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Plant-microbe mutualism: Evolutionary mechanisms and ecological
functions
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Abstract: Plant-microbe mutualism, a special form of cooperation, has been crucial throughout the
evolutionary history of life and terrestrial ecosystems. With human activities changing the condition of
Earth’s surface at an unprecedented rate and scale, we expect this ancient bond between plants and microbes
to continue to play a key role. Yet, despite its importance, there has been a historical bias towards
cooperation/mutualism in biology, and a general underrepresentation in mathematical biology/theoretical
ecology. Moreover, even though theoretical representation of mutualism has come a long way, there exists
multiple disparate perspectives with diverse associated scientific communities, among which interaction has
been limited. This review focuses on two seemingly opposite schools of perspectives: microbiologists’
perspective that zooms in for the microscale mechanisms vs. ecosystem ecologists’ perspective that zooms
out for the macroscale consequences. Macroscale models often start with a simple set of naive assumptions.
But over time microscale mechanisms (once understood well) will eventually be incorporated into
newer-generation process-based large models, greatly enhancing our ability to quantitatively predict our
future. 1 hope this review can facilitate this process, a process that will only become more important against
the backdrop of rapid global change. Lastly, but perhaps more broadly, | hope this review will attract more
attention to the important role of cooperation/mutualism, a concept that we can maybe leverage to solve a
range of other broader problems in ecology and our society.

Key words: Plant-microbe mutualism; theoretical ecology; model; cooperation; game theory; biological
market theory

AR EraEaBAWEZ 3. FAEEYERR AT, AR m#ESEI )
ARy, Ty HAARG A S RGNl AR R R I 2T, R RINR 7oA e

WeRe H #: 2020-10-25; £252 H I 2020-12-02
EEWH: BRI B G
* J@ilfE# Author for correspondence. E-mail: mingzhen.lu@santafe.edu. ORCID: https://orcid.org/0000-0002-8707-8745


mailto:mingzhen.lu@santafe.edu�

1312 4 ¥ % ¥ ¥ Biodiversity Science

28 %

PR . IR WA AR RS R G AR BE S (R i
AE R AR P A — e, XFEELAERR N
by R B SR A 0 B R B R B e T A

LR ) T 4R 7 B b b 2 KB (<4512 4F R,
TH1 1165 76 G ey A = 338 35 Jo7 o W Wi 7K 4 A B Rl i P 5
Sy . FE IS R A I A AR B T R
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IREUK 7 F137 43 (Strullu-Derrien et al, 2014). BB #
22 B EARZIN5 pm, T R IRRAE A BRR
¥ EFH521°8300 pm (Ma et al, 2018). XK E
AV EAH RSO, XL I A R K
AR B EAR3,6001% o H T AR TR AR HE ) B U5
HE R () BB, AR RN LR 2 [E] R P SR e S
Xof fifi 2R 48 LI ARAR B R I R G L
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fil B THE DA R IR B R LT 4E R I HERS, ok

2 ) E TR B BAE A DL o N =B 28I,
G JT AR B SR A Oy A LT I R BB 8 7R
filg g 7 XA i) i (Floudas et al, 2012) . FARMEI
WY b 5 3 6 T8 A R (~1.4—1.84ZAE R 1) J5 AT Bk
TS HEOCR, BTE AR R T IR A A T AR A
o IXPBAR IR LG Rk — DI O | M ARG
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A (Martin et al, 2016).
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1 PEESREPEY-MEMEEHEERNENL. a EERETK, MHiENSNERREE(AMF)HESTIR T HE
3 Z(Strullu-Derrien et al, 2014). Bl R/R T BAMRR (L, REFENRERAPPIARIZEE K EMIIN AMF EL2 2
FREBRAZEHIRY. b. REARME M T AREEED HHBHRRAL (Willis & McElwain, 2014). c. FitEYISIMEERE
B(EMF) (Cairney, 2000; Martin et al, 2016)iZ M REHE X R, EMF ZEBHBARIRNWBEERENGNK, FHEEYIIRE
BIRPHBENTS. d FHELGTUNEE BEAZLHITHEREY, 2EYERMSIFN—DBEREBR(Willis &
McElwain, 2014). e. EYISIFMN S — M EREMEHLEAMT, BEL-HELF &I XA ZE(Werner et al, 2015), #EHI5E
AEMR T EELE R, IEARBEEFCHNARD)ILITARSHZ=E, AEDHRETFANR. HEXFa o
e AL BT igmM AT E), MEREXEEN b, d NERERSTL. ZEZKE Lu 1 Hedin (2019)89E 1. a. ¢\ e EfEE
FFNERS, b Bk BFBAAZEA Andrew Lesile, d BISRBIEZE A A

