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Advances in higher-order interactions between organisms

Yuanzhi Li, Junli Xiao, Hanlun Liu, Youshi Wang, Chengjin Chu”
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Abstract: It is well known that interactions between organisms are the key to species coexistence and
biodiversity maintenance. Traditional studies focused overwhelmingly on direct interactions between species
pairs, ignoring the more complex indirect interactions. In this review, we first distinguished two types of
indirect interactions, i.e. interaction chains and higher-order interactions (HOIs). Then we reviewed the
definition of higher-order interactions including the hard-HOIs and soft-HOIs, and the studies of HOIs
among multiple trophic levels and within a single trophic level. In the food-web literature (among multiple
trophic levels), ecologists widely studied the properties, mechanisms, pathways and experimental evidence of
HOIls. Recently, there is an increasing interest in HOIs within a single trophic level. Therefore, we further
introduced the significance and quantification of individual-level HOIs within a single trophic level. Not only
can individual-level HOIs reconcile the hard-HOIs and soft-HOIs, but also allow us to consider variatons
between individuals (e.g. individual size and spatial distribution). Finally, we proposed some promising
research directions of HOIs including but not limited to: testing the prevalence and relative importance of
HOIs in natural communities, exploring the mechanisms of HOIs and integrating HOIs to existing theories of
community ecology. Inclusion of HOIs will help us understand the mechanisms of species coexistence and
biodiversity maintenance profoundly and comprehensively, enrich and refine the theoretical framework of
community ecology, and lay the foundation for biodiversity conservation and management of ecosystems in
the Anthropocene.
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B, R ZFEIEORI I RRAL, H OGP A Y
M EAER . 19120 1) Logistic A B 38 K AR 2 (Fh Y
4% A B /E ., Verhuls, 1838), | 20 i 40 )
Lotka-Volterra 3¢ 4 A5 14 (Fft o R 8] ) B 42 AH B4R
FH, Lotka, 1925; Volterra, 1926), 521 fH 20 f) 2448
ViRt (RS E R HIE G 2R, Chesson,
2000, 2018; fifiMik4s, 2017)IE 20048 58, A=
Yyl A EAE — E R AMNEM AR RS
BN LA A4 EAR . BR T O i 2 [8] () B
HAEM, wseds. HEfER . MRtk
&EAT ) k. ()FE. e, MURFE
AR B 2 WA 2 18] i 1R] # A0 TLAF FH (Darwin, 1859).
A0 JFEAR BAER S, AT SR m BRI Bk
HIXF R RN BACZ I (6 R FORAE B . B
T 2MIEAET 5T, NITE Sk B R EEE R4
3 A3 5 g T B0 P 9 9 0 A 2 1) A ELAE FH (RS S
FHEAER), S8 5 PR IX 28 0 X 2H 2 2 >k # BT AR
JREME IR ARG, XN — & s, i#%
ZHERAGMHRIE R Bk, Hrhf yHE
f— A7 T BRI O A= ) R TR AR ELAE . X2 RN
FLFAH BLAE FH 01275 18 Bk O P i DL A 6 At A
HUARI S, MAERRRGH, GHUAE EAEET
FHELAE FH 0 9 288 A0 A8 4 — A2 (L) o 53— J7 THI
NATTER Ay B0 A A A8 2% S8 1) B2 A HAE ) 2 J5 A2 15
T E 2RIV N AR BAE R 3 FE AT ReAR 5, 1
W RIS A 2 B A AR

HRRG T AW AEM A ERH 2SR
AT EEA L (1) ika RN B Fh LA
A 2 REVELERF RO, O AH BLAE FH 0 SR 56 AN
S TAERAESME R R KT (2) o AR Tt 2
FEVE anfap me) B2 A= P01 A MDA B A2 Ak, e v ] 432 A1
LA 2 SR TN A S AN e SR . RIS AR A
T HT SR IR S 8] $EAH LA FH AR A e 1 A
V& SRS R RE R E B (Kerr et al, 2002; van
Veen et al, 2005; Soliveres et al, 2015; Bairey et al,
2016; Gallien et al, 2017; Grilli et al, 2017; Letten &
Stouffer, 2019), #A T oK H & 4+ H 55 R 4t 1) it
Fo IEWILevine5(2017) 15, A& D HWEATT

