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Figure 1 Transitive competition (a) and intransitive competition (b)
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Figure 2 Intransitive competition across life stage™ . (a) Intransitive loop; (b) resource utilization; (c) life stage; (d) behavioral trade-offs;

(e) competition trade-offs; (f) allelopathy
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Figure 3 Population fluctuation in intransitive competition[zo]
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Figure 5 Nesting of intransitive competitionm]. The white intransitive
loop is nested in the black competition loop. The black loop can
represent other coexistence modes or a large intransitive loop
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Figure 6 From transitive competition to intransitive competition[46]. Black arrows show competition hierarchy; white arrows and grey box indicate

competition reversal

Bl I 5 A i e o .

BEAh, WIS B IFR T 45 R R bR e 56 s,
K endallFISmith™” i dH6 47 1L 5% A B h 3 Fh B
BE A (R ECRE,  BENS B S ESE 4 I 26 T il
TEHBER = Py Rh ik R BB Slater ™ iR AR L TE S
TR R DS e i OB, (HS R bR — e BB I TE
PR DT G M2, Bezembinder 045 4R TE
G = R ARG M e R O R L), T
BB T AR Te e R, AU HLits bR s .
Laird f1Schamp** %] 1% SR [RIFEFRITA ST 45 273
F R LA B PR 50 B PR PPAG Al % 38 1 5 4 1)
WHLAESE, dnddebrmiabs; IR AT FE bruflasy
TR AN AT % e R Sl B A, LA
IR RET K ILAEY, (B X s bR H e i R 77 A
i tEse gy, (HRRLAR G Te 4 1 1SR IETR

o

3.2 EEReMiFE

R T ARG T A kA R S5
EReAE YN sty Sl S 6 DN N A R
T T [ RE AR 1 A Fh 22 FE SR R s, mT DA ST
BEME RS 4 M (patch  transition matrices)®®. 33CRh A [
I T E IR AT R AR FH R AR S — 4 b o FHARES
EER R ) — AW 5 PR RORER,  BRUEHE IR TE /NS
[ RUBEAN AR o A BEE T A b AR A A4 350
A M AR B AT LASE 3 A e AR AL B b R R 58
Grifi ook i, A
rp=1—%(i<k;i,k¢j), 3)
Kb, PATRYIFEACIA LR, m2 YR a2, -,

2755



M43 0 B 2022F88 $£e6745 F23H

BUEO~ 1R E sE AL P B oe e B A2 1k, T
G TP R R W, P R 2 ORI RS A AR e Ao
BRI TR AR 3 M DX A R R i A
BT, JFEBAREB ST G 2 AT A YY)
BT, AR TE S Rl B S TE MR

33 ARK®R

S YRV i A AR AR A i M Se 4, (H AR
A A% B M S I T At HH ) B A P o 22 ] B s
FaA TAERENR — e, X EWE YRR AT REAE
WA ARG S G B0 T 2847, XA %) A1k
PETE S 20 T RO RUENLEL. ik, ASREEE AL
PR T A AT 5T 235 SR N 1 R B2 52 1 PR R X 0 e 1)
HOSHESE R, IR X R I R, FETA
(RIG ARG AR L 1 1 2 4 s 2T DS sk A ) 2

Zf;ﬁl‘ il

4y = =51 @

K, SIEYIFREEL, r 2R AR Rh R AR
R, r YR e R IR AR — R A
R, A YT —H YK 4 f5 ARG K
RAPEAAL, WL RGP R YR AR,
It ELITA Wl A 32 1R ) S A i T DA P 2
64, A 0EERVARLENEA B T, BIRE—
MR EARNT AR AT, M, TERIARE S
AR RS IR /N T AR S B R G Rk
— MFREA B T ARE AT, ARG R RTr
R R st Lt UNE w7 P 3 ok SR8 ¢/
DA S 56 sOUL I s A A E R R AL, AN
T8 RBOERE, REZARE, X RIS
SUERE S DO K7/ PR et U AL E e g e 2

4 SOMHEE A RN #

4.1 EHHFERIERHTES0E

AEREY) . BEE. EE . KA AW+ e
WA e — R AR e e g, HIRfGBtEER
RIS A A2 ) b 22 ) T AR SR Y i
SEAEEREIA SR LA, WS SR 5 R AR, Xk
i M A ) T S L R AR, AP AR MG e 4
A BEAFTE T 5e Fr i PR L AR Z (8], W BB
TG EYARI R R Z 8], BEHEFFNEFIZ