Fig. 1 Evolution of plant-microbe mutualism in terrestrial ecosystems. a. Land plants formed associations with early ancestors of
arbuscular mycorrhizal fungi (AMF) soon after the plant’s colonization of terrestrial ecosystems (Strullu-Derrien et al, 2014). The
schematic illustrates how an individual root tip (left, showing epidermal root cells in light green and cortical cells in light brown) and
AMF mycelial forms intracellular structure. AMF hyphae is magnitude thinner than even the thinnest plant roots, allowing them
superb ability to access soil resources from the porous soil matrix. b. The early forest emerged in the early Devonian after woody
vascular plants gained dominance (Willis & McElwain, 2014). c. Land plants formed associations with ectomycorrhizal fungi (EMF)
(Cairney, 2000), the descendant of wood-decaying fungi, aiding plants in accessing nutrients that otherwise would be locked into
organic matter. d. Selected by the changing environmental condition, flowering plants emerged during the early Cretaceous as a
milestone for plants’ adaptive innovation (Willis & McElwain, 2014). e. Another milestone for plant innovation happened
belowground, shortly after the Cretaceous-Paleogene boundary Werner et al (2015), with plants forming mutualistic associations with
nitrogen-fixing bacteria. These bacteria (housed in these orange cells) can breakdown the triple bond of N, gas and supply plants with
plant available forms of nitrogen. The geological timings of mutualistic relationships a, c, e are indicated by red arrows, while that of
geological events b, d by blue arrows. This figure is modified based on Figure 1 in Lu & Hedin (2019). lllustration in a, c, e, from
Yinan Sun, b from Andrew Lesile of Brown University, and d from the author.
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1 EYF IR s

REHEILE L RREE, HS w5 MR
FIFEIR D . ASZIG MR 7 ntt, EFRAES
S RE 5 AR ) 2 U8 E R R (Goh, 1979; May,
1974). 5 p& 3 B fA AR B AR OC AR H B,
TATA 6 5715 FEIX Tl [ 52t DL, A G 7T T 1) o

H B S 1) R 08 R SCE A 7 AR 1 SCAR AR
PEo SRR SCIX A A2 v B A 5 1 N0 5
(A 5 BT AR 2 v B R T TR B ) G AL
# (Darwin, 1859). =AU, K/RICHANL 158
Gl = AL, W NFEFRAED AR iR E
BLOREN 770 G R SCAEARI CODFRIED Hof st
RS T I AW E S g e — H &
Al RE S 1, [F B4R, IR LR 5
()5 A LG L o I o 3 A 6 T AN 7= A X 4
WA RIS S, WA T o A A7 o 12 A
FE B oG BB OC AR A IR I A A M — 1 — I )
W B E KRR 15 A A 56 1) BE 18 (Wilson,
1975; Wilson & Sober, 1994) | H 5 i &1, (HMA
PAFE (HIFREIE) SRR 7.

MR Z R FER, AR T 5% 56 4+ 1M 2
MUH AR B R AR T 3 BHE AL A AR, B
HWENE. HRSES . A A ] R 2 0] 1) 5
G, BOAE R, EAEERG NP5 280,
BN — RSE P T B ) B 2 B BN A A,
RN JR AP R VX FHEALE Zy SR X PRI HLAEN
FAT ML 28 H Dl (Bowles & Gintis, 2011),
TEFEY)— WAL ) 22 48 AR B2 Akt (9, 5% P AR
BT g WS B e T I E R E R F 18 2).

MAEBRAESY T, A B EL AR Z E
B B — 2R, B 5 Lotka-VolterraJj £ (LA T FR
NL-VITRR) B R AR G X T B AR AR50k
U, LV REXT B M BB A S A EER
o TATEBFNHIL-V 722 T Rd il &3 -0

Bl 735 FRh R BEUR 55 4 (1) AR, MAL-V T P4 42
R —ZIAL, &Sk T DR IR A A B A
(Lotka, 1925). HS4 N4 L-VITFEIR D N T8
A ) B S AR BE R B AR ? AR X A
FHL-V 7 R — M X (Lotka, 1925 (K BRAR ) /E —
i B

dN,

ot Ny (r +a, Ny +a,Ny) 1)
dN
d_tzzNz(r2+az1N1+azzNz) 2

Horp, ap BRI B & 52, ay RV
XF AR o — T &, e T2 FE AR T 2 97 1
Rk, BANYIFOAE BAE SR H ay RSk
TE o BRI, FRATRT AE B AR AR I AR ELAE A
RLLTF L 54 (anp, ap < 0). HAIFEA: (agp, apr >
0). &4 (a1, <0, a > 0). May (1974)7EH: %
THEBRGREEMNERMENAMZFERIRE, B
RS AR 7 B0 A 25 2 U e A R R 7 s D [
MEAEAY =R R . B HAR I, A5 I S
Lotka-Volterra & Go M LA4EFF BB S R AR EE, T
B E2F raE b E A 0L, S H M — X )2 b E
(CFRFh ) tal A o i L A2 FLI . i) 1
LR ) AR AT SRR 0 T PRIG A, Rt
KEBRNT“SFHHEDNEATREMHEZE" (May,
1974).

BEAR, FEPII 2 AN TN 2 AN e A A B ik 2 1]
(1) A P AR HAE L AE B 2R 5t L2 5 3k 1Y) (Moeller
& Neubert, 2016), 1fiL-V 5 FE &I HE H A2 ok b 3
PIRIAH AR . BAAL-VAERR AT LURE 53 e 216
B 2 AR IR BAE FH (Goh, 1979; Neuhauser &
Fargione, 2004), {HIX<x{i e 2k 25 Wik & 52 Xl
(1 Tk o

Zx b, FRAT AT DAER AR AT A A AW A SOk
ARAE B AR G MR R 2 iz 0) W
I B B R RS IRVIAAE A 2 o S8, KT
V- B B SEAE PR AN AL A RS 3] TR
R WA R T Y- AE YA BAE
PIFLEH], MASRKRAESHRXRETEY-HMED
FHELAE FH (0 2 LRI o AR SCH IR 16 1 b A0 A B
FHIC B T H(ERL).
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EMEREER)TES, REELRTMETHAE. LERHEFIulialdl.

