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SI Text

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 P; (i = L or N) and a single microbial group M; (j =
R or §), we obtain the following quadratic equation for the
equilibrium nutrient level N*,
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which hasaunique positive root. This derivation reveals that the ratio
of microbial mortality and immobilization efficiency (1/m’y; = eny/
myy;) 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 P;
and M; (i.e., N* > mp/r;) from the inequality Fp, (mp/r;) <0, as
fi> f}?iMl_ (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 fz < f§ v, (20.45) or fx < ff , (%0.44), as shown in
Figs. 3 and 4A4.
For the equilibrium with P;, Mg, and My, 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* >
mpfr;) calculated from Fpag (mp/ri) <0 is equivalent to

Vkerr = ksr)miss = Ukrs —kss)mim 7, _me For a nonzero biomass of or-
cp (krrkss — krsksr) T

ganic nutrients (Dr* and Ds*), kssm ' yr — kspm' s and krsm'yr —
krrm'ys should be positive. For a nonzero biomass of microbes
(Mg* and Mg*), the inequality f37 _p.rs < fi < fr.—pag, should be
satisfied (Table S2), which requires fy. . p . < fir:par,- Note that
some of these conditions are not satisfied in region Xy in Fig. S3
and S4.

The condition for P, or Py to yield a negative PSF (i.e., N* <
N ™ or N* > Ny*™*) is obtained from Fp y,(N.**)>0 or
Fpym,(NN™) <0, respectively, in a system with a single microbe
M;. We use the same method in a system with two microbes by
focusing on Fpm,(N*). 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 f; in a system with P; and M;. However, for a system
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with P;, Mg, and Mg, N* increases with f; for mjr > mjys, de-
creases with f; for mjr < mjys, or is not affected by f; for mjg =
mjys. This is why the conditions for a negative PSF in a system
with P;, Mg, and Mg depend on the difference between mj,z and
mjy. 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
competitive outcome in the microbial community, we investigated
the condition for Dg-preferring microbes to successfully invade
the system under equilibrium with a single plant species
P; and Dg-preferring microbes Mg. The invasion succeeds

(54 %P+ g, >0) when a fraction f; of rapidly de-

composable organic nutrient (Dg) in the litter from P; is suffi-
ciently high (f; >fi7 _py,) (Table S2), which can be analytically
derived from the equilibrium. Similarly, Dg-preferring microbes
can invade the system under the equilibrium with plant species
i and Dg-preferring microbes when a fraction f; is sufficiently
small (f; <fy7. _pa,)- 1f we focus on a reasonable situation
(0 <fir—pars <fit,—pa, < 1), 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 Fp, »;,(N*) = 0 and Fp, aar(N*) = 0, we
can plot the relationship between the litter decomposability f7,
nutrient pool size, biomass of detritus, and relative abundance of Mg
(Fig. 2 4 and B). The relationship between f; and N* with m’'y,g #
mjysisshownin Fig. S24, indicating the buffering effect of microbial
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 (eyr = eprs = 0.45), we
can show that the reduction of N* by the dominance of M shifts the
sign of PSF from positive to negative in a system with P, with high
decomposability (shaded range in Fig. S2B). However, simulta-
neously, such a reduction of N* by the presence of Mg can also shift
the sign of PSF from negative to positive in a system of Py with 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 Py, Py, M,
and M. 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. 24, 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 (), microbial consumers (C;), and top
predator (C7) on the consumers. Nonassimilated parts of the nu-
trients by trophic interactions are assumed to be mineralized into the
nutrient pool (V), such that the total amount of nutrient in the system
is kept constant (i.e., by Py, + byPy + Dg + Dg + Mg+ Mg + Cr+
Cs + Cr + N = const = Ty). With these assumptions, we obtain:

d]Wj/dl‘ZCDeMj(kRjDR +kst5)]Wj—le (] = R, S)
dCj/dt =gl (J = R, S)
dCT/dt:gCT—ZCT