TH] B8 A5 7] 42 AH FLAE I 0K 28 AT A 2 7
PEYEFEFN > AR HU IR . BB R& B2 A0 E 1
B RGEEMFE R S EIRAESE, IS4
B ARG F B 5 il

%:F Lotka-Volterratii 84, ASCH A 4R T HIK
AN Ta) A B =M LA P RN v A LA
o T8 BAE AR Fid 2 Bk Al BAEH,
DRI FRAT T 2 s A 2H s A AR, L i 8 R N
] — 5 7= 90 N e B AH AR P R0 9 7 58 R0 A o DA
o AH ELAE e SR AR (R R 7K ), 2k 1T 41
5CHT R I TN AR IR R B A ELAE (AN 7K P,
I JE B TR 2 A BLAR R Sk vT e I BiF 9 2 AR A
R JUHE s AR B I R AERLER L R ThRe i
RZ AT BRI R
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Fig. 1 The ecological network including direct (arrows 1-3)
and indirect interactions (arrows 4-5) between species. Arrow 4
indicates that species k may indirectly affect species i by
modifying the per capita effect of species j on species i
(higher-order interactions, HOIls). Arrow 5 indicates that
species k may indirectly affect species i by changing population
density of species j (interaction chains). Therefore, species k
may have both direct (arrow 1) and indirect (arrows 4-5)
effects on species i. For simplicity, we only display direct and
indirect effects of species j and k on species i.
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FHECTI PR A I B3 A BAE T, TR14AH AR
fa— AP o R A B bR R A ) 1R B
s, BRI AR EE AR R 0 B AR R e A
[ 18] #2520 (Wootton, 1994a; Abrams, 1995). [a]4%4H
AR A 307 A ()%
& 4 5 1 18] $ A B AF H (density-mediated indirect
interactions, Abrams, 1995), #N4)FkiE it A Y Fhj
(105 S50 0 i 7 A 1R TR 42 AH ELAE (BI85 k5), X
PR oA 2R LA H (interaction chains); (2)MIRAN S
{4 1] 42240 5.4 F (trait-mediated indirect interactions,
Abrams, 1995; Werner & Peacor, 2003), fn¥yfhkid
Tt SR o P IR T SRR A R P e ) T A
55 E (K157 k4), AR E A BAE M (higher-order
interactions, HOIs). Lotka-Volterrati%y (fajFRL-V A5
INVERAS Y B N EE LR, T DR
2R Z BRI A BLAE TR HEAH ELAE FH AR AN
Gbo TEL LI Z Y-V Rt i i) S A o
KR T A YR (FEIAR &) % B 14 3L
(Chesson, 2012):

1 dN. S
——t=r|l-> a N. 1
I

Horrp Mahis A SR, SRR T RV,
o VRPN DDA ELREAE P 9B, Ny P
TEEE o WltoqN; I P A ik P i L 4 4 FHY A UG AN,
Ferp YAkl 2L PR A AL IR AR B, A
Fe il AR Ny (BE UM BAE T, Bl 3Kk5)
B ai (R AHEAE R, EI1HEk4) 51 2R .
11 #XHEEER

FEL L Z DA L-VA R b B 2R LA D2
W AFAE R, O EE S BAE AR B A7) 82 k)
VRhAH LA FH RIS AR SE {4 (Levine et al, 2017). LA
KILE =M ek 9 ], 2 AN RE =B AH B AR T I
RIS TR
1 dN,
V[Tt’zri(l—aﬁNi—aUNj—aika) (2.1)
1 dN/.
¥ a =r(l-a,N-a,N -a,N,) (22)
1 dN,
N, dt

= (1_akiNi _aijj _akka) (2‘3)

EFER(2.0) T, PoFhiLECns ZI i A AP R 3 K
A B2 H B S H ST G (VR A ) ) 52
FLrb A i) FEN; E N T] A R dNG R AT R, TN
2R B FEE 1 240 (24 SR A0 52 ) R 1 2% P ol
2y, §302.2). KULLER 2% & 2 VAP L Sh 2 1)
L-VAE Y B 5 35 IR — SR AR T B )k it
ARl P 5 T 2 S e D B R B B 18 R (N — N
—N;, EI1#73k5). [ HL-VER (%02)hitf
A AR BAE T BE (N Ni—~ N, Nj—Ne—N;
&)o BEAMEAERKEA T2 28, HL-VERHh
(AR ELAE P AR BEA (P9 A () AH B AR FH R 202 R
(PR, 2 3)nl LAARIE, AN A% 2 8% 20 BLAR
FH XS T8 ) 25 152 0 A [F] (Stouffer & Bascompte,
2010; Soliveres et al, 2018; Losapio et al, 2019).

a. o. O
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HHEAE A EAREAE 28, RATIXE
AN DLV R R BRAR T (AR AL) B i 7 EL 5 BEVR h 45
SN IR 22 57

(02 0 o) (02 0 03)