Fig. 2 Phase planes of mutualistic interactions between population N; and N,. a. The mutualistic interaction leads to stable
nontrivial equilibrium when det(J) > 0 (r, =r, = 2, a;3 = a»p =-1.5, ajp = ap; = 1). b. The mutualistic interaction leads to non-stable
dynamics (infinite populations size) when det(J) < 0 (ry = r, =2, a;; = ayp =-1.5, a;p = a; = 2). The nullcline of population Ny is
labeled in green and N, in red. Black-filled circle denotes stable equilibrium while white-filled circles denote non-stable and
half-stable (saddle points) equilibria. Plots are made in Julia 1.4.1.
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Table 1 A comparison of modeling approaches covered in this review

WA fE T WIRES s GRS

Perspective Modeling approach Strength Weakness

RREE L-VIifE W, HESBRERATENE

Population biology Lotka-Volterra equations Familiarity and simplicity Infinite population due to mutualism
WEWED ¥ IEARINGER B fa B, 3 RIS, shZ KRR, AR E

Microbial biology Iterated Prisoner’s Dilemma Simplicity and generality Lack of population dynamics, lack of partner

choice, and symmetric setup

AW R AEXTFRBLE, Pk FFECE TEMRES
Biological market theory Asymmetry and partner choice Lack of simplicity, mixture of tools
HERGERY MR e JRBHLHIA 2
Ecosystem ecology Phenomenology Computational efficiency Not mechanistic
etk R A 1 B FE R PR H bR ek 2L
Optimization Conceptual simplicity Avrbitrary goal function

EPCIVEIES
Adaptive dynamics

DA )08 A2 A F) R 7

Can capture biological adaptation

THERA R, AR B R AR A o

Computationally costly to scale up

2K MBI PR A iR X, HAE
A AE A AR R RO B AT A A
ARan(b), RIS FRAUIR S5 1 42 B S lA(c) (%

2 WMEMFREYLE
BN RE AR XA AR — A Z Tt
FOUR, DGV AR YA EAE F AL

BRI, K EIX— WA T 7T 5 0 2 Hh o)
—{ A= PR ELAE R 0 e HS 3 (emergence) FIZEFE (1,
T 45 2 ey 1 P AR ELAE X MR sh S FAE S R S8
REFEMREI . DUR A R IX — SR IR AR TV,
FEE IR (N FE R S R AE YT A 18
21 [NfEREE

HIAR SO, B EEAERH—ER2 NS

T X, b>c>0). BAEN AR AR AR — A
{7 B T SR — AR R A EL R LR 7R
HARFIANAAT A 4R R 55 (A = 0), #5A
i) JE SR TRl S B SR S K 5 52 B v ) [l 4, B
(b-0) > (b-c), F-Hs Bt I [a] AOHERE A\ AR 28 (A
o BEAR NI, RNttt s OR B 1 AL AEE?

FATAT LU — AN fi] 5 BRI — NI R (R



11 ¥

7 YRR S AL SRS TR 1315

RBARIX — 1210 FEIX/MEZREF, B nl DLk
PIFP SRS AVEAIR IR . X FRRIR % B AR T IR
BTk A RO B S 125 (Hilbe et al, 2013), &
A& B A 3 4 N AE A 5% (Prisoner’s Dilemma, 16
PR PD)IEIZE ] —FRe RIS Ol B AN IAAE IR B i
FIANBHE TR, B O OB E R — B 1
—ANEAT R, £ 20 thal 70 4K, BERGIANEY
2, FSR BRI M 4T AN BB 34 (Trivers, 1971).

2 NEREEZERHRIER THWREER. 81K
B, BPMMRE A LUERESIESEYE . S 1ERE b, B
Ac, MRNFEENE, WHESEb-cHIEIR. WMRWNGE
a1k BRET. MR—FH1EE, Z—FHaE FEER
BIAARARCHISE T D, S1EETRACH L BHRE
b, EAMMTIERERRR.

Table 2 Payoff matrix for a special case of Prisoner’s
dilemma game. Each player can choose to cooperate or cheat
during each round of this game. The benefit from cooperation
is b and cost of cooperation is c. If both cooperate, each get
b—c. If neither cooperate, the payoff is zero. If one cheat while
the other cooperate, the cheater get the benefit b without paying
the cost ¢, and the cooperator pay the cost ¢ without gaining the
benefit b. The Nash equilibrium of this game is bolded.

