) or MR does not dominate the
community with a very high litter quality (Fig. S1 G and K).
These results demonstrate that the buffering effect of the func-
tional microbial diversity on the plant litter control of the nu-
trient pool size is a robust prediction under the reasonable
assumption that DS-preferring microbes MS (e.g., fungi) are
donor controlled (Fig. S1 D, E, H, I, L, and M).

Section 3: Parameter Dependence of the Region for Litter Decom-
posabilities to Cause a Negative PSF in a System with Microbial
Diversity. To check whether a system with microbial functional
diversity is more likely to cause a negative PSF than a system with-
outmicrobial diversity, we numerically evaluate the ranges of litter
decomposabilities (fL and fN) that cause a negative PSF. Using the
threshold values shown in Tables S2 and S3, we calculate these
ranges for systems with a single microbial groupMR orMS, and for
a systemwithmicrobial diversity. For each systemwithPi,MR, and/
or MS, we define Δfi,X = max[0, fi,X,max − fi,X,min], where plant
species i (=LorN) causes a negativePSFwhen fi,X,min< fi< fi,X,max
in a systemwithMR only,MS only, or bothMR andMS (X=R, S, or
RS, respectively). A larger Δfi,X indicates that a negative PSF is
more likely to occur.
We also define two indices for evaluating the roles of microbial

diversity in enhancing negative PSF, θi,SF = Δfi,RS − max(Δfi,R,
Δfi,S) and θi,MF = Δfi,RS − (Δfi,R + Δfi,S)/2, where i = L or
N. When θi,SF is positive, the microbial functional diversity
broadens the region for which fi can cause a negative PSF in the
Pi-dominant plant community, implying a strong facilitation of
negative PSF. When θi,MF is positive, the likelihood of a neg-
ative PSF occurring in a system with microbial diversity (Δfi,RS) is
larger than expected in a hypothetical system whereby two mi-
crobial groups equally affect the sign of PSF ([Δfi,R + Δfi,S]/2).
We define this state as a moderate level of facilitation. The aim
here is to check the parameter sensitivity of θi,SF and θi,MF.
It is ecologically reasonable to exclude parameter values for which

the equilibrium with two microbial groups does not exist for either of
theplantspecieswithanylitterdecomposability(0 ≤ fi ≤ 1).Similarly,
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it is not meaningful to evaluate θi,SF and θi,MF when Δfi,RS = Δfi,R =
Δfi,S = 0 or Δfi,RS = Δfi,R = Δfi,S = 1, because the sign of PSF is in-
dependent of the litter decomposability and microbial community
composition in these cases. The pseudocode for checking the pa-
rameter dependence of θi,SF and θi,MF is:

1. Assign a new parameter set;
2. Check whether “Persistent conditions for a system with Pi,

MR, and MS” (Table S2) is satisfied for both of PL and
PN; if satisfied, go to step 3; if not, categorize the parameter
set as “XM” and go back to step 1;

3. Check whether ΔfL,RS = ΔfL,R = ΔfL,S = 0 or 1, and ΔfN,RS =
ΔfN,R = ΔfN,S = 0 or 1; if both are satisfied, categorize the
parameter set as “XP” and go back to step 1; if not, go to
step 4;

4. Calculate Δfi,X where i = L or N and X = R, S, or RS
according to the following algorithm;

ΔfL;X ¼ max
h
0;min



f ��PN→PLMX

; 1
�
−max



0; f EPLMX

�i
for

X ¼ R or S;

ΔfN;X ¼ max
h
0; 1−max



0; f EPNMX

; f ��PNMX

�i
for X ¼ R or S;

Δf SL;RS ¼ max
h
0;min



f ��MR→PiMS

; f ��PN→PLMS
; 1
�
−max



0; f EPLMS

�i
;

If m′MR <m′MS; Δf CL;RS ¼ max
h
0;min



f ��MS→PiMR

; 1
�

−max


0; f ��PN→PLMRMS

; f ��MR→PiMS

�i
;

If m′MR ¼ m′MS and ϕ��
PN→PLMRMS

< 0;

Δf CL;RS ¼ max
h
0;min



f ��MS→PiMR

; 1
�
−max



0; f ��MR→PiMS

�i
;

If m′MR ¼ m′MS and ϕ��
PN→PLMRMS

≥ 0;Δf CL;RS ¼ 0;

If m′MR >m′MS;Δf CL;RS ¼ max
h
0;min



f ��MS→PiMR

; f ��PN→PLMRMS
; 1
�

−max


0; f ��MR→PiMS

�i
;