Alzt 03 02 0 J AZ:L 03 02 0 J @

03 03 02 0 03 02

FEASEDLS, DM H e i > j > kHi >
k, BIYIFhiR BRI TE S, JIRL, kiRdS, AW
Fhigs va rHEBR P R Ak, 1% P A B A R
ki 55 4+ (transitive competition, Gallien et al,
2017) FEAAEDL T, DIFRSE SR F A 1> > k>,
B = h i IR K e 3, T2 23— M Ael T
B T =40 Sk At FAH EL A £ (22 00 R 2 2 88 I ik
SRR, B 7K SES, &Ia
ki G o, A AR e TR E), [ YR
iv JAIKEAREB P IEAE, (H =3 0] DL A7, X
e 2CAH B AR T A5 PR Dy 3F A% 336 M 55 4+ (intransitive
competition, Gallien et al, 2017). AEA& L35 4 s
R X P 29 B2, AR B v] DU i 2 W Fh A7
(Kerr et al, 2002; Reichenbach et al, 2007; Allesina &
Levine, 2011; Rojas-Echenique & Allesina, 2011), 1]
H & B0FR 0 S AR R A ) I . HE AN
K7 5 IEAH 5% (Laird & Schamp, 2006, 2008; Gallien
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et al, 2017). W TARLIELTEIN 2 AAAET ZFAEY)
e (Soliveres et al, 2018), Xl 20 AH HAE A5
I ] R B S ) B 2 AP E A AR RS D Re
(Soliveres et al, 2015; Maynard et al, 2017). B4 1 £ [A]
—E R AR EAEH, W s X BAE
FH A2 K IAP A 08 U o B an & P X s 5E 11
AHHAE F A 2 (motif), B35 & Y4%E(food chain). fLL
SR 5% 4 (apparent  competition) A 4% & ¥4 (omnivory),
EANTHE H R FE I A5 22 A0 4 9 s 1 1) 52
Wi # A E % X %) (Bascompte & Melian, 2005;
Stouffer & Bascompte, 2010; #Rt4E5%E, 2019; F/b
M5, 2020). B& 7 4Fa BAH AR B2 A8, 2T H
FEAH FAE F X 28 B ) J3 ) B AR P 2 1), T DLAE
7B A ELAE FH OO T V& 1R AT e 5 M (7 98 P 38 XL 4,
2012; ARALE, 2020). % 4iBastolla%(2009)iF B H.
B 2% 1) ik B VE (nestedness) 1] LU B G £
HEWHESES, MKW HEEE %R R
FEARAEAEF, M AT LAY R 2 T8] () 55 4 5 2 I
B YRR Z e
1.2 =MHEEER

FH BT 85 2NAH BLAE H 5 BB A BLAE
HUIH R (F & T Y Fha BN ), mrAl AR
FH B RO AE T 9 P9 0 M ) 1Y) B A BLAE 9
AR TE 1, 1A 52 FARPFR U 1 (B 187 k4) . 7E &
10, BE VIR SR AN oy (RIARR BRI
LA 5 EE ) B AR 58 B2 A B, U)o 4
) LA FH i B DR A B A7 1) E4C38 58 (A o) 9

A(a!f) =B,y ®)

N T A2 ol ki 3t 90 =55 2 ol 80 AR K 400 e ) B A7 o
T R R [ 8
1 dN.

A(ﬁld—t’] B _r"'Bi/‘»kNij 6)

% M LA FH (P ol ek o573 4 i 1 25 5
VIR AR F) I R A2 B B A P (time lag), 1
e MY A ELAE F (P Ak 3k S5 AR P ) P TR s A A
HITE FAE ) B & A A2 B i (immediateness) . 7E 15
B EAE FAZE RIS LT, BRE M sh &S EIng
Z&FIAS A T (Wootton, 1994a), A, i ki AH ELAE
BRI 52 2% FE 5 MU R AR B (P 7 ST S5 R
Bt Het b, BRBEMSIEE A sSsE B
B HAE H 5 8 XA BE BT B0 Y

(Mayfield & Stouffer, 2017). 1T B AH HAF FH (B
RACREV P13 3k (Wootton, 1994a), - H A H
VE FH a8 B 24 UF B A /N T B 4248 HAE I (Werner
& Peacor, 2003), Jff LA T K5 B A m B A BLAE
FHIX — i B A S e 20 (A AR AL