BLHB (A1) KB (i)
Player B (Cooperate)  Player B (Cheat)

RA (B1F) b—c; b—c -cb
Player A (Cooperate)
BLRA () b; — 0;0

Player A (Cheat)

FET AT NAE R BE i A, b $R 2 1%
HA—/ %5 (Nash equilibrium), BI(0, 0). 7£
AN, AT — J7 #AS B s I B T oA SR
KAR B H S N P (fitness) . XN H4T 15 YR FeAlT,
A DL R A= 0w, IF H R 205 2b > ¢ > 0, #kTw
e —Fhd AR e g . R, XA AR
BNRAIMNREMRTTE, FOVAIEIA B
AN, 2(b—c) > (b—c) > 0, AR/ fa] B R AL
13 H B Mg B AR S WATE B AR A g 2 (1)
TEOLA—EL, RO AT A ) 2 8] i B L A O
Foe i E kA R, ELEAS R AR
R EA A (EL). Xifet 7 — AR &
VR B OC SR AT 7E [N A R S HE S8 9 4E K52

E DA A PR 5 HE 28 S B 45 82 A AR 1 — b g v
FEAEF AR AT 2 RS, BB ERe %l
bR B A R I SR I AH R 0 OO SR (15
AR IN 4 [K] 5%, Iterated Prisoner’s Dilemma, f#] #X
IPD). IPDZ M Y- A IL A 5 & Ak 1 FE A,

I A T AR R B G PR ik 1 B
322 ST 2 6 8 PR RS T T DA S B R AT B
P sEAMAK (k= A, B)IRI IR, Jylisib S i
CHIZE L RS D TR RV B K (K ), FRARC: [
B (K)F 2 25 068 77 1000 B 5

P =b(11)~c(1*) 3)

TER - R G, AT DU T
¥, BRESZIEMBEY, PMRERDNIEESE
WIRBREE R, IBARRIL A AR 2 TR T2 40 (4
g 25 4 e P LT B RE AL (1, Py — 52 £
PDHE 2 (14 L S 46 o 16 4 VR I i 25 7 o

R =b(1})-c(1¢) 4)
HPt R RARIBZ AT O He ik (K13a) . F—
ARANPLR (BRI AT — 56 e 1 B 5

It = TQE 1R (5)

B A ST B TSR AR S, 45
£, [ IPD IG5 1K (tit-for-tat) i BLE R A
I, =1 (— G BB 5 5 A 1F) . Dobeli
(1998) ML 41— 2 10y T B A6 e 1 FE R T DR
TR

I = I +b*P (6)
FUR, R AR HE A AT 0 [R50 LT — 5 ) e
WEDKIE T . MEDAE, WERES N H RS
(25 3 M R0 280 A A A ) B2 R R 4RCA T
OF E 58 HAE R IRR5), 3t ve . i3 2 48 57
WSR2, BB L EE, AT A A VR f 5 AL

g b, TR 7 I R M e (R B, HIAT LA
IRAIIE RIS Sy, AT 2R 77 TR
R B2 [ 1PD i, A7 fE— e e 1 Jo) B

B, AR TR A R R A 2 A
FASHALEALE) (5, P)RIESI, FER—A M
P ) T B (O AR, E G0 7 TR O BR A 1 R
EFXHEANEIR 0 T, IR e . RAS R K
[ TAE (WA 20 1 £890 4 X J W HF-43) 5 — Jo S 7 Jé
F W, (FUSR R T B A b S B
AR AR A, T RS R EE R T IR
Fi1E.

FLUk, 1 DNAE RS A S R, #5010 L A 3t
THE B 552 WNEL . Y-
B T R R A R R A i T A
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E3 ERNEEEIZ(IDP) () 5% M AER(BMT) (b)HIER HAAARBMTHIZLEEZ(C). a. ANITRKEER B RIHER 1L
MMAAREE RS, FNMKRBEBILERIE—RNED . REFFIZAEENET R, 28T XM AR BRI FRIE G
n, MRIEZ EMMAEIE). b. FREARREIXMT ZaMENERHAITREER, Eh—EHhHNB M RBATUSKE S
—HASMFREITREECH TERRRE, XERERTHRORE). XA MAEXEATENFSRREREM=AR), UL
SRIFX MG ERENTRY, XEFSEELERFEMENEEEN(HIW, ENSHEY, BES5H)NREMRE. BMTIR
BR/NRERXILEHRE, —#=EMNR, BEh— M MREFZINENMRRRZE. ¢. EPTHEREANEEEERGF ST
DA EZSET B RE 53 A 3 (SRR [B)3d): SRR EEMERRIRR IR, XA EYF S RER LR ERE
EREE(ELZ).

Fig. 3 Graphical illustration of Iterated Prisoner’s Dilemma (IDP) (a) vs. Biological Market Theory (BMT) (b), and core concepts
used in BMT (c). a. Two players interact in a symmetric manner repeatedly over time, with each player being able to remember
interactions from the immediate last time step. The players are denoted with the same filled dots, emphasizing the symmetry inherent
to this approach (for example, intraspecific cooperation between individual bats). b. Two classes of players interact through a
bipartite-graph alike interaction, where each player in one class can interact with multiple players from the other class (for visual
simplicity, only part of the interactions are shown here). The two classes are denoted with different symbols here to emphasize the
inherent asymmetry of this approach, which makes it unique in dealing with inter-specific mutualistic interaction (for example, plants
vs. microbes, bees vs. flowers). The minimal setup of a BMT model is labeled in light red, where 1 player interacts with 2 other. c.
The most fundamental concepts in BMT can be divided into two broad classes based on timescale (solid time arrow): partner choice
vs. partner fidelity feedback. The biological processes represented by these two classes of concepts are linked over evolutionary time
(dashed line).

