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et AR 2 P A R R R 1A i AN R A 1)
[ 43 2 4 1 2% 5 (Deniro et al, 1977). WF5EEW, s
kAL R A AT DA /R BT Yk IR, AfeE L
YR T 4 5 ] DL M 5% 45 K (Zanden
etal, 2001), 558 &Y. HEMY Tk A,
R 2 IR A7 2% 4L oK B A% B S b Sz e — B sF () P 2
M E PRI (R /N SE, 2018).

YR EAZ R P —EYRIEAR, SRR A=
SN M AR A . AR R R B AR B B R
g N ET T S = S I 27 S o N P T F
Z By A & 1R & #5 7 (stable isotope mixing models,
SIMMs) 8% F & 3 i F 7K 242 A 245 R 58 & ) W (Parnell
etal, 2013), BRI B 2 Fp ke 2 ML AER
JE [F) 7 Z AN TN [R] 1 W) AR IR 2 AR T DTk,
A W7 38 0 [R] 57 28 A A A9 2 45 725 o R A ) 725 o o A
RISEFT AL, B DR A R e 1, R TR
DUBR A A S BT 4 T RSO O . AR, LR R SR
FEIE B3+ JL AR AR [ 3 A5 78 2 M4 ik A2 2 [+
MR AT N AR TR 2 W Hitt, AT Lik
TRE R B R IR, T B iz
(9 JLF R 7 Z ALY (Simmr . MixSIAR il SIBER), Jf:
X RRAY S B o FH A DG B AT TR A 415 TRl B, XA
SE [F) 0 28 TR A IS AR 7K AR B I sl g 1o FH i 5 5
JRIBRYESEA TR 25 e, LI R 25 2 A S
RS %

1 RERMERRAEENARIE

WA SRR E SRR T RN EY
M, BEEVTE B ML =AML R G (R /Nl 4,
2018), fiffi 2 A 7] B 2t >k 5 9 RH X6 J 22k — B LK 2
PRAR A 25 R G AR R 3 A 2 — (B 2255, 2003; Vannote
etal, 1980), itk, AR FZRKES SWadiir
PRI T A T EEE B YRR, RIS A S STt
D7 TR R B W ok U5 Y BT R R (B = WA AE, 2011,
Hyslop, 1980; Bigg et al, 1985; Assis, 1996), X 1fj, iX
PO EA 2 mRYE, Flhn. XHEsE 5 R R rd i
WK, BRI YRS 5 X TR
/NI R JCEMES P RN £ S A R TG IR AR
BN E LS ST, o e it A g Yk i
HTRR ; B & oA aE E AR AR S ) I N B B Y
TR A N, TR R YR EE R, B
FARSRYE ; 8 F B T LRI E S 2 A E DL
. 5 THONB KR AY), X T — SR ok A
YrRELIWI 5 [, T S e AR

N GOUIN, R 2w LSS 8 BN BRI 4 R ATT, B %
P FEMAHFF M, B F MG/ il 4, 2018). &
S [V 28 6 A Sy fift e 3 S JRTHE 2 AEE T — A %87 1) AL
£, R 43 BT B ) 2R R TR A ) I DG ) R Y
T HZ —(Crawford et al, 2008), Jf-H1 it A= 1 Fa
FERN R, EThPREFMRILESHE
Yok AR E R 2R LUAEAR I B B0, R0 R R IR A
AR ] 6 3 B 55 1k ok X sl P B B v 45 b 4 A 1
BV TTER AT (R R, 2020). F20E A AR
R REREUT N 3 DBrB, 2 B P B B
(1976 —2001 4F), FELREL MR, i B
(2001—2008 4F), %A IS 45 TIHAALE A & RE,
BRI T £ BB E PR 2R 5 HA DU B A5
RIBTBE(2008 4F 2 4Y), FE T B ~F A DL i ErAE AR TR
BRI &y TSR AT B HER A 5 AT E PR (A 2),

BB BB B) . I HFRE R Z AT G
BRI STE A B ok BT Haines (1976)%0 4/
RN ER TR C4 Y . C3 R FNERIE X6 K PUVETR
A E (Uca pugnax) i AH X B ZLPERFSY, Haines #4 !
T C4 fHY . C3 AHY MERVE L AR FEE W K LS
KVGVE VR FH AR i e R 28 LU R R e, &
I C4 FEY 5 VG Ve 48 W A i A [l 7 2R LU E 4
SRR, MEHE T 5 HELMCRIFAHE, dtH
Wr C4 AR R PG A e W R RE R DTk R, R
FEBEYRIE  ZHFE AR e 7R RS [R5 36 40
B WRR BT IR A 28 BLAI AT DA Rl 7 28 D B R A PR
il AL LA HREXT 1 AP E R R M 2 Fhay
IR IEATE T, Fry 81981 R A A EM §°C
W 5% Mg HE RN P