2 =MEEIERE

FH T v A B R SORI A S8 AR T A8
BORIRYE, X BT R T AT m B KR
(E2). fegm X ERm A EAER, — R X 8AHE
HAEH A5 (interaction modifications, Case &
Bender, 1981; Abrams, 1983; Adler & Morris, 1994;
Levine et al, 2017), J&F— /M 57— AR
B R EE 2 B AR A B s2md . R AEMLHIAE
TYIFHEDMKAEAE R A VRO L A2 1T 85E)
AT EREARAY, IF HLA R X R R R AR AL 2
U HEGT MDA B A R (LT 2k 4), PRI
RO MR A 5 10 8] #2240 B /E FH (Abrams, 1995;
Werner & Peacor, 2003; Levine et al, 2017). [Hix
HE L — N s B A BAEH Rl g R A fE H =
A=A LD BRI RS, A AT
WA AT R AR AE T P ol 1) A7 0 (0 M B P Rk e]
HAir¥ i N E—49) %) (Case & Bender, 1981;
Kleinhesselink et al, 2019). T4 KA KB 704 =i b
FEAE € SON Z 8 BB W Fl (B4 B Fs 2 Fh B
EYREH R4 S A7 A i 4 o 23 ) S 2 2 T
)8 (nonlinear density dependence, Bairey et al,
2016; Kleinhesselink et al, 2019; Letten & Stouffer,
2019; Xiao et al, 2020). Kleinhesselink%(2019)#41X
PRI E LIX 43 AR S A B A H (hard-HOls, #if
VAT R M A A H (soft-HOls, J5#). i
e B A ELAE B — AP ot 55— AN Bl ) B
FH 98 BE AT HA A, — 5 277 AR R 2 M 55 B ol
2908, FJE T SCmp A BAE R vanE . )T
XA EAE A AL S AR SO BAE A, 2
WEM A EAE (intraspecific HOIs)mlfd py 3F 2k 1
(intraspecific nonlinearity), Bl N;?Ji (% 540 Fhj
KA FE VM) . AL G FL R L5 T SO
HAERBIX 73, 92 T — R s AR
rho AL S B SCE AR LA I T (R L) FRATTI
WSS T R s b A8 BAE A v 45— T MRk
S () v A EL A (indlividual-level HOLIs), WL F
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Fig. 2 The types of biotic interactions. The different terms in the same box were used to describe the same type of interaction in

different studies. The part in dashed line is our own opinion.

XE 3.
21 BEFRLZNSMEEER

TE B EEIIRE S0, v i A B AR FH 38 1
NPEIRA S 1A A0 EBL/E FH « Werner flPeacor (2003)
DA KR A5 (2017) VEAH [ BT T PR A 5 1R (8] AH H
ERRFAE . RANLE] 1FER@AE X S uEdsE, I
MR VERIG I vl A7 AR, B KA
SN A R REAT BAEH . AT R
ERRAT AMATR, MR T RS, KB AL
T 52 7 THT PR PR PR A A SE 45 9 AN 22 (e.g. Mopper
et al, 1991; Tscharntke, 1999; van Veen & Godfray,
2013; Xi et al, 2016). fEAT AMEIRTT I, AT EYIEE
HH ] {140 P A £ XU N R & 4N R THAF TE AL
i, IR AT NN 23 B FEFREMF R
FRROURAE o TR A B 5 I o S e () 52 T e
TN, T 24400 T UG BT K I R G B B
INAREE, Bl & X K (Huang & Sih, 1990;
Johansson, 1995; Beckerman et al, 1997; Lima,
1998). 53 —RIETA7 N SR HAH FLAE FH 2 i
A ISR H)#548 (Messina, 1981; Werner et al, 1983;
Werner & Gilliam, 1984; Wootton, 1993; Turner, 1996,