where [y, Icj, and [ are loss terms by predation, and g¢; anc ger
are growth terms.
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Four distinct types of microbial food webs are prepared: (i) Mg
and M only, (i) Mg and Mg with a generalist consumer Cg that
utilizes both My and My, (iii) Mg and Mg with specialist con-
sumers Cgr and Cs for each, and (iv) Mg and Mg, specialist
consumers Cr and Cg, and generalist top predator Cr. Case (i)
has the same settings as Fig. 24 (main text). For trophic inter-
actions between microbes (M;) and consumers (C;), we assume
a Lotka-Volterra (LV) or a donor-controlled (DC) interaction
type. For LV, the loss term [, 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 Mg 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 /g and /s 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 Dg-preferring microbes (Mg/[Mg +
Mg]) with a higher preference for readily decomposable litter
increases with plant litter quality (f;.), 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 Mg does not change with
litter quality (Fig. S1 F and J) or Mg 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 Dg-preferring microbes Mg (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-
out microbial diversity, we numerically evaluate the ranges of litter
decomposabilities (f;, and fy) 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 group Mg or M, and for
a system with microbial diversity. For each system with P;, Mg, and/
or Mg, we define Af; x = max[0, f; x max — fixmin], Where plant
speciesi (= L or N) causes a negative PSFwhen f; x min <f; <f; x max
in a system with Mg only, M only, or both Mg and Mg (X = R, S, or
RS, respectively). A larger Af; y 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, 6, s = Af;grs — max(Af;g,
Afis) and 0, pr = Afigs — (Afigr + Af;s)/2, where i = L or
N. When 0,57 is positive, the microbial functional diversity
broadens the region for which f; can cause a negative PSF in the
P;-dominant plant community, implying a strong facilitation of
negative PSF. When 6, 5/ is positive, the likelihood of a neg-
ative PSF occurring in a system with microbial diversity (Af; gs) is
larger than expected in a hypothetical system whereby two mi-
crobial groups equally affect the sign of PSF ([Afir + Af;s]/2).
We define this state as a moderate level of facilitation. The aim
here is to check the parameter sensitivity of 6; s and 0; y/p.

It is ecologically reasonable to exclude parameter values for which
the equilibrium with two microbial groups does not exist for either of
the plant species with any litter decomposability (0 < f; < 1).Similarly,
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it is not meaningful to evaluate 6, sz and 6; ,;r When Af; gs = Afjr =
Nfis = 0or Af,rs = Mir = ;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 6; s and 0; s is:

1. Assign a new parameter set;
2. Check whether “Persistent conditions for a system with P;
Mg, and Mg” (Table S2) is satisfied for both of P; and

set as “Xp,” and go back to step 1;

3. Check whether Az rs = Afp, r = Mfz,s = 0 or 1, and Afy s =
Afnr = Mys = 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 Af;x where i = L or N and X = R, S, or RS
according to the following algorithm;

Af; x = max [0,min<f;;_,PLMX, 1) —max(O,fELMX)] for
X=RorS;

Afy x = max [0, 1 —max(O,ffNMx,f,ﬁ;MX)] forX =RorS;
Af} gs = max [07 min (fl\Z—»P,Myf;;qPLMsv 1) — max (07f1§,‘M5>} ;

’ ! C M
If miyr <mys, Afy gg = max [O,mln (ﬁZ—»P,-MRv 1)

sk k %k .
— max <vaPN—>PLMRMS vfMRﬂPng)] )

If miyr = miys and §p,, _p, pgopr, <05

AfLC’RS = max [O, min(f;;;%P[MR, 1) —max(O,fAZHP[M)];

) *k C 0.
If myr = miys and §py, _p, prors 2 0, Afy gs = 0;

’ ’ C _ : ok sk
If myr >mis, Af gg = max [07 min <fMS—>P,MR Sy Mg 1)

—max <O7f]t;;g—>P[MS):| 5
'R : ok E Hk .
AfL'RS = max |:07 min (fPN—>PLMR, 1) —max <O7fP,_MR 7fMS—>PiMR>] )
Aftrs = Afy gs + A rs + A gss
S : Hok E sk
AfN’RS = max [0, mm(fMR_)P’_MS, 1) —max((),fPNA,IS7 PL_’PNMY)];