£, LU [ B 22 DR 28 A0 B A FH (O AR 48 2 i ik AR
VSRR D) o B — RN A, FEY)-TA ) () LR
LA B 2 AR MUK AR 4%, 1R/ 1 7 A% 6 (Noé
& Kiers, 2018).

B, PR R AR B B — A, INGE R (BA A
LA 3 %) (0 BRI B BB 5 T 28 L2 2 1) [ R
Fo XFPREEH T RPN AR RS, HRAE
JFE B o ) FL R AR [ A RR . filhn, SORHE
V)5 AR A AR R S — AN F S 2 M PR
(A A I (Simms & Taylor, 2002), T4 5 #R
A BAE R I A 35 BN A A

22 HEYmiziEit

HH T DA R B A R 1) = R, No@ZE A F2 AN Xf
FRORAB RGN 42 H 7 A 17 ¥ 18 (Biological
Market Theory, BMT) (Nog&, 1990; Noé &
Hammerstein, 1994). iZF it 5IPDF) < X H 2
B a8l LARR 48 IR 45 o 2 1R AS [R 7E 2 A3 5K 2 1) gk
AT IR FE(F B BMT b 5K 1) e /N A3, I3
R). HEl, BMTOARON T Y- A4 B St
Az T FR IR 26 AP [ B i AT 1 T . BMTHY
ol AR, HEASHAEA T ERALT N Kt
BT AR A S T . BMTAE —Fh BLAATE
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K I7E, T 22— Rk T — R 1
HESE . Ronald No&FH Atk iy [F) S5 7EARATT A Il P il
YRR T X B % (Noé & Hammerstein, 1994),
FEAE el (1) — i 8 B AR B ) 2R X X
SEAB A T T BT (Noé & Kiers, 2018) . 7£ BRI %2
A F, BMTH LLE I AEE AR, Hanx
NIHZE . Tilmanff) % Y5 3% FHE S (de Mazancourt &
Schwartz, 2010)%5.

BMT A% LG P SRk e e £ A0
BB R (EI3c) . A KPR FIE IR AE 77 -
LA AR O R SL AT R — J7 #R AT LAAE 2 AN A vk
ATIE, VAL TR [l i 78 fse AT M) 1 [ 4 o 48 L e
o ABTE T EG AR ATAEA AT EAE R R AT
THE TR A8 2 X 5t 75 2007 i — 2845 5ok il
MEATARREI W, Heanfst AL IR S e R A
AEYTE 2 (AL T . (IR L He 8 S FI AL
FEE—A A, BIYEBRE AT MR N RGE. Ak AE RS
S B Ok HL A OC S A 4E R I — S E LI, B
EGVERRIFEPATIE, WU RN T 5T,
BT LB A U6k AR, Pt LI 2 1 AH EL
BT — AN TP e o o e 18T SR PR 15 D A2
—A B R R A St e B (2 WA T) . 5,
WA BRI R4, 1 32 2 i A ok i i 23 i 42
JiheAl1(Bever, 2015); i 4n 540 g AF B, W) 1E 22
T A B0 () BRI A S R AR A, 38 AR o
#” (sanction).

SR AR G SE SRS 27 A il A . AR
BT, B SEATES 50 LN 5o B
Bl RelEser)— 7. nTRAME R, fEE I FR R XU
AL EATE AR R IR 525, G 1Ed
TR RS B L5 5 @ LA DG R B, T R4k
N R AR IR RS . BEE B TR RS, B
AT RN s i 2 A I, SR —3m it 5%
Bho FAVEA TR s B AR R B L 2 2 B A
M — 5 2% 11t B DA % B 22 T R 16 A 40 22 A 12k 1
&, HIER XMl ER“E & e A8 g dr 1 B E S
AR RAEDIFIRIEEVE JZ T 2 A6 . A EL S5 1 B 1]
BT RS AL, AT CLIRW N T
ARG RHE I 2 KV Qo] 4 47 DA 2 RE PR an i 32
BB = A ) T A,

23 REKHIZRTSE
FRAT AR BE D AR T EE N SRR E B A AR

IR, VLRSS ZIm A28 )R ER B8 . LR
=ANEARTT A AT Be 2 N TR XA AR B 26

T, R S AR AR - E A B A
MR B AR B R, RS 5 il (Foo et al, 2014).
PR A HeHLHI(Wipf et al, 2019). A#HELE 44
(Noé & Kiers, 2018)% . Hff AL+ A (1) e T gt 24 3))
XX e FE AR AR o (G0 SR AR AR a2 B AR R AN ] 4
SUREHIE N R 2 M2 & 1E, HRENRRRE
BN R B FE

FLUR, Nk 2 e R 3, DA Ak TR 5 1l
FEHESRLEAR Z 15 T8 N Al ReIE AN 2 B S VR I i 1
FHiBHESE (Doebeli & Hauert, 2005). i1, “25 Hi
ZE7 e — PR NG B RR, TR LT 2 H
AT AGERE A1 . (H B R A R AE 22 5 H T
)5 A= AR ELAE A LR R /D