Δf RL;RS ¼ max
h
0;min



f ��PN→PLMR

; 1
�
−max



0; f EPLMR

; f ��MS→PiMR

�i
;

ΔfL;RS ¼ Δf SL;RS þ Δf CL;RS þ Δf RL;RS;

Δf SN;RS ¼ max
h
0;min



f ��MR→PiMS

; 1
�
−max



0; f EPNMS

; f ��PL→PNMS

�i
;

If m′MR < m′MS;Δf CN;RS ¼ max
h
0;min



f ��MS→PiMR

; f ��PL→PNMRMS
; 1
�

−max


0; f ��MR→PiMS

�i
;

If m′MR ¼ m′MS and ϕ��
PL→PNMRMS

< 0

Δf CN;RS ¼ max
h
0;min



f ��MS→PiMR

; 1
�
−max



0; f ��MR→PiMS

�i
;

If m′MR ¼ m′MS and ϕ��
PL→PNMRMS

≥ 0;Δf CN;RS ¼ 0;

If m′MR >m′MS;Δf CN;RS ¼ max
h
0;min



f ��MS→PiMR

; 1
�

−max


0;  f ��MR→PiMS

;  f ��PL→PNMRMS

�i
;

Δf RL;RS ¼ max
h
0; 1−max



0;  f EPNMR

;  f ��MS→PiMR
;  f ��PL→PNMR

�i
;

ΔfN;RS ¼ Δf SN;RS þ Δf CN;RS þ Δf RN;RS;

5. Calculate θi,SF and θi,MF;
6. Define a small positive constant ZERO = 1.0e-10;
7. If θL,SF > ZERO or θN,SF > ZERO, categorize the param-

eter set as “strong facilitation (SF)”; else if θL,MF > ZERO
or θN,MF > ZERO, categorize the parameter set as “mod-
erate facilitation (MF)”; else, categorize the parameter set
as “no facilitation (NF)”; go back to step 1.

We assume a small positive constant (step 6) to reduce the
numerical error in computing θi,SF and θi,MF.
Using this method, we check whether the microbial functional

diversity increases the likelihood of obtaining a negative PSF
compared with systems without microbial diversity (Fig. S3). In
region SF (or region MF), microbial diversity strongly (or
moderately) facilitates a negative PSF in either in a PL- or PN-
dominant community. In region NF, microbial diversity does not
facilitate a negative PSF in either community. Fig. S3A shows
that a strong facilitation of negative PSF is possible with in-
termediate values of microbial mortality and assimilation effi-
ciency (i.e., intermediate levels of immobilization capacity)
(region SF), whereas moderate facilitation is achieved with
a wide range of parameter values (region MF). Even when dif-
ferences in immobilization capacity between MR and MS are
considered, strong or moderate facilitation is realized with
a wide range of parameter values (Fig. S3B). Region NF (Fig. S3
A and B), in which the facilitation of negative PSF does not
occur, is realized in a very limited range of parameter values,
suggesting the prevalence of the facilitation of a negative PSF by
microbial diversity. Strong or moderate facilitation is also ob-
served in a wide range of parameter values that are related to
plant production (Fig. S3C, region SF + region MF). A similar
pattern is observed even when interspecific differences in nutri-
ent uptake ability (bi and ai) between two plant species are
considered (Fig. S3D).
We also check whether microbial diversity broadens the region

where both plant species cause a negative PSF, by focusing on the
quantity ΔfL;XΔfN;X (X = R, S, or RS). This quantity roughly
corresponds to the size of the plant coexistence region C in Fig. 4
(main text). We define two indices for evaluating the roles of
microbial diversity in enhancing the occurrence of negative PSF,
θSFC ¼ ΔfL;RSΔfN;RS −maxðΔfL;RΔfN;R;ΔfL;SΔfN;SÞ, and θSSC ¼
ΔfL;RSΔfN;RS −minðΔfL;RΔfN;R;ΔfL;SΔfN;SÞ. When θSFC is posi-
tive, the microbial functional diversity broadens the region for
the mutual negative PSF, which leads to plant coexistence. When
θSSC is negative, the region for mutual negative PSF in a system
with microbial diversity is smaller than that in a system with ei-
ther MR or MS alone, implying that microbial diversity hinders
plant coexistence. The aim here is to check the parameter sen-
sitivity of θSFC and θSSC.
Steps 1–4 of the pseudocode for checking the parameter de-

pendence of θSFC and θSSC are the same as those of the pseu-
docode for drawing Fig. S3. The rest of the steps are:

5. Calculate θSFC and θSSC;

Miki et al. www.pnas.org/cgi/content/short/0914281107 3 of 10

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0914281107/-/DCSupplemental/pnas.200914281SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0914281107/-/DCSupplemental/pnas.200914281SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0914281107/-/DCSupplemental/pnas.200914281SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0914281107/-/DCSupplemental/pnas.200914281SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0914281107/-/DCSupplemental/pnas.200914281SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0914281107/-/DCSupplemental/pnas.200914281SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0914281107/-/DCSupplemental/pnas.200914281SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0914281107/-/DCSupplemental/pnas.200914281SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0914281107/-/DCSupplemental/pnas.200914281SI.pdf?targetid=nameddest=SF3
www.pnas.org/cgi/content/short/0914281107


6. Define a small positive constant ZERO = 1.0e-10;
7. If θSFC > ZERO, categorize the parameter set as “strong facil-

itation of coexistence (SFC)”; else if θSSC<−ZERO, categorize
the parameter set as “substantial suppression of coexistence
(SSC)”; else if −ZERO < ΔfL;RSΔfN;RS −ΔfL;RΔfN;R <
ZERO, categorize the parameter set as “MR-controlling PSF
(RC)”; else if −ZERO < ΔfL;RSΔfN;RS −ΔfL;SΔfN;S <
ZERO, categorize the parameter set as “MS-controlling PSF
(SC)”; else, categorize the parameter set as “middle case
(MC)”; go back to step 1;

With this method, we can also check whether microbial
functional diversity can promote plant coexistence and examine
its parameter dependence (Fig. S4). In region SFC, the region for
which both fL and fN cause a negative PSF in a system with
microbial diversity is larger than that in a system with MR or MS

alone. In region RC (or region SC), the region for which both fL
and fN cause a negative PSF in a system with microbial diversity
has almost the same size as that in a system with MR only (or MS

only), implying that PSF is controlled by a single microbial group
(see also Fig. S6 A and E). In region MC, the likelihood of plant
coexistence is between that in a system with MR only and that in
a system with MS only. Microbial diversity never appears to
hinder plant coexistence, because region SSC was not seen in our
range of parameter values (Fig. S4).
Fig. S4A indicates that a strong facilitation of plant coexistence

is possible with intermediate values of microbial mortality and
assimilation efficiency (i.e., intermediate levels of immobilization
capacity) (region SFC). Even when differences in immobilization
capacity between MR and MS are considered, such facilitation is
realized in a wide range of parameter values (Fig. S4B). Fig. S4C
shows that a strong facilitation of microbial diversity on plant co-
existence is observed in a wide range of parameter values (region
SFC). A similar pattern is observed even when we consider in-
terspecific differences in nutrient uptake ability (bi and ai) between
two plant species (Fig. S4D).

Section 4: Facilitation of Plant Coexistence Through Microbial
Diversity. The facilitation of plant coexistence by microbial di-
versity can be easily understood through temporal dynamics with
a single microbial group (Fig. S5). Here we show examples with
a specific combination of litter decomposabilities (fL = 0.6, fN =
0.5). As shown in Fig. 4 A and B (main text), either PN or PL

dominates the community with a singlemicrobial groupMR orMS,
respectively. However, the coexistence of two microbial groups
enables the coexistence of plants (Fig. 4C). Consider a system that
starts from MR only. Without microbial diversity, PN causes
a positive PSF and prevents the invasion of PL (at t = 1,000; Fig.
S5A). This is because fN (= 0.5) is less thanf ��PL→PNMS

ð≈0:59Þ; fN
does not satisfy the “Condition for negative PSF in a system with Pi

andMj” (Table S2). However, because fN satisfies the “Coexistence
condition for microbes in a system with Pi” (Table S2) ð0:33 ¼
f ��MR→PiMS

< fL < f ��MS→PiMR
¼ 0:66Þ, MS can invade the system and

increase the nutrient pool size (t > 2500). With the same parameter
sets as those in Fig. 4, because the “Conditions for negative PSF a sys-
temwithPi,MR, andMS”are satisfied ðφ��

PL→PNMRMS
≈ − 102:2< 0Þ,PL

can invade the system and coexist with PN (t > 4,000). Similarly, in a
system that starts fromMS only, PL causes positive PSF and prevents
the invasion of PN (at t= 1,000, Fig. S5B). This is because fL (= 0.6)
is greater than f ��PN→PLMS

ð≈0:49Þ and does not satisfy the “Condition
for negative PSF in a systemwith Pi andMj” (Table S2).However, once
MR invades the system (t > 2,500), it reduces the nutrient pool size
andPN can invade the system and coexist withPL (t> 4,000). These
examples demonstrate how microbial diversity facilitates plant
coexistence as a consequence of PMSF.