’ ’ C _ . ok o
If miyr < mlys, AfN,Rs = max [O, mm(fMﬁPlMR, Py Py MMy 1)

— max (07f1\7k—>P,M3):|§
If myr = mlys and q’E—»PNMRMs <0
C : .
AfN,RS = max [07 mln(fj*\;;aP,MR7 1) _max<07fm—>P,Ms>i|7

_ Sk C N
If myr = miys and ¢p, _p.agerr, =0, Afy s = 0;
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Py; if satisfied, go to step 3; if not, categorize the parameter

If miyg >miys, Afzs,RS = max [0’ min (fl‘y}*ﬁp”l‘/[’*7 1)
%k ok .
—max (O, Trtnopgs fPLaPNMRMS)} )

R E ok ok

Af =max|0,1 —max|(0, f ' f ;
e N i
L.RS [ ) ( » JeaMp o IMs—PiMyg> JPL—PyMg ) |3

Afwrs = Ay gs + Aflg,RS + Afﬁ,&ﬁ

5. Calculate 6; g7 and 0; y/r;

6. Define a small positive constant ZERO = 1.0e-10;

7. If 6, s > ZERO or Oy,5r > ZERO, categorize the param-
eter set as “strong facilitation (SF)”; else if 6, 57 > ZERO
or Oypr > 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 6; g5 and 6; yr.

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 P- or Py-
dominant community. In region NF, microbial diversity does not
facilitate a negative PSF in either community. Fig. S34 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 My and Mg 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 (b; and a;) 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 Af; xAfvx (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,
Osrc = Afr rsAfn.rs —max(Afr RAfn r, Afr.sAfns), and Ogsc =
AfLﬂRsAfN,RS—min(AfLﬁRAfN7R7AfL,sAfNys). When eSFC is pOSi-
tive, the microbial functional diversity broadens the region for
the mutual negative PSF, which leads to plant coexistence. When
Ossc is negative, the region for mutual negative PSF in a system
with microbial diversity is smaller than that in a system with ei-
ther Mg or Mg alone, implying that microbial diversity hinders
plant coexistence. The aim here is to check the parameter sen-
SitiVity of Gspc and essc.

Steps 1-4 of the pseudocode for checking the parameter de-
pendence of Ogrc and Ossc are the same as those of the pseu-
docode for drawing Fig. S3. The rest of the steps are:

5. Calculate Ogrc and Oggc;
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6. Define a small positive constant ZERO = 1.0e-10;

7. If Osrc > ZERO, categorize the parameter set as “strong facil-
itation of coexistence (SFC)”; else if O55c < —ZERO, categorize
the parameter set as “substantial suppression of coexistence
(SSC)7; else if ~ZERO < Afy rsAfnrs —AfLrRAfNR <
ZERO, categorize the parameter set as “Mg-controlling PSF
(RC)”; else if —ZERO < Afr psAfnrs—AfrsAfns <
ZERO, categorize the parameter set as “Mg-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 f; and fy cause a negative PSF in a system with
microbial diversity is larger than that in a system with My or Mg
alone. In region RC (or region SC), the region for which both f;,
and fy cause a negative PSF in a system with microbial diversity
has almost the same size as that in a system with My only (or Mg
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 My only and that in
a system with Mg only. Microbial diversity never appears to
hinder plant coexistence, because region SSC was not seen in our
range of parameter values (Fig. S4).