2756

[ TE 4 I AT REAT IR 25080, A, ARG EEse 4 ml fefE
S4B SR Py b 2 [ 5 L,

AN, 1850 1k RZHARL S MEsE S R ER AR e
R R, (BRI s P AU A TR 5a 4, i
MAERNNTES, RESagqmmiT R ism, RV VRAELE
FERITE G AXITIR AT, ARt s T LAFETR]
I F AL L (sympatric  phenotypic  diversification)id 2
FRRRHIN 2, - H AR Bl e Ta) % e A i 22 Ak T
s, FURAARHRE, SRR N AL i v S i 5 [ R
RBZHALTH BB, BT EEC L b RA
(differentiated phenotypes) P FFFFf THETAFA 3.

4.2 HMBENFE

SRR NN TR Z R R A B
PR Z, AR TR R HEA L, (BB
IXTHEAR 2 1 50 G A RE MR SR AN [R), (A5 R AP R
5 J0ih 38 X5 A= W 2o R 1 A THD s i) 22 B R R OREL S ) IS
SRE N AR B AR G IR A 23 ) S R, TR X
KA FR A BT IR T 58 H IR AR A 2 e A K
BH, XS HE NS MR A AR R I 0 T R X R
R R Y, (H 2 R AR 2o fe e T
HERR T, $EE A= 1 RIBT ARG T ARG PR sE 4,
M5 Ak 1 R A 291X Z2 R %) £ T S )

—J7 L, PSR POl 30 o el A B IR A sk ] S o PR
AR BEYE B AEAG 3B PR K. B D) S P AT D ek s )
TRV (temporal  storage  effects)I 5 7w 4+ I 2% 1)
FEALBIEDY, R A — A AL EREE P,
YRR AE S AT IR B AP BRI AN TG 1, b
SR o B A s B o T s = | = L7 L 4
AR 2 BRI A & 2 TR ALY A, H
A Fhefs 22 B AR L R R S . SR RERT
[ 2B A, AbTE S AR A e =28 5, R AN (]
PR BEAA T LU= A AR R Se 4 2R, T3S s fe 7%
HIAEAG MK, 5 T RIEE T, KB UE 7™ A (A i ) 7
Ty A N RLTAIEEZ S by NS | 3T L oo C i L =
RE e SRR P Y I, SRR ISR M Ak T
Plbae XF AL B M 58 P A AR AR RS2, 3% A
PREE A0 XA ) Z2 R s e AT R

Fi—J7 1, TR A R S A T, HIRE
R T sEgr R i, PRSI TEIR A st 2
AR & B IR, DBUREE RN A R it 2 i B IR
Mg E G R, HEE R A8 5 A A Wi A A3 ()



I PRI BN, A 2R T, A S8 T3k
b M S e ek s, AR, & iR RS B REAR T
BF ) S B, it AT Bt B i rT e s e 1 2
() PR A A, DT sk 2 A e B e () 2R Ak X A
Yk, $Em RS T 4 B XT R, (i85 4 5E
TN EE S TR AR WOE IR, IRA KPS E LR
SRR PSS I s G HE /ML G RO TR
) FH RIS ARE R T — AR A A Y 7E B G AT Ak 1
R 2R, B R SS SAF AL TR 2 R A AL
2PT MR, A5 FRA G IR BE MR e U DR B A AR
TR ARV R A A

43  DhietIR

YIRh A A FE R DI RE A 16 sk, AR
IR tIRFR A A o3, DI A R 1 AR 28 o4k,
RVFPIF LA, AR HOR FREEIN 32 M uk B IR A AR
SR N AL A e R S R Y, dnik
INERVHHI D REE RS A B, ARt 5 TRk
MR BEMELY, AR T AR RN T 2R A
YIRS, PP R e AR (U T A LA, Thfe
PERAM G 5mF e 1A %, WEYRm I L2
St DL b an ey o 6 RS AR A AT 56, T N e A
FRIEE IR A M LR AR A 1 5 4,

EAL 1 P 5 P AT REPE IR 22 7] 9 56 R B e T H L
AT F YK 3l (reciprocal competitive ad-
vantages)it /& V141 & 22 5 (average fitness differ-
ences)IK ). AR —MHEE ARG PR TE G2 HAH 2P
e AR ERE, AN [RIHR T IR R SR A 2 R )
25 5] LS g P A2 PR s ok AR e il i, IS4
XABEE DR MR N 2 R 2R, U R L
PESE 4 T AR E AR ShRE ZREEDY . SRR AE Y
FhZ G IE DL, 2GR AR v B o A
12, PIRE e Frad B A A ka2, DURS s
W2 PSR FNE 4 2 SR WSS 2 R TR
UifetR2E A, FORAEG e R T 2R T
REZREMEIREY, PR Th e 22 REIE FT e 7™ A KRB
TR =S N U5 W S Rla = S UL /8

WAk, X T2 5, Bt R E 2 ayDhRetaR,
TR E . FHOLEHE M, BahEe )T LUEYFhE
W 24T AU, Miller5 A3E k4t 26 22405
I H (Project Feeder Watch PFW)#&7~ T st Fhts
FEfEARfG I g, DR HIE T T &b e S

KPR EAE R R B, R SEM R ARAE (Haemorhous
mexicanus)~ 5 AK4E(H. purpureus)FIHE IR AT 58S (Junco
hyemalis) 5 BLLCEC i AR B PEOC R, IF Tl S Y
PUFE SR HLIX () 5 R e 3D M BAT, WS IR AT R 5 25k
BN SE N AR A AE. Ba ik To e n] LIS Bk 44
FRSCIRALLE, PRSP AT LA Y R e 23 (8] i A Rl 4
A5 PRI, T A B S TR 0L TR R
T P Jit B AN B (1 34 5 T ey

5 Je

EAL BB SE P AE A WiV i A, AR
WTEE AR T, WA T 2Bt
Pranddms . Wity SISRTEIEEY . ARG E
PESE ] ML R LT IR A RE, #E—2ifEsh £
YR B () K.

(1) TEERM, 7ERE LR, BESrAELE
PETE S Al 5 B RIHERS TG 0. SR SRR P s 4 A0
KR ACRRIEA R T B AR RIASE T B 2R 2L
il AAEAIESE 22 /N ROBE L S ek ] 9 B SO S 56, LA
HORAG I B B ARG M e 4, DL SE G B X )
FRILAEASENR . FEE 2Bk AR E AL A T
P, e B R 25 ELAT TR B SIS RHE. ZhAEY)
Y AT SR RS R E A Y e P AR B S B G AR
ARk, T AT BT A% 3 P 5 4 Bl R B AR Ak 1T ™= A= 1
Pealnie, LA R ARAR 8 Pk 56 4 XTI Vi B e M 1 Jet S0 R
IR AR AR A F B 5T 7 1),

(2) ARfLEbPEsE A B T2 WA desy, (H QSRR
TR A T AN, O ARG 7 it
Fer 88 2 R DTk LB A R e, Ry A 2
WEEARAG B M T 4, I AHEVR AL R e (N B3 b
PIHEASTT & LSS OL. B, JEME R se 4 Y 5%
S5 0 W I ELEEAE FH RN — 25 1 e AR A A A 2
FERLTIE R, DAV B AT o] g e Fnsk sl P 3.
T R AR AL e g SR B EAE M B RS, KT
A BRI AL E N RS HE L .

(3) ARAL LN ETE S ANGE I P FD Z R, s
T I VAR M. ARSI A% 3 1 55 4 A 7, e
— AR JE R T RE AR IS, (HUR AR AR
MR I PETE SR AR A BT M. Ak, ARt s
TEAHEVESE R RAIR SN T 5 m IR 2 HEE AR R, 7E
FIIE G R 25 S KA N SIRIRE 2 RS . e
BRGN, et EWE LB RE Y REM S

2757



M43 0 B 2022F88 $£e6745 F23H

, WHAREEM e SUREZ IR R T RE . ZOTORE T ARG M X IR S I AR S R SEY)
ﬂlﬁli%gﬁf&“ﬁiu%%%ﬁb%%%, EWEREE  RERER.

Bagr R e N K 34 BT R Marcel Holyoak#1% . |~ 7 A % Eben Goodale# & . |~ & % £ = % 3b 4 # % FrDaniel R. Gus-
tafssonfiMyung-Bok Lee#F 7% i 4 A& AR iy = #t & WA 2 P

5% SCHik

Gilman S E, Urban M C, Tewksbury J, et al. A framework for community interactions under climate change. Trends Ecol Evol, 2010, 25: 325-331
2 Mittelbach G G, Schemske D W. Ecological and evolutionary perspectives on community assembly. Trends Ecol Evol, 2015, 30: 241-247
3 Bregman T P. Species interactions regulate the collapse of biodiversity and ecosystem function in tropical forest fragments. Ecol Soc Am, 2015, 96:
2692-2704
4 Godoy O, Bartomeus I, Rohr R P, et al. Towards the integration of niche and network theories. Trends Ecol Evol, 2018, 33: 287-300
Saavedra S, Rohr R P, Bascompte J, et al. A structural approach for understanding multispecies coexistence. Ecol Monogr, 2017, 87: 470-486
6 Wiegand T, Uriarte M, Kraft N J B, et al. Spatially explicit metrics of species diversity, functional diversity, and phylogenetic diversity: Insights
into plant community assembly processes. Annu Rev Ecol Evol Syst, 2017, 48: 329-351
7 HilleRisLambers J, Adler P B, Harpole W S, et al. Rethinking community assembly through the lens of coexistence theory. Annu Rev Ecol Evol
Syst, 2012, 43: 227248
8 LiY Z, XiaoJ L, Liu HL, et al. Advances in higher-order interactions between organisms (in Chinese). Biodivers Sci, 2020, 28: 1333—1344 [Z=i%
B, H R, X, S AR A AR ST . R, 2020, 28: 1333-1344]
9 Utsumi S, Kishida O, Ohgushi T. Trait-mediated indirect interactions in ecological communities. Popul Ecol, 2010, 52: 457-459
10 MacArthur R H, Geographical Ecology: Patterns in the Distribution of Species. Princeton: Princeton University Press, 1972
11 Hutchinson G E. Concluding remarks. In: Cold Spring Harbor Symposia on Quantitative Biology. Cold Spring Harbor Laboratory Press, 1957, 22:
415-427
12 ChuCJ, Wang Y S, Liu Y, et al. Advances in species coexistence theory (in Chinese). Biodivers Sci, 2017, 25: 345-354 [fifigiit, £ ¥4, X7,
. YR PR AT S HE R, AR AR, 2017, 25: 345-354]
13 Saito V S, Laroche F, Siqueira T, et al. Ecological versatility and the assembly of multiple competitors: Cautionary notes for assembly inferences.
Ecology, 2018, 99: 1173-1183
14 Levine J M, Bascompte J, Adler P B, et al. Beyond pairwise mechanisms of species coexistence in complex communities. Nature, 2017, 546: 5664
15 ZhuY, Wang D L, Zhong Z W. Characteristics, causes, and consequences of trait-mediated indirect interactions in ecosystems (in Chinese). Acta
Ecol Sin, 2017, 37: 7781-7790 [’RE, EAER], #hikfh. LBRGIET YRR R EHAEM: FIE. R R R. A2, 2017, 37:
7781-7790]
16 Werner E E, Peacor S D. A review of trait-mediated indirect interactions in ecological communities. Ecology, 2003, 84: 1083—-1100
17 Wootton J T. The nature and consequences of indirect effects in ecological communities. Annu Rev Ecol Syst, 1994, 25: 443-466
18 Abrams P A. Implications of dynamically variable traits for identifying, classifying, and measuring direct and indirect effects in ecological
communities. Am Nat, 1995, 146: 112-134
19  Soliveres S, Allan E, Rees M. Everything you always wanted to know about intransitive competition but were afraid to ask. J Ecol, 2018, 106: 807—
814
20 May R M, Leonard W J. Nonlinear aspects of competition between three species. SIAM J Appl Math, 1975 29: 243-253
21 Gallien L. Intransitive competition and its effects on community functional diversity. Oikos, 2017, 126: 615-623
22 Soliveres S, Lehmann A, Boch S, et al. Intransitive competition is common across five major taxonomic groups and is driven by productivity,
competitive rank and functional traits. J Ecol, 2018, 106: 852-864
23 Huang ZL,LiuHL, Chu C J, et al. Advances in intransitive competition between organisms (in Chinese). Biodivers Sci, 2022, 30: 21282 [ 1F K.,
XS, MG, . YA T A O HERE. AR AETE, 2022, 30: 21282]
24 Chesson P. Mechanisms of maintenance of species diversity. Annu Rev Ecol Syst, 2000, 31: 343-366
25 Godoy O, Stouffer D B, Kraft N J B, et al. Intransitivity is infrequent and fails to promote annual plant coexistence without pairwise niche
differences. Ecology, 2017, 98: 1193-1200

2758


https://doi.org/10.1016/j.tree.2010.03.002
https://doi.org/10.1016/j.tree.2015.02.008
https://doi.org/10.1016/j.tree.2018.01.007
https://doi.org/10.1002/ecm.1263
https://doi.org/10.1146/annurev-ecolsys-110316-022936
https://doi.org/10.1146/annurev-ecolsys-110411-160411
https://doi.org/10.1146/annurev-ecolsys-110411-160411
https://doi.org/10.17520/biods.2020217
https://doi.org/10.1007/s10144-010-0236-3
https://doi.org/10.17520/biods.2017034
https://doi.org/10.1002/ecy.2197
https://doi.org/10.1038/nature22898
https://doi.org/10.1890/0012-9658(2003)084[1083:AROTII]2.0.CO;2
https://doi.org/10.1146/annurev.es.25.110194.002303
https://doi.org/10.1111/oik.04033
https://doi.org/10.17520/biods.2021282
https://doi.org/10.1146/annurev.ecolsys.31.1.343
https://doi.org/10.1002/ecy.1782

26

27
28
29
30
31

32

33
34

35

36

37
38
39

40
41
42
43
44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

Ulrich W, Soliveres S, Kryszewski W, et al. Matrix models for quantifying competitive intransitivity from species abundance data. Oikos, 2014,
123: 1057-1070

Jackson J B C, Buss L. Alleopathy and spatial competition among coral reef invertebrates. Proc Natl Acad Sci USA, 1975, 72: 5160-5163
Buss L W. Competitive intransitivity and size-frequency distributions of interacting populations. Proc Natl Acad Sci USA, 1980, 77: 5355-5359
Huisman J, Weissing F J. Biodiversity of plankton by species oscillations and chaos. Nature, 1999, 402: 407-410

Sinervo B, Lively C M. The rock-paper-scissors game and the evolution of alternative male strategies. Nature, 1996, 380: 240-243

Kerr B, Riley M A, Feldman M W, et al. Local dispersal promotes biodiversity in a real-life game of rock-paper-scissors. Nature, 2002, 418: 171—
174

Cameron D D, White A, Antonovics J. Parasite-grass-forb interactions and rock-paper-scissor dynamics: Predicting the effects of the parasitic plant
Rhinanthus minor on host plant communities. J Ecol, 2009, 97: 1311-1319

Lankau R A, Strauss S Y. Mutual feedbacks maintain both genetic and species diversity in a plant community. Science, 2007, 317: 1561-1563
Maynard D S, Crowther T W, Bradford M A. Competitive network determines the direction of the diversity-function relationship. Proc Natl Acad
Sci USA, 2017, 114: 11464-11469

Palmer T M, Doak D F, Stanton M L, et al. Synergy of multiple partners, including freeloaders, increases host fitness in a multispecies mutualism.
Proc Natl Acad Sci USA, 2010, 107: 17234-17239

Palmer T M, Stanton M L, Young T P, et al. A role for indirect facilitation in maintaining diversity in a guild of African acacia ants. Ecology, 2013,
94: 1531-1539

Edwards K F, Schreiber S J. Preemption of space can lead to intransitive coexistence of competitors. Oikos, 2010, 119: 1201-1209

Chao L, Levin B R. Structured habitats and the evolution of anticompetitor toxins in bacteria. Proc Natl Acad Sci USA, 1981, 78: 6324-6328
Nahum J R, Harding B N, Kerr B. Evolution of restraint in a structured rock-paper-scissors community. Proc Natl Acad Sci USA, 2011, 108:
10831-10838

Durrett R, Levin S. Allelopathy in spatially distributed populations. J Theor Biol, 1997, 185: 165-171

Allesina S, Levine J] M. A competitive network theory of species diversity. Proc Natl Acad Sci USA, 2011, 108: 5638-5642

Gallien L, Zimmermann N E, Levine J M, et al. The effects of intransitive competition on coexistence. Ecol Lett, 2017, 20: 791-800

Grace J B, Guntenspergen G R, Keough J. The examination of a competition matrix for transitivity and intransitive loops. Oikos, 1993, 68: 91-98
Feng Y, Soliveres S, Allan E, et al. Inferring competitive outcomes, ranks and intransitivity from empirical data: A comparison of different
methods. Method Ecol Evol, 2019, 11: 117-128

Laird R A, Schamp B S, Soliveres S. Exploring the performance of intransitivity indices in predicting coexistence in multispecies systems. J Ecol,
2018, 106: 815-825

Soliveres S, Maestre F T, Ulrich W, et al. Intransitive competition is widespread in plant communities and maintains their species richness. Ecol
Lett, 2015, 18: 790-798

Kendall M G, Smith B B. On the method of paired comparisons. Biometrika, 1940, 31: 324-345

Slater P. Inconsistencies in a schedule of paired comparisons. Biometrika, 1961, 48: 303-312

Bezembinder T G G. Circularity and consistency in paired comparisons. Br J Math Statist Psychol, 1981, 34: 16-37

Shizuka D, McDonald D B. A social network perspective on measurements of dominance hierarchies. Anim Behav, 2012, 83: 925-934

Gallien L, Landi P, Hui C. Emergence of weak-intransitive competition through adaptive diversification and eco-evolutionary feedbacks. J Ecol,
2018, 106: 877-889

Matias L, Godoy O, Gomez-Aparicio L, et al. An experimental extreme drought reduces the likelihood of species to coexist despite increasing
intransitivity in competitive networks. J Ecol, 2018, 106: 826-837

Chesson P L. Coexistence of competitors in a stochastic environment: The storage effect. In: Proceedings of the International Conference held at
the University of Alberta. 1983. 188-198

Eldridge D J, Whitford W G, Duval B D. Animal disturbances promote shrub maintenance in a desertified grassland. J Ecol, 2009, 97, 1302-1310
Harpole W S, Tilman D. Grassland species loss resulting from reduced niche dimension. Nature, 2007, 446: 791-793

DeMalach N, Zaady E, Kadmon R. Light asymmetry explains the effect of nutrient enrichment on grassland diversity. Ecol Lett, 2017, 20: 60—69
Stouffer D B, Wainwright C E, Flanagan T, et al. Cyclic population dynamics and density-dependent intransitivity as pathways to coexistence
between co-occurring annual plants. J Ecol, 2018, 106: 838-851

Ulrich W, Kubota Y, Piernik A, et al. Functional traits and environmental characteristics drive the degree of competitive intransitivity in European
saltmarsh plant communities. J Ecol, 2018, 106: 865-876

2759


https://doi.org/10.1111/oik.01217
https://doi.org/10.1073/pnas.72.12.5160
https://doi.org/10.1073/pnas.77.9.5355
https://doi.org/10.1038/46540
https://doi.org/10.1038/380240a0
https://doi.org/10.1038/nature00823
https://doi.org/10.1111/j.1365-2745.2009.01568.x
https://doi.org/10.1126/science.1147455
https://doi.org/10.1073/pnas.1712211114
https://doi.org/10.1073/pnas.1712211114
https://doi.org/10.1073/pnas.1006872107
https://doi.org/10.1890/12-1873.1
https://doi.org/10.1111/j.1600-0706.2009.18068.x
https://doi.org/10.1073/pnas.78.10.6324
https://doi.org/10.1073/pnas.1100296108
https://doi.org/10.1006/jtbi.1996.0292
https://doi.org/10.1073/pnas.1014428108
https://doi.org/10.1111/ele.12456
https://doi.org/10.1111/ele.12456
https://doi.org/10.1093/biomet/31.3-4.324
https://doi.org/10.1093/biomet/48.3-4.303
https://doi.org/10.1111/j.2044-8317.1981.tb00615.x
https://doi.org/10.1016/j.anbehav.2012.01.011
https://doi.org/10.1038/nature05684
https://doi.org/10.1111/ele.12706

M43 0 B 2022F88 $£e6745 F23H

59

60

61

62
63

Ulrich W, Lens L, Tobias J A, et al. Contrasting patterns of species richness and functional diversity in bird communities of east African cloud
forest fragments. PLoS One, 2016, 11: e0163338

Ulrich W, Soliveres S, Thomas A D, et al. Environmental correlates of species rank—Abundance distributions in global drylands. Perspect Plant
Ecol, 2016, 20: 56-64

Miller E T, Bonter D N, Eldermire C, et al. Fighting over food unites the birds of North America in a continental dominance hierarchy. Behav Ecol,
2017, 28: 1454-1463

Reichenbach T, Mobilia M, Frey E. Mobility promotes and jeopardizes biodiversity in rock-paper-scissors games. Nature, 2007, 448: 10461049
Fronhofer E A, Klecka J, Melian C J, et al. Condition-dependent movement and dispersal in experimental metacommunities. Ecol Lett, 2015, 18:

954-963

2760


https://doi.org/10.1038/nature06095
http://arxiv.org/abs/0709.0217
https://doi.org/10.1111/ele.12475

Summary for “Jpf&id PhE 4 FE YA L A7 IR

The role of intransitive competition in species coexistence

Jiahao Wu'"™’ & Qiang Zhang3*

' South China Botanical Garden, Chinese Academy of Sciences, Guangzhou 510650, China;

? College of Life Sciences, University of Chinese Academy of Sciences, Beijing 100049, China;

} Guangdong Public Laboratory of Wild Animal Conservation and Utilization, Guangdong Key Laboratory of Animal Conservation and Resource
Utilization, Institute of Zoology, Guangdong Academy of Sciences, Guangzhou 510260, China

* Corresponding author, E-mail: zhangqiang06@giz.gd.cn

Maintaining biodiversity requires direct and indirect interspecific interactions. The study of direct interactions, including
competition, predation, mutualism, commensalism, and parasitism, has greatly promoted the development of species
coexistence theory. However, as a simplified method to explain community assembly, direct interactions alone cannot
adequately explain the coexistence of related species in the absence of indirect interactions. Indirect interactions can be
defined as the impact of one species on another that is mediated or transmitted by a third, and they are considered to be a
more complex and less understood type of interspecific interaction.

During the past two decades, scientists have gradually realized that a type of density-mediated indirect interaction,
known as intransitive competition, is ubiquitous in nature. Intransitive competition can be described as a game of “rock-
paper-scissors” in which three species A, B and C have competitive ranks A>B>C>A. In this competitive mode,
competitive exclusion between relative species is counteracted by mutual restrictiveness, and there are no “invincible”
species in the community. Therefore, intransitive competition is an important factor in promoting species coexistence,
which affects species distribution patterns, community structure and ecosystem functions. To summarize the theory of
intransitive competition, this paper discusses the definition, characteristics, and detection methods of intransitive
competition and the main factors affecting intransitive competition as well.

There are five formation modes of intransitive competition. Resource utilization mode occurs when species have
different competitive abilities for resources. Life history mode arises if species cannot maintain an absolute competitive
advantage throughout their life stages. Behavioral trade-off mode follows when species have different ways of acquiring
resources. Competition trade-off mode and allelopathy mode require species to develop both aggressive and defensive
survival strategies.

Our paper also explores three characteristics of intransitive competition. First, the populations of species participating in
intransitive competition often exhibit periodic fluctuations in their frequency. which are regulated by dynamic equilibrium.
Second, intransitive competition systems involving an odd number of species can maintain community stability, whereas
systems involving an even number of species will theoretically collapse. Finally, multiple intransitive competition loops
may appear in the community, and intransitive competition may also be nested in other coexistence patterns. This nested
feature makes intransitive competition difficult to detect and measure. Fortunately, current research methods such as
competition matrix, transfer matrix and invasion growth rate model can be used to infer the existence of intransitive
competition and quantify its prevalence and importance.

Competitive rank has been considered as one of the most important factors affecting intransitive competition. The higher
the coefficient of variation of competitive rank among species, the more negative impact on intransitive competition. At the
same time, global-scale environmental changes could also be critical factors: drought increases the intransitive competition
in the community, but eutrophication caused by land-use intensification reduces the intransitive competition. Functional
traits are non-negligible because species traits adapted to high-productivity environments often impede the formation of
intransitive competition. Finally, to promote the understanding of indirect interaction and multi-species coexistence
strategies, we propose that future research on intransitive competition should focus on long-term controlled field
experiments, coupled with theoretical considerations of high-order interactions, complex networks, and ecosystem
function.

intransitive competition, indirect interactions, species coexistence, competition matrix, functional traits
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