B, TR R B T RS AN A Y
B B A, (RN S FL [ A 1) R BR 1 . R IR A
TREPPY B, (HN BB AL T2 — MR RIS 7
), DR B HAA IR 3 AR 90 R I R IR A 1t B N AE
AE 7. B AR A AR TEL AR FH X 4 R0 SR )RR 8 B )
FH B AR FH 190 28 4R 0T DA R AR 2R AL T — 4 X 4%
T 3% 658 B W 28 Fin i S B0 A 22 642 (1 =6 J2 T AN
AT ) RAE G TR o IAR 1) . IR
— BN TA N, BRAR AR A A AR BR AR 22 R VI B4
BRI N ER DR, A5
FH 88 10 4t 18 1X 6 Th Be J& 1 1) ] 52 40022 T Bk o #fr
(Peande s s b P B W G — B 1E — N 2R 1 2R3,
SR JEAET R vh ] — DN Eu ORI L) o T I 28 AT
(RIDGEELEFRATTAT DA AR, A AR R IRATT I B 18
THRATLLEIYIF Z A RIS etk . 5T 2%
B8 FN T A 1y PRis & JE (Santos & Pacheco, 2005),
TATTAT B H AR A A M A P LS AR g F A R
IR JEE R 48 43 BT A AR 1 1 BT 5% (Montesinos-Navarro et
al, 2012; Noe & Kiers, 2018).

HSMAENZROMMAAR, ESRKRFLESF
K RV ERAL A A R R SR S (R ORTE AR
HAEREVE . RS RS BB B T LR
Eo s b, X R Y- E I H SRR
TEFFEMRRREE R R 1 SR, RO
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FRJAIE 38 2 WA -1 A2 0 (R A B AR FHAE 28 2R
AR R it E B A CEAEF (Averill et al, 2014;
Terrer et al, 2016; Craig et al, 2018; Tedersoo et al,
2020), [T AE ok A ) B RS AR A 5 R BE
TE B AT IR T 5] R O

XL B HT A% D R k8 77 0 R A M
TR G, AR B X I A A B B AR SRR A,
MR A SR A8 IR AL 9 ET . Vitousek Al
Field (1999) ) T.1E v] g /& fi - M AE 245 R Gt A FE A
WY A BAE 2K, Frh B Ros e
FRARE AT @SN BUA R . R B H R IR
e, I H ROV T M AR B AR BAE A, (H
EMNEDS RGAE S AR BR AL 22 50 A
PUE T8 FR M O . %05 0] DLRR
RULTF — g

g=f(x.6;) (7
Forh g QR B AR ) B AR AR 1) A G R (Gl DA
WIZAE B ER), x&ml KENEER, 01F
NWAERA, BRAE T ANEE FRBOSOR A2 2 8] (1)
AR 22 ¢, T i 0 B AR B TR B AR AN [

R IR — BRI | 2 B—8 IR e R A Heid
TR — MBS M 4L, (HK B DR T Y- B AR
MHAEH SHED-RBEEAHE RN ESY R —H
BRZ AT X RIAMNEE S FSFESW B
AR H R EE ] U R A H . FRA1
SR FTA M Y- A AR E R — R
FIE A EA B ORER B AR (L), FHoks A
— NSRRI TG B AT LA
FRATTERHRG 7788 Hh AE B FNE 74 Jo 11 30 A8 46 B (AN
DAHE R A EE), A R T AR R -
A IS R G R I IR . T SOR ]
N BEY A A R 5, DU
A AN A O ERAL 2 IE A T 1R R FH o
31 TEHIRRN

AR EYERENESRERE L
S0 EE AR A R AR () AR A . AR 2R AR, A
VRN GICAE ) 2 18] (R AH EAE F AT 2k B v K P A
# =0 Bl (Jiang et al, 2017; Bennett et al, 2017). Lt
Y- H AL SV A 2 (community
assembly) (Taylor et al, 2019). 4=2s & 487 4 Ak
5 B 5P B Y% B 0% (Vitousek et al, 2002;

Zheng et al, 2020), AR 7E i 46 #s B MR FR S0 T
PO ZE R TR0 B DL T [ AR T BE 1) 4 KF (Batterman
et al, 2013). 7ES KRE b, M- YL AEE S
BRA AT IR A HEAER] . fRAEEERY], M
V- A= P36 A AT S 4 BRAE A 1 AR ) s 3 A 5
EE An AEL A 73 AT PR 26 BEA% )R 5 AN [) T AR 2R 2R <) [
A{k.(Read, 1991; Read & Perez-Moreno, 2003) LA A
[i5] 260 4 7 Fry Hb X B = ) E B (Jenny 1950;
Hedin et al, 2009; Vitousek et al, 2002; Gentry,
1988). AT, & LMERT FE R W Y- E AL A
EHRBESRGRREN TR RPTREERZ Y, H
FHRHI B AR AT % G . — R, 1E
ARG RE _EAE S 77 0 R M il 85
e NG, 0o R I 25 FE A ) — 338 S 15t (57 23 106
7)o