1997). Ui & K 0 R &% (Micropterus salmoides)
TEAERS, WEHEKBH 1 (Lepomis macrochirus)i A= 15
{180 R1) FE DA e 388 o 38 8 2t % 2 el I A R LA X3,
T EC I A OIS FE S B N (Turner &
Mittelbach, 1990). 5T A4 BRI 70 F B
T F SR S N . fildn, 35 E 7% (Alnus
rubra) 7E 4 K & J5 72 AR B AE OB, SE i PR A I A
MR E AL, D TR A AR AR AE S
fife = %o Hok B (1998 #E (Jackrel & Wootton, 2015). it
SEAE DY 1 A1 5 v T ) 1R B AN A B, 2 RHE )
R A6 1 % 40, 2 AR e 2 A SIZ G B I 10 R o) A 1k 4%
YEH, BB & 41k (higher-order specialization,
Xietal, 2017). Liao% (2020 i %} 24 Bl A -4 i
— 0BT AR = 03 X (AU, AT R B, R LA
T T AR 2 fetE, (EFE T 2 RHEY A 25
AR E B, I T RE 20 N AR
Folr 2 1) P v A R LA G 40 22 6 o e 1)
Yo teah, — S B 9 B R 2 il K
g S I B AT T A A T R,
B S B AT S AR A T DAY S5 R 0 T 14D AH AR
KA, TR AEY) LA (Yang et al, 2020; #4545
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Rl REBRBARREIRNSHHELERNGERBIERERRELER. v RAEEFEIIRNESMHEEERRERNH
RBFEPEN), xRRAREL SR EMEEER(REFHEHEPFN) . XL FESERRESMBEERNAT XSMEE
ERTXsritisk, (1), QMOG)ATRIERMFMBAEIFMULRAZEEREIRNESMBEEER, (2F4)75]=Z(1)F(3)A
TRIF XS HEEER S E X E=DME = IF L ER G FREER, BmAEEDMQ), G)FAE=1ULMMLAERE
REHhEFEY. FRTPOMINBNMEEKEZAAFREFETENRY, XERLLNERRENFRERER. NRE
B SN 1R S 80 /ONBEFR BN O R 3G (N) (773%1), SRENFINBIEHG (N, N) (F5352), S2NFFESHEH
Gii(Fi, N)) (F53£3), SRNAINLLRFRIEREG(Fi, N, N)) (F53%4), MEELEBRNEMEEIER . FEG)F, Ok ~EHF
HIBESHES, oy RARIMISNTBYMEZEE I RORTRBFQ, ..., Nj, ..., O)FHISH, OMRe; (=1, ..., SHIFHE.
£0 =0, NIEEZHIXNESHEEER.

Table 1 The methods of detecting whether a species interaction model contains hard higher-order interactions (hard-HOIs) and the
outcomes of some well known models. v and X indicate the model contains (the equation in a method is violated) and does not
contain (the equation in a mothed is satisfied) hard-HOIs, respectively. Methods (1), (3) and (5) are used in the case of HOIs defined
in systems of two or more species, and methods (2) and (4) are special cases of (1) and (3) where HOIs are strictedly defined in
systems of three or more species. F; indicates the per capita growth rate of species i as a function the densities of itself and its
competitiors. If the partial derivative of F; to N; (OFi/0N;) can be expressed as only a function of N;: Gjj(N;) (method 1), or a function
of Nj and Nj: Gjj(N;, N;) (method 2), or function of N; and F;: Gjj(F;, N;) (method 3), or a function of N;, N; and Fi: Gj(Fi, Ni, Nj)
(method 4), then the model F; does not contain hard-HOIs according to methods 1-4, respectively. In method (5), ®; indicates the set
of paramters in function F;; o;; indicates the set of parameters in function F;(0, ..., N;, ..., 0) when densities of all species are zero
except species j; @; is the union of @i (j = 1, ..., S). If ®; = ®;, then the model F; does not contain hard-HOlIs.

L Lid) wWETE
Models Methods
LdN, (T T T T T T T T T T T T O _IgiFl oo N q
— i E(N,,. N, N, oF oF oF 3F, o,={01F} £,=F(0,..N,..0)
N, dt ( el X) o)) BNJ._Gy(Nj) 7)) B_NI.=G”(N N/.) (3)B_J\II.=Gy(E’N') (4)B_I\ij=Gy(F:’N"Nf) ) _{ ‘f} ¥ B J
N"(Hl)—F(N o N) o,={0f; ‘DFQ% 0,=o,
Ne) Tt (Case & Bender, 1981)  (Billick & Case, 1994)  (Adler & Morris, 1994)  (Adler & Morris 1994)  (Kleinhesselink etal., 2019)
S
f}=’,~[1—;a.~,N;J « " " “ N
L-V Model (Chesson, 2012)
5. =
p::r‘_(1+2aiijJ ~ ~ x x x
=
(Hassel & Comins, 1976)
5
F, =riexp[—2a,.iNij \] \/ x % <
=
(Ricker, 1958)
I PR P x( =k
wo{fencgnom) y y y
(Letten & Stouffer, 2019) V(i #k)
S S
Iri=r;[exp[72aiiNi]72aiiNjJ \/ \/ ‘/ '\/ X
= =

%, 2020). ARZ SIS UEYE R B, MR T 1 (] 2
A EAR FAE KA R 2R R G 383 A7 78, B
BENSA BENREm,
22 E—E#FENESMEEER
58 IR S, PR T R A TAE
P2 S8R — & FR WP 2 0] 7= AR s B A LA
. #l4n, K45 (Plantago lanceolate)2> i 4%
5% (Festuca rubra)f & AEK, BHMRESREF
STV 9 F A R ) 75 4 9 E (Padiilla et al, 2013).
mOER A OE RN, R GG