Fig. S44 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 My and Mg 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 (b; and a;) 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 (f7, = 0.6, fy =
0.5). As shown in Fig. 4 A and B (main text), either Py or Py,
dominates the community with a single microbial group Mg or M,
respectively. However, the coexistence of two microbial groups
enables the coexistence of plants (Fig. 4C). Consider a system that
starts from Mg only. Without microbial diversity, Py causes
a positive PSF and prevents the invasion of Py, (at ¢t = 1,000; Fig.
S5A). This is because fy (= 0.5) is less thaanHPNMY(NO.59); v
does not satisfy the “Condition for negative PSF in a system with P;
and M;” (Table S2). However, because fy satisfies the “Coexistence
condition for microbes in a system with P;” (Table S2) (0.33 =
fMR_,P M <fL <fifimpm, = 0.60), Mg can invade the system and
increase the nutrient pool size (¢ > 2500). With the same parameter
sets as those in Fig. 4, because the “Conditions for negative PSF a sys-
temwith Py M, and Mg” are satisfied (p: _p, a0~ —102.2<0), P
can invade the system and coexist with Py (¢ > 4,000). Similarly, in a
system that starts from Mg only, P, causes positive PSF and prevents
the invasion of Py (at # = 1,000, Fig. S5B). This is because f;. (= 0.6)
is greater than f3" _p ;. (~0.49) and does not satisty the “Condition
for negative PSF in a system with P;and M;” (Table S2). However, once
Mp, invades the system (¢ > 2,500), it reduces the nutrient pool size
and Py can invade the system and coexist with P;, (¢ > 4,000). These
examples demonstrate how microbial diversity facilitates plant
coexistence as a consequence of PMSF.

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

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 (f7, fv);
2. Assign one of the two initial conditions:

(PL(0),Pn(0)) = (0.2,0.0) or (0.0,0.2), with (N(0), Dg(0),
)

Ds(0), Mg (0), Ms(0)) = (0 01,0.1,0.1,0.5* [Ty — N(0)
—bPL(0) —bnPn(0) = Dr(0) = Ds(0)],0.5* [Ty = N(0)
=bPL(0) —bnPy(0) —Dr(0) — Ds(0)]);

3. Assign a minimum threshold: 7,y = 1.0e-6;

4. Simulate the time evolution of the system governed by Eqs.1-6
by a numerical integration method (e.g., fourth-order Runge-
Kutta method with a fixed interval) from¢ = 0 to t = 5.0e+4;

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

PL(t) + = nygv; Pn(t) + = nyn; Me(t) + = nyn;
M_g([) + = nyn; If N(t) > 4*myy, then
N(I) -= 4*nyn; Else if DR(t) > 4*npN, then

DR(t) -= 4*nM1N; EISC, Ds(t) -= 4*nM1N;

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

7. Evaluate the community compositions of plants and mi-
crobes by checking whether the average values of Py, Py,
Mg, Mg are greater than n,,y or not, respectively;

8. Repeat steps 2-7 for another initial condition

Starting from the initial condition with a single plant species (P,
or Py) (step 1), the system first approaches equilibrium with dom-
inance of the single species at = 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, Dg, and Dy 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
draw Fig. 4 (main text) and Fig. S6. For a system with only Mg or M
(Fig. 4 A and B, main text), the initial conditions (step 2) and in-
vasion event (step 5) should be appropriately modified.

Additional explanations are needed to understand the dynamicsin
some regions of Fig. 4 (main text). In region X (Fig. 44, main text)
with small f; and fy, neither plant species can maintain its pop-
ulation because the litter decomposability is too low to satisfy the
persistence condition for a system with P; and M; (see Section 1 and
Table S2). In region X with a very small f;, but with a high fy, Py
maintains its population but allows the invasion of P, with very low
litter decomposability, resulting in collapse of the system. Whenfy is
lower thanfz'_p (~0.09) (Fig.4C, main text), once Py dominates
plant community, it prevents the invasion of P; and the system with
only Py is stable. This is why each parameter set falls into region N,
region C or N, or region L or N: the dominance of Py is always one
of the stable steady states. When fyisless thanfp*_p ,/ (=0.09) and
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frislower than f5* /. (=0.72), the system with Py allows the in-
vasion of Py. With (f, fNB = (0.6, 0.05), the coexistence of P;, and Py
is possible after the invasion of Py to the system starting from only
P, through the periodic fluctuation of nutrient pool size. However,
with a slightly different parameter set, (fz, fy) = (0.6, 0.0), the in-
vasion of Py finally excludes P; 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 eyr = eps = 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,