N2 B G- B DL ) - 3%
TN B R ? KD B LA R ROR B S A
MESRGRETRIL (BB LT, [R5
FHAS I AR), SR 5 G I i A 9 S A A 3k 3 B
W AS, LI B 2% IO RE AR AR R R B e T HE Tk
AV EEIRE SRR L. KT Y-
4 B ) Ee A S B SRR B2 B
(DeAngelis, 1992, Wilson & Agnew, 1992), {HX]HE
W) 3 SASARE — AE ) BL R AR ) G R RS
U E2 145 2 (Menge et al, 2009) . Menge%(2009) LAE
P ER AL =2 U ) 22 S A T A 7R (DeAngelis, 1992)
NEEG, PRV T AN A ) RURE L R )RR v LR
A A RGE R IRBI RIS . RS b, &
Wt AR T R YRR IR R A ELAE A, T L
B T AR IL L T R B AR R B R RS )
B IR (Lu & Hedin, 2019), @it # & kay—+ 45
RGN — R0 E Fr BB AAEH], B8 RE s iR
AFFEI [ SR 5 e BURS 25 MEL A3 (LT SRR ) 10 s T
(Torti et al, 2001; Peh et al, 2011).

B AR FL TR (AMF) BUAE ) 3= 3 B AR AR 3 A
AP AR LR (EMP) A ) 3 3 AR IS A I 2
(7 Bt B — AN SO b, (AT o AN [ R 3
B A A R A (El4a, b), X FEAMFEEMFAAE
Yy B S X0 53 A (Fl4c, d). LufiiHedin (2019)42 H
1R P V0 HE B 30 I A ) — 3 S A RN R P A ) L
BILARME EAE AN B USRI RS T
ENURE . — 7, BARSE AR AR BRL A (A1) %
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7 YRR S AL SRS TR 1319

B, AMFEY)SEACTCHLTR 53, T EMFAE A 4K 52
BHLFGr. —J7H, S AMFREYIFEMEF
T P40 o] 5 WA A ) — 3R IR 0y RE T 250K
(Lin et al, 2017): EMFRE4IHI 1L IS F2, AT F)
THPFR LR, TAMPREYIEBETCHLIE 2 7
Ao IR AN SRR A BGER r iE RAE — I, T
VSR B E R BER, LT — Bl AR A
IR, B REVE AR R 5E 208%™ (Schoener,
1976; Fukami & Nakajima, 2011). B A& i, 245 Fh
KM EMBERTE UG, Wik — B2k R — A A
PR AR AE, Fe 2 7 R XTI S A RO I R A
R (Ele).
3.2 EEk L FEIAFA L ERAE I
ERRGHVEFRRE —HR2ESRAESY
APy R AL 0 5 1) A0 UG (Vitousek, 2004)

RAEEE IR, BEE RTCOMKE RN, )
XA TE SRANET BT F, TRk 22 1) 37 55w B e
EANAGEE AL )b, Bl R 4 nT g IR AE
FEIR TR o IR P Ik 14 5% 4 B 1] (1) A2 e ) A2 5
ZIEHI(Luo et al, 2004), JrR iy fE R Ho o 3
+ 33>, tn#k(Ellsworth et al, 2017).

wn ERrR, WEMMERE, FETBAEFRER
AT Ty W) B (R B A5 R B AT A [R] (1) BRAR 28 28 465 4 A%
Do B TIRAMNLEZWZ O 24, EnT LaE— &7
AN ) ) FAR S RASAUAE ) ) S B AR KO A, M fT
BENE BB R EIEM B — MR (R ).

TERRFE B — Ui e — PP G2, e iR 1 2k
TS Y 2R, I E AR E SR
S E R R 2 8. i, MySCaN (Orwin et al,
2011). ANAFORE (Deckmyn et al, 2011)#!

FEARRARLKITE RN, X — UG 1 Ok 5 2

a - C x103
L€
. 2 ¢=02 ,u=05

MYCOFON (Meyer et al, 2010)#B 7] LA &k k4

¢ 14gl0

0
x10?

d
HETE

HE BE o 0
0 02 04 06

08 1 0 WA B A A L4
Random number AM tree biomass (gC/m?) *10

REHLE

B4 WRSEWRBREY-MEYEELENIERa b AERIEN R NE, HhEELELRATB (EXMERLT, X
RERSINEEREDNFEEERTACRNKE. aff 2PN F, WRTERRTSEHFEN, —RERELAZRAETS
BEARBES, mMbN A EBIE LXBREHIRE . oo dE B X FEY 570 AT LA Mbetasy 76 #h £2 BRA95,000FEAN # (1K
75,000 SBER)ASRR S SKULAA:  f(y: 4 phi) =cy’(1- y) 0 (yRRAR B DL, EAE S, gAEBEL).