(phenomenological model of competition), 4 L-V 1%
B, G TS RECRIR — MRS 5 — AN
(RFagram B, AN 8 BAA B A A8 22 R B ZE AL
il o 2 Ty %% & - B UK 3% 4+ (consumer—resource
competition) ] #1 #E 4% & (mechanistic model of
competition)F B, ¥ UHIE logistic 3K BT 7% #
PON AR/ AR R | S5 0 i ) VAL e e =1
#H H.1E F (Abrams, 1983; Kleinhesselink et al, 2019;
Letten & Stouffer, 2019)., XFH, EHH EAEHEH
SE b R SAE Y 1K) IR IE (emergent properties).
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PRI, TIREH ERGIE RN BT R, [F/—F
FEG NP Fh 2 18 A AR AR 2 KRR B2
T8 N AR b () 5 AT 2 — > 2 O EE T ]
BAREEE RGP 2 s A AR A
J iz, ENEEE A FUAE E AR AN SR Ie R G
B8 AF [F] — 8 7% 2w M AR EL A FH (%) 38 i 4 A o)
B[R —E IR M A AR S 5e w5t o] LB
31201t 2060448 (Hairston et al, 1968; Vandermeer,
1969), X — H[E] (10T Fi 3 TG IR 2 = M A ELAE
MBIk 77 ], MMITERBI R R LMLV
T 5L R B IV YR i R RN SR A b A LA
XA V& SHAS P2, IR T A AR A N = B 22
H I L-VEA T4 & (Vandermeer, 1969; Wilbur,
1972; Neill, 1974) . iX & A4 K T [A—EF* %=
B AH ELAE A FE 2 SR Th e AR K . AR L S
Wt A2 2 I AE PR R EC T DL Je 2 R 26 T DA
VRl 223N, A6 AR Xt At A A B i 5
(BCXT A ELAE ) R A o B SR fhoxt 2 P fh 2 &
H M N (Vandermeer, 1969; Morin et al, 1988;
Worthen & Moore, 1991). % ISt 1T858 )5 1558 J7
ZE5rHT(ANOVA). (HFTREERMZ, X T 17
G (BLHEAS A AR 5 B A4 B RO
&, MBRMENEM TR L, -V
Rt Horp—28), B 4 vH A 56 7 v AR o] BE AN [

(Case & Bender, 1981; Billick & Case, 1994; Wootton,

1994b). a4 v B AH BLAE FHAE B AR R 40 B 2V
Ty A —Fh 7 R AR FE X e A AT ) R A BN
B AE ELAE R (R s, RSB0 B 1 SRR VA UL H A 1k
ﬁé}EﬁrUﬁ(Welgelt et al, 2007; Mayfield & Stouffer,
2017) . Ak B R ELATE FH A2 B v B A ELAE R
YRS —0, HriRAR 2 — M ERIBkR.

3 ETMFESE

T AR B AH BLAE BRI T S SR AE A L
L-V AR b ({55 18 E4AH BAE F) 91 N % BE i 20 1
I, AR S I B LR B B A AE 2 LR B A
HAEME S MBI R 2R, SEmaRe Hx A fpdt
TERNA W) 2 FEIE B B2 IE (Bairey et al, 2016; Letten &
Stouffer, 2019; Singh & Baruah, 2020). —J71fi, F#
T B AR AR S R 2 MR AEE . ARSI
IR (AFREE A L), AR AR
FH (PRI 90 7 B 0N SG3 HOR AT & BE (R0 AR K

FIEGE) 520, MayfieldfliStouffer (2017) & IR AE
— AR ARMEMBEE PIRE T =W A AR XA
RFEE M. SO, s A AR
R P AR 2R 1 B B T A Gk SR A ELAE
FH S, (0 LA b AT DURRRE A K [ AH
YER BT PR n) — AR 7 — AR E
FEAE s B R AR T2 A A AR R . R, )
S v A LA AR S AR B R S BR BT 4
—FAMAR KT B AH LA FH (B2 R 4R35 43) o J‘Ejj
HBZE, AMRIKSE I B AR BLAE AT DUBA s A