Section 5: Consequences of PMSF on Plant and Microbial Community
Compositions. In Fig. 4C (main text), the realized composition of
the microbial community is not shown. In this section, we de-
scribe all of the consequences of PMSF on the plant and mi-
crobial community compositions, on the basis of numerical
calculations (Fig. S6). The pseudocode for checking the de-
pendence of the realized composition of plant and microbial
communities on litter decomposability is:

1. Assign a new parameter set (fL, fN);
2. Assign one of the two initial conditions:

ðPLð0Þ;PNð0ÞÞ ¼ ð0:2; 0:0Þ or ð0:0; 0:2Þ; with ðNð0Þ;DRð0Þ;
DSð0Þ;MRð0Þ;MSð0ÞÞ ¼ ð0:01; 0:1; 0:1; 0:5� ½TN −Nð0Þ
− bLPLð0Þ− bNPNð0Þ−DRð0Þ−DSð0Þ�; 0:5� ½TN −Nð0Þ
− bLPLð0Þ− bNPNð0Þ−DRð0Þ−DSð0Þ�Þ;

3. Assign a minimum threshold: nMIN = 1.0e-6;
4. Simulate the time evolution of the system governed byEqs.1–6

by a numerical integration method (e.g., fourth-order Runge-
Kutta method with a fixed interval) from t= 0 to t= 5.0e+4;

5. When 10,000.0 < t < 10,000.1 and when 20,000.0 < t <
20,000.1, disturb the system as follows:

PLðtÞ + = nMIN ; PNðtÞ + = nMIN ; MRðtÞ + = nMIN ;
MSðtÞ + = nMIN ; If NðtÞ > 4�nMIN ; then
NðtÞ -= 4�nMIN ; Else if DRðtÞ > 4�nMIN ; then
DRðtÞ -= 4�nMIN ; Else; DSðtÞ -= 4�nMIN ;

6. Calculate the “long-term averages” for all of the variables
from t = 45,000 to t = 50,000;

7. Evaluate the community compositions of plants and mi-
crobes by checking whether the average values of PL, PN,
MR, MS are greater than nMIN or not, respectively;

8. Repeat steps 2–7 for another initial condition

Starting from the initial condition with a single plant species (PL
or PN) (step 1), the system first approaches equilibrium with dom-
inance of the single species at t = 10,000. By adding a small dis-
turbance (step 5), the invasibility of other combinations of plants
and microbes in the system can be checked. The same type of the
disturbance is added twice to avoid numerical errors and to reduce
the dependence of invasion success on the invasion timing. The
values of N, DR, and DS are adjusted to keep the total nutrient
constant (step 5). By comparing the realized community composi-
tions starting from two different initial conditions (step 2), we can
check for the occurrence of bistability. This method allows us to
drawFig. 4 (main text) and Fig. S6. For a systemwith onlyMR orMS
(Fig. 4 A and B, main text), the initial conditions (step 2) and in-
vasion event (step 5) should be appropriately modified.
Additionalexplanationsareneededtounderstandthedynamics in

some regions of Fig. 4 (main text). In region X (Fig. 4A, main text)
with small fL and fN, neither plant species can maintain its pop-
ulation because the litter decomposability is too low to satisfy the
persistence condition for a systemwith Pi andMj (see Section 1 and
Table S2). In region X with a very small fL but with a high fN, PN
maintains its population but allows the invasion of PL with very low
litter decomposability, resulting in collapse of the system.When fN is
lower than f ��PL→PNMS

ð≈0:09Þ (Fig. 4C,main text), oncePNdominates
plant community, it prevents the invasion of PL and the system with
only PN is stable. This is why each parameter set falls into regionN,
region C or N, or region L or N: the dominance of PN is always one
of the stable steady states.When fN is less than f ��PL→PNMS