1. Wardle DA (2002) Community and Ecosystems: Linking the Aboveground and
Belowground Components (Princeton University Press, Princeton).

respectively. The condition for negative PSF in a system with Mz
or M roughly determines the possibility of plant coexistence in
Fig. S6 A or E, respectively. The coexistence region for P, and
Py is separated from other regions by fr. = f5' _p, », (~0.81) and
In =15 pyu, (®0.72) in Fig. S44, and by f. = fz" _p, 3, (=0.19)
and fy = fp;_p ., (R —0.29) 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 f. =fp: _p 3, (0.72) and
In =15~ pyu, (R0.09), 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).
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Fig. S1. Rolesof the functional microbial diversity in the plant litter control of nutrient pool size. Nutrient pool size is calculated as the long-term average of N, because

theresultsinclude those of the system under stable equilibrium and those under periodic fluctuations. Dashed red or green lines represent system results with the single
microbial group Mg or Ms, respectively. System results with Mz and Msare shown as blue lines. The equation settings and parameter values are as follows: (A) ;= mp;M;
and my;;=0.1forj=R, S.(B) Injj= mpM;C, forj=Rand S, gcr = eclimr + Ims), Icr = mcrCrand myy= 100, ec=0.6, Mcr=0.1.(C) Inir = MpgMg, Ings = MpysMsCs, and mpr=0.1,
Mpus = 20.0. (D) Inig = MarMgCr, Imis = MpsMs, and myg = 20.0, mps = 0.1. (E) Inyy = mpyiMi;and my,; = 0.1 for j = R, S. Other settings in C-E are the same as in B. (F) ;=
muiM;Gi, 9cj= eclvj Ij= m¢iGiand my;= 100, ec = 0.6, mg;= 0.1 for j=R, 5. (G) Inr = MprMR, Inis = MapsMsCs, and mpsr = 0.1, mpss = 20.0. (H) Inir = MprMgCr, Inis = mysMs,
and myg=20.0, mys=0.1.(I) Ingj= mpM;and my,;=0.1 for j=R, S. Other settings in G-/ are the same asin F. (J) In;;= mpiM;C;, 9= eclug Icj= mqGiCr ger=ecllcr+Ics), Ier=
mcrCrand my;= 100, ec= 0.6, mc;=20.0, mcr=0.02 for j= R, S. (K) Ing = MpiaMg, Ips = MasMsCs, and mpg = 0.1, mpys = 50.0. (L) Inig = MpsgMgCr, Iis = MasMs, and mpyg =
50.0, mps = 0.1. (M) Iyy; = mpyM; and my; = 0.1 for j = R, S. Other settings in K-M are the same as in J.
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Fig. S2. Supplemental results corresponding to Figs. 2A and 3 (main text). (A) Dependence of the relationship between litter decomposability (f;) and equi-
librium nutrient pool size on the group-specific mortality of microbes. Parameters are mys = 0.08 (for myr > mps), 0.1 (for myr = muss), and 0.11 (for myr <
myys). In the region with coexisting Mg and Ms, the slopes of the lines are positive (~0.01), negative (~—0.002), and zero for myr > mpss, Mpr < Mys, and My g=
myys, respectively (S/ Text, Section 1). (B and C) Roles of microbial diversity in determining the sign of PSF in a P,-dominant (B) or Py-dominant community (C). The
sign of PSF is determined by “Conditions for negative PSF in a system with P, Mg, and Ms" (Table S2) in region Mz and Ms, whereas the sign of PSF is determined by
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Table S1. List of parameters, assumptions, and default values