A T) () 22 S (AN R /I L AN 2 Iﬂ"#ﬁ)%?lﬁ
K, 0PI A0 AR Y B S s AR AR
B A H R X (Hegyi, 1974; Canham et al,
2004; Uriarte et al, 2004; Hasenauer, 2006) . LA 7R Ak
%, Li%E(2020) 53 T 7E m AL AT AR (N4

o JES A, N ZN . N Wi 2 )X A

AL B S mBMHEVEﬂ% HEEMERNE
A ) —FoET A (E3) . NAERRXS H ARMA
im R ELHEAH LA I (DL, V)2 AN 4044008 H AR A
B EAFHZAM(EIBE LK), JHBE BAKjphS
H B3R AR i ) ELRE AR ELAR TSR BE (20, )5 4B R KA
(HI 4R i 42 DBH FZ &) pi AE L i 55 <044 21 H Ar A
IR RS (dlim, Jol) S b, HIX M ELHEAR BAE UK
AT RBRAE H AR IMASE E F AR RIIATIR A -

y s (> DBH" )
DI, |[N]= ;;a 'fE »LZ . ’J (M

i, g,

St FETTAE, K dlim, Jp] K TFABICE AR X L
B B9 15 B AUE 75 K BA 22 AR Bl AR A
FOREI . NAT T B RRAS VA 1 AR LA P A4
A o A 405 A A I AR LA B 2 A
(EI3 M 255 3%), I HLAB Mkt A1 fhjp %t B AR
i1 85 B R EL A5 (2 ) I T 40 kg o 414
LB AR PR 3R (8, ) AR AB Pt I BR A i
F B3R A PR RE (7, ):

s NN

HOL V=YY 35, -

Jj=1 k=1 p=1 g=1

¥, N DBH"  DBH" )

ZZ@%ZZ . ,%J ®)

=1 k=1 plqld[lmvjp] d[]},:kq]
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E3  4REx B MAR B (ELER) S M B E(ER (B
ZEiK). B8 a, TRHZEDE X BRRMEIWEEEE
ER, BB,k R RBIR BRI M) X B AR A Y
SMHEEER. RMEEMRP—RBREEEEEERLE
P 7E BFRMEI R AR BIHA (L EL&ETK), Em
SMEEER &% T LB B IR MEFin 2 ARAISRE
R B4R B SR ko 7 SRR BRI R (SRR ER BT K)o R AT
ARTWVEIITFEZENEERSSMBEEER.
Fig. 3 Direct (straight arrows) and higher-order interactions
(curve arrows) of neighbouring trees on a focal tree. The
parameter ¢, quantifies the direct effect of a neighbour
(individual p of species j) on the focal tree (individual m of
species i). The direct interaction occurs only when a neighbour
(jp) is located within a maximum radius (R) of iy, (solid straight
arrows). The parameter £ ,«, quantifies the higher-order effect
of a neighbour (individual g of species k) on the focal tree
through another neighbour (individual p of species j).
Higher-order interaction occurs only j, is located within the
maximum radius (R) of i, and k; is located within the
maximum radius (R) of j, (solid curve arrows). Dashed arrows
indicate direct interactions and higher-order interactions that
are not considered when a neighbour is located outside the
maximum radius (R) of the focal tree or its neighbour(s).

WKHRERILT K. IEAHEAE KRN 23 5] E 2
B (u = 0Hv = 0), 484X B AR B 5 m P A
AR FH 5 A R A0 AN 5 A 44 2% B A 0% 1) JF X
(Mayfield & Stouffer, 2017). % FEAMA K /N5 23 8] 4y
il (u #= 0Hv Z0)IEAMN T2 0T X 5 2l kg i i
ARt BB AN i 7 AR TLAE P (B ) FIAT
JpiE I AR AA kg R FR AN i B v B FE LA 3 17 [X 29
W o A o T A el ) v B R ELAE P (Bij) R
Tl 3ok A Aot P i ) e B A AR FH (Bi), IR A2 AN