ð≈0:09Þ and
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fL is lower than f ��PN→PLMR
ð≈0:72Þ, the system with PL allows the in-

vasionofPN.With (fL, fN)= (0.6, 0.05), the coexistence ofPL andPN
is possible after the invasion of PN to the system starting from only
PL, through the periodic fluctuation of nutrient pool size. However,
with a slightly different parameter set, (fL, fN) = (0.6, 0.0), the in-
vasion of PN finally excludes PL and leads to an apparently stable
equilibrium. The boundaries between region C or N and region N
are not simple, probably owing to the presence or absence of peri-
odic fluctuations.
Parts A and B, parts C and D, and parts E and F in Fig. S6

correspond to the model with eMR = eMS = 0.45, 0.6, and 0.75,
respectively. Parts A, C, and E and parts B, D, and F represent
the realized community compositions of plants and microbes,

respectively. The condition for negative PSF in a system with MR
or MS roughly determines the possibility of plant coexistence in
Fig. S6 A or E, respectively. The coexistence region for PL and
PN is separated from other regions by fL ¼ f ��PN→PLMR

ð≈0:81Þ and
fN ¼ f ��PL→PNMR

ð≈0:72Þ in Fig. S4A, and by fL ¼ f ��PN→PLMS
ð≈0:19Þ

and fN ¼ f ��PL→PNMS
ð≈− 0:29Þ in Fig. S6E. This result implies that

a single microbial group governs the consequences of PMSF,
even if two microbial groups coexist. Conversely, in Fig. S6C the
coexistence region is separated by fL ¼ f ��PN→PLMR

ð≈0:72Þ and
fN ¼ f ��PL→PNMS

ð≈0:09Þ, implying that both of the microbial groups
govern the consequences of PMSF and facilitate the coexistence
of plant species, as is shown in Fig. 4C (main text).

1. Wardle DA (2002) Community and Ecosystems: Linking the Aboveground and
Belowground Components (Princeton University Press, Princeton).
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SI Text, Section 3. (A) The microbial mortality and assimilation efficiency of MR are equal to those of MS. (C) The individual biomass and nutrient uptake
coefficient of PL are equal to those of PN. In other panels, only focal parameter values (on x and y axes) are changed, whereas other parameters are set as the
default values (Table S1). For focal parameters on x and y axes, the set of default values is shown as a closed circle in each panel.
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Fig. S5. Plant coexistence realized with microbial diversity. (A) The system starts from the equilibrium with PN and MR, which prevents the invasion of PL. (B)
The system starts from the equilibrium with PL and MS, which prevents the invasion of PN. A combination of species-specific litter decomposability is set as (fL,
fN) = (0.6, 0.5). Others parameters are the same as default values (Table S1).
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Fig. S6. Consequences of PMSF in plant and microbial communities, depending on the plant litter decomposability (fL, and fN). Regions X, L, N, C, C or N, and L
or N in A, C, and E correspond to the regions defined in Fig. 4 (main text). A distinct plant community composition is realized in each region. Regions X, R, S, C, C
or S, and R or S in B, D, and F represent no persistence of microbial community, dominance of MR, dominance of MS, coexistence of MS and MR, microbial
coexistence or dominance of MS depending on initial conditions, and dominance of MR or dominance of MS depending on initial conditions, respectively. In
bistable regions (e.g., in a combination of region L or N and region R or C), either dominance of PL with dominance of MR or dominance of PN with coexistence
of MR and MS is realized, depending on initial conditions. Parameters are eMR = eMS = 0.45, 0.6, and 0.75 for A and B, for C and D, and for E and F, respectively.
Others are the same as in Table S1.

Table S1. List of parameters, assumptions, and default values

Symbol Definition Assumption Unit Default value

rL Recruitment rate of PL per unit nutrient rL < rN Per unit nutrient per unit time 5.0
rN Recruitment rate of PN per unit nutrient 500.0
bL Individual biomass (nutrient content) of PL bL, bN < TN Unit nutrient 0.2
bN Individual biomass (nutrient content) of PN 0.2
aL Nutrient uptake coefficient of PL Negligible Per unit nutrient per unit time 0.0
aN Nutrient uptake coefficient of PN 0.0
mP Mortality rate of plants mMR, mMS > mP Per unit time 0.01
fL Fraction of DR in detritus of PL 0 ≤ fL, fN ≤ 1 Dimensionless Changing
fN Fraction of DR in detritus of PN Changing
cD Decomposition coefficient — Dimensionless 1.0
kRR Decomposition efficiency of DR by MR Normalized as 1.0 Per unit nutrient per unit time 1.0
kRS Decomposition efficiency of DR by MS kRR > kRS > kSS > kSR 0.5
kSR Decomposition efficiency of DS by MR 0.1
kSS Decomposition efficiency of DS by MS 0.2
eMR Nutrient assimilation efficiency of MR Independent of litter

quality
Dimensionless 0.6

eMS Nutrient assimilation efficiency of MS 0.6
mMR Mortality rate of MR mMR, mMS > mP Per unit time 0.1
mMS Mortality rate of MS 0.1
TN Total nutrient in the model ecosystem Normalized as 1.0 Unit nutrient 1.0
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Table S2. Summary of conditions for persistence, microbial coexistence, and negative PSF

Persistent condition for a system with Pi and Mj fi > f EPiMj
i = L and N, j = R and S.