Symbol Definition Assumption Unit Default value
r Recruitment rate of P_ per unit nutrient r.<ry Per unit nutrient per unit time 5.0

rn Recruitment rate of Py per unit nutrient 500.0
b, Individual biomass (nutrient content) of P_ by, by < Ty Unit nutrient 0.2
by Individual biomass (nutrient content) of Py 0.2

a Nutrient uptake coefficient of P_ Negligible Per unit nutrient per unit time 0.0

ay Nutrient uptake coefficient of Py 0.0
mp Mortality rate of plants Mg, Mpis > Mp Per unit time 0.01

f, Fraction of Dg in detritus of P_ 0<f,fy<1 Dimensionless Changing
fn Fraction of Dy in detritus of Py Changing
() Decomposition coefficient — Dimensionless 1.0
krr Decomposition efficiency of Dg by Mg Normalized as 1.0 Per unit nutrient per unit time 1.0
krs Decomposition efficiency of Dg by Mg krr > krs > kss > ksg 0.5
ksr Decomposition efficiency of Ds by Mg 0.1
kss Decomposition efficiency of Ds by Mg 0.2
emr Nutrient assimilation efficiency of My Independent of litter Dimensionless 0.6
ems Nutrient assimilation efficiency of Mg quality 0.6
MR Mortality rate of Mg Mg, Mups > Mp Per unit time 0.1
Mus Mortality rate of Mg 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 P; and M; fi >f,§M i=Land N,j=RandS.

(krr = ksr)mius — (krs —kss)m'mr mp
< TN -

cp(krrkss —krsksr) r;
kssmyr —ksgmigs >0 and —krsmig + krrmiys >0

Persistent conditions for a system

with P;, Mg, and Ms ok ok
Ptempimtg < Iity—piv

L T

Condition for negative PSF in a system fL <f;;aP,_M and f;{f%PNM/ <fn
with P; and M;

z

1\

T > Fp—poptens @NA N <fp7 _potenss if MR <mls

Conditions for negative PSF in a system O —pmterts <0 AN Gpr _poagng < 0 if mig = miys
with Pi, My, and Ms S < 5ot A A >, 1 e > s
Coexistence condition for microbes Fotempirts < Ftiepaze @A fiopts <fi <fatiopm, @nd i =L and N

in a system with P;

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 mj; =my;/ey;. The exact mathematical expression for each
threshold value is summarized in Table S3, also noting that dp; _p, pear, @nd &b, _poareu, d0 Not include f, and fy (Table S3).

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

BN AS - PNAS D)

Symbol Definition
5 kR'kS' 1 mp Cp

£ KSj
S (7 O WO

Tra ke — ksj (ksj‘ ( N Jmiy

£ kgiks; L oo f g a vme (el () (g me

Py—PiM; kR/'—ksj ks]' mﬁ,,, N 143 rz m}\,[/ L N mM

. kriksj [ 1 cp ay mp ay L mp
L B N A 1-"2) (1

fP"HPNM’ kR,'—ksj ksj +m9\4, N N * . +m}wj +bN N +m§\4/

o B krr — krs 1t ITN _me (1 B Z) _ (krr —ksr)mius — (krs —kss)m}\m}
=P MrMs —krsmir +krrmius | mp(apry +ber2)(ry —rz) 7 oY cp(krrkss —krsksr)
o krr —kgs TLIN [ mp 1y (krr —ksr)mis — (krs —kss)myr

py —PybeMs p = Ty—-—-by(1-—-)~

=P MiMs —krsmur + krrmis  mp(ay +byre)(ry —r2) | 7 N cp (krrkss —krsksr)

fir (kssmiur = ksrmius ) (= krsmiur + krritis) o

Pr=br MeMs (krrkss —krsksr) (miss —myr) Pr=PLMeMs
i (kssmyr —ksrmys)(—krsmyr + krrmiys) (—¢y )

Pr=EMrMs (krrkss — krsksr)(mys —myr) ProPuMrMs
fi ksskrs myr _ksg

Mi=Pids krrkss —krsksr \mus  kss
fir krrksr kss _miys

My =Pt krrkss —krsksg \ksk  myr

These threshold values determine the possibility of the coexistence of plants and microbes (Table S2) where m; =myy;/e;.
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