FERNAE AT B A e i A ELAE T e SE B o

41 HWEBEARFHEPSMELERANLEEESHE
STEZE M

JE Bl A T ER 8 2 T E B T s A
HAEHX B SV 2 A 4E R0 L L
(Bairey et al, 2016; Grilli et al, 2017; Letten &
Stouffer, 2019; Singh & Baruah, 2020), %A1 A
FUAE B AR A V& b 2 B0 UE R — 5 FE N = o A
A FH 1 e 4 RO RF G EE 4 . Mayfield 1 Stouffer
(2017) W 7T R IAE — AR AR, B85
B AH ELAE FH AT 0 28 B v 1 AR T A T 4
B IMREE, MM B OCUE S B A AR A 3 SR RE
wHREEN., SERNHATEEEZ AR EA
FETE TR R AT 58 3 15 h /e A B B A MA K 1
B AHEAE R 7%, A m bRl AR A A A&
BIECEE ARKAMERE) 5. [, BT X E
s B A AR 7 v M S5 E SRR )
PO ROELE, R ARAE B E H T M B
(BEVR o Bl OO I F 3 A AR A AR % R Bl AN 4
KNG 5 AR D SRR IS (T AR 3L Y 2 28K),
PR AR S A BAE A, R A A
(152 24 FE S Re A B 2R AR FE AT RO 6 73 (L et al,
2020; Martyn et al, 2020). 7EFRMEFEH, DB L
T AR 7T AR 44 B4 A B AE RN B AR A 1 A7 7 AN
A K B F2 0 (Hegyi, 1974; Lorimer, 1983; Wykoff,
1990; Monserud & Sterba, 1999; Canham et al, 2004;
Uriarte et al, 2004; Hasenauer, 2006), A1 2 H #i A
IEH R WA 7T 204 = B A BLAE A AE 3 A B ke
(R SCHR o T[] M DA 11 22 O A 25 A A5 4
55 AN [F] AR AR 0 o AR A4 = B AR B A R H AR AN 4
A7 5 AR K B AR G B VR N AT RE . 7R SRR L
Ak — DA B R B B SRR B I S B A B
VR B 26 FERG BEAG Sy, 4 0 38 7 I AR A (22 1 1t
AR R 3R (R MU A - 44E).

4.2 $ErEMEEERRAENS]

B B AR B B S A (B S s A
AR BB E B AR TS B U B ) nT R R
B A ELAE FH 1 357 3 14 A0 A XS 25 1% (Where, When
and What), {FE 3k DA 7 s B AH BLAE R AR ) N ZE L
#il(How and Why) (Letten & Stouffer, 2019). fEHEY)
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T V& b A SRR (TG AR 4A,  TEAH AR )5 80 (— A
AA, AAEAE B AR ) IS, #om 75 28
P SLI FB, LB Z (2 ARk, B
A B AH ELAE ) I 0L R AMAEAENE A KA ) 22
Ft, AR E A BAE R AL BB I HiE
o FEAE LA B2 S S AR BAE RS B AR
IARTEAG o AR AR 0 T IR 0 R 28 1 AR A i R X K
Z, AT 48 7 i B AH AR PR A S 0 AR BT
(B o A B AR A o SR ek R A bR i T 2 R A
B3 10, X b nr SR AR A 1 i B AN T e AT,
B FH ELAE S O IE 2 H) EL A ELAE ) o 4B
kol 1 AR AR 0 H AR MK K B AH BLAE ), AT REZ
EH T 408 42 ko 88 3 100 f1) 414 AR S AR A, AT 47 6]
LRAR T H AR AN A i 1 B3 98 B (F0 1 jo 5T H A
MR R RARAINH]) . (£ LRSI LA E, Bt
TR LB v B S, vt — PR 2
B IR 8] = A B R AR BN AERLE . AR,
WRE e M EAEH LR, @ i A B IR
EMEERNEA, AT A2 50T =R A
HAER AT REH IS M AN AS . BEE AR &R
45 Ty e 1) 5% 1 (Abrams, 1983; Letten & Stouffer,
2019).
43 SHMHEEERXZYMEFENESRSGINGE
oA

57~ AR ELAE R R LA i s e, 75 2
— B 5 MR F L F BB S S, RBEA 2B T
B A BAE 2 BT B R T AR, LR BT
RIS R K ERIsZm . B, ASEJ7 A
568 P55 T s A R EL A FH e 3t 9 1 A P R0 ol ) AH
AR S W ) Fh L AF DL K TE S I 28 06F 1) ol 32 2K 1)
Fafe:(Singh & Baruah, 2020). M4k, EEHIE T4
MEZ MRS R Re MW It 3 EE R —
NEFRRAT, WHEDZ SRS REDRER R
FIWE S (Tilman et al, 1997; Loreau, 1998, 2000;
Hector et al, 1999; Spehn et al, 2005). T4k, 3T
YA ST TE RN, ANFE FRR V) Z A
XN AR R G TR r= 4 B 2% 1) 52 (Thébault &
Loreau, 2003; Ives et al, 2005). 7EHFEAE [, —LBhj
FUREE RN R B NEFAHEAER, KRR
W AERN RARE L LM Z S ES RS DR
2 [ )95 & (Arditi et al, 2005; Goudard & Loreau,
2008; Lin & Sutherland, 2014). #Rifi, HRiEEA T

FORVE R — & IR A 8 s A1 AR R A28 R 4t
TheemIsEmT . a5 2, Ral g AR U H2
A FRA UG (35 A A B 28 T, BT
A AR S A SR AN P A S 5N IR B A |
REvR A R G TR
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