Persistent conditions for a system
with Pi, MR, and MS

ðkRR − kSRÞm′MS − ðkRS − kSSÞm′MR

cDðkRRkSS − kRSkSRÞ <TN −
mP

ri
kSSm′MR − kSRm′MS > 0 and − kRSm′MR þ kRRm′MS > 0
f ��MR→PiMS

< f ��MS→PiMR

Condition for negative PSF in a system
with Pi and Mj

fL < f ��PN→PLMj
and f ��PL→PNMj

< fN

Conditions for negative PSF in a system
with Pi, MR, and MS

fL > f ��PN→PLMRMS
and fN < f ��PL→PNMRMS

if m′MR <m′MS

ϕ��
PN→PLMRMS

< 0 and ϕ��
PL→PNMRMS

< 0 if m′MR ¼ m′MS

fL < f ��PN→PLMRMS
and fN > f ��PL→PNMRMS

if m′MR >m′MS

Coexistence condition for microbes
in a system with Pi

f ��MR→PiMS
< f ��MS→PiMR

and f ��MR→PiMS
< fi < f ��MS→PiMR

and i = L and N

Persistent conditions, conditions for causing negative PSF in a system with a single microbial group or in a system with two microbial
groups, and the condition for microbes to coexist are shown. Note that m′Mj ≡mMj=eMj. The exact mathematical expression for each
threshold value is summarized in Table S3, also noting that ϕ��

PN→PLMRMS
and ϕ��

PL→PNMRMS
do not include fL and fN (Table S3).

Table S3. Summary of the threshold litter decomposability and additional conditions

Symbol Definition

f EPiMj

kRjkSj
kRj − kSj

�
1
kSj

−
�
TN −

mP

ri

�
cD
m’Mj

�

f ��PN→PLMj

kRjkSj
kRj − kSj

�
1
kSj

þ cD
m′Mj

�
−TN −

aL
rL

þ rNmP

r2L

�
1þ aL

m′Mj

�
þ bL

�
1−

rL
rN

��
1þ mP

m′Mj

��	

f ��PL→PNMj

kRjkSj
kRj − kSj

�
1
kSj

þ cD
m′Mj

�
−TN −

aN
rN

þmP

rL

�
1þ aN

m′Mj

�
þ bN

�
1−

rL
rN

��
1þ mP

m′Mj

��	

ϕ��
PN→PLMRMS

−
kRR − kRS

− kRSm′MR þ kRRm′MS
þ r2LrN
mPðaLrN þ bLr2LÞðrN − rLÞ

�
TN −

rNmP

r2L
− bL

�
1−

rL
rN

�
−
ðkRR − kSRÞm′MS − ðkRS − kSSÞm′MR

cDðkRRkSS − kRSkSRÞ
�

ϕ��
PL→PNMRMS

kRR − kRS
− kRSm′MR þ kRRm′MS

−
rLrN

mPðaN þ bNrLÞðrN − rLÞ
�
TN −

mP

rL
− bNð1− rL

rN
Þ− ðkRR − kSRÞm′MS − ðkRS − kSSÞm′MR

cDðkRRkSS − kRSkSRÞ
�

f ��PN→PLMRMS

ðkSSm′MR − kSRm′MSÞð− kRSm′MR þ kRRm′MSÞ
ðkRRkSS − kRSkSRÞðm′MS −m′MRÞ ϕ��

PN→PLMRMS

f ��PL→PNMRMS

ðkSSm′MR − kSRm′MSÞð− kRSm′MR þ kRRm′MSÞ
ðkRRkSS − kRSkSRÞðm′MS −m′MRÞ

�
−ϕ��

PL→PNMRMS

�

f ��MR→PiMS

kSSkRS
kRRkSS − kRSkSR

�
m′MR

m′MS
−
kSR
kSS

�

f ��MS→PiMR

kRRkSR
kRRkSS − kRSkSR

�
kSS
kSR

−
m′MS

m′MR

�

These threshold values determine the possibility of the coexistence of plants and microbes (Table S2) where m′Mj ≡mMj=ej.
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