CIE PR B UUE K AT LU 22 a Bl B IRV 5370, TdEIRYRIE S0 AT LU LDEI B RASIER S . eERRAFMBIIFIIAM S
(/M B)MEERT A IER T S LR A RIMRE RS (K S, £BRREMF, fBFRRAMF). Ec. d. eff B LufiHedin (2019).
Fig. 4 Bistable vegetation patterns and the role of plartmicrobe mutualism . a, b. An illustration of a landscape with patches of
vegetation, where the abundance of mutualistic interaction A and B (in this case, Arbuscular mycorrhizal vs. ectomycorrhizal
symbioses) is denoted by the darkness of the gray hue. a presents a landscape where bistable vegetation states is found where you
either find a patch of vegetation extremely high or extremely low in one type of mutualism, whereas b has a mixture of both
mutualistic type in each patch. ¢, d. The distribution of mutualist abundance can be illustrated using the frequency distribution of
5,000 random numbers (representing 5,000 landscape patches) drawn from a beta distribution: f (y: 4, phi) = cy#¢ (1 — y)®-#)e-1
(y indicates percentage of A, u as the central tendency, and ¢ as the dispersion coefficient). e. Patches that have different founding
composition (small dots) of A and B will over time diverge into two alternative stable states (larger dot, EMF indicated in purple and
AMF indicated in green). Panels c, d, e are reproduced from figures published in Lu & Hedin (2019).
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HEY-BERR RS KREES KRGS REIEM. X
FOTERINL R, R B SRohr i HoE Fot B
BARH S . (R, XL R O T4 e RS
R4, HAMIRER R ENFE AT RA D4 H
URAE HCR I, A B S T A R 4.

FERREE R a], BN RS EN K —FF
SEEMERI(EH TATE M), BEEY A BN
et R e AR AR R . XA T VRS
AL T2 MRS, B, nf IR AE
TR A AR I A R 57 73 Fisher4$:(2010), ALY
AR T8 12 Vitousek flField (1999). iXANELEAE
PelE LR EEN, (HERANINEE FAiE, &
WA S A — A XA AR M 5L R’
B RS TEE 5) R T 1 - 7R oy, (R U
W AE it JIE S ATS AN T AR R SR R (AR A B B
(Menge et al, 2015), X S50 70 % 26 J5 SR 1 R SR A8 46
TR H B, R SR R 40 RS S ) B
AN HLRE, R I R SRR TE 1B SR B AL
7t (Brzostek et al, 2014; Sulman et al, 2019). HH4¥IH
ZHEFRRBUEE (R AA S . FR. AUEESE) L
AR A FE I F B, DR R AR S T O G R
A0 U DT B, AESERRAR B BT sk

AT AR 1 R R P2 B As BB R A
R, WLkt K A e s E )
o BEE A SR AR A, 550 B AR IE R
e RAARKINARAL . e S ol ) B Ik & &
B 5 R AT BE F AN RAF A B I 10 100 381 G e i B B4
B 1) A S BE A7 75 T >R i) (Darwin, 1859). [
I, TERRE B 2 I — i 2 I8 N3l Tk
(adaptive dynamics), ‘BB Ff A 438 B AR A R 15
f1#¢ /1 (Diekmann, 2003; Dercole & Rinaldi, 2008).
T T AR 0, B& L8 )5 07V Rl
A4 B BRE Y- AR ) BB SR A A, HRZ
H A R B A0 7 5 (R BB AR . 5] 4, Menge
25£(2008) 73 T T A= 25 & G [ SR s ) HE AL SR FR
Mo BT, LufiHedin (2019)% & T Y- MR ARG
G/ RS AT S e s o LI N E B A i A K=y
i, AR TSR 1 R A0 IR 3 ek BE 8 TiTl A= 45
JOBE BRI R AN & BERITEIR . AT
ARG F AN THE R JT PR ), R I e E R AL g
J S ELAT PRI (1 4 BR R (6 3k R TR AT L A
P X

33 REMELZRFME

M TH A28 B L R 2 2R MR B SR, R
T TSI (%) B0 S R T SR ) N R B AR Y K
B3R R G0 B BT SR A B A AR AR
Rk . S — Dok, HhER R A A
Dhfe A (functional type) 2 [l 52 /Y, HRIE IR A £
W EEREMEE A S RGNS BRI 72
TS B () F R R AR AR, (H Ak
TEREPEE. BTFEEANE, KA RGHRT
TR GE 77498 PR 1] 28 FH SR I A 7R f 5 s v Tl A

HER RGBT — D R R BB g N E
e S, X SRR N R R )
RSB ITFR, ek Ko s
T AN E 2R AL 5 (Brzostek et al, 2014;
Franklin et al, 2014; Sulman et al, 2019), LA Ak
AR B S ) A= 0 3 B2 (Fisher et al, 2015; Fisher &
Koven, 2020; Koven et al, 2020). L% [ &85 112
JIE R SRS 2R, AT DU e o
HRARGEHE THAMTMEETRZ —, Frk, H
WO THT BIERNI I F Ik RFEHE, R
AN 3o UL ) R Hb 2% 5 B2 (Weng et al, 2017, 2019;
Franklin et al, 2020). £ SR LI A, TEY-TIAEDY)
R IR AR AR P N R RO B B ) TR
KA R o

4 RE

=]

Y- E Y TR S A 5 RAE A R 23 R
EXPEEA S R G TR SR R R B O E B
fEM . JRIM, WIS B, AW=a A s KR
ML T I A AL T S ORVE S A A . A AL
REMR 51 3 B 2 kv B AU AR (i B B, AR B3k
A5 e — AN B AR 7 JE 1, RiZAE
N A BRI T RIS Ji A ) A 2L R
73 (LB — AN T R P T — A2 S 1 R A S R 4
Ry AT IAR A A0 B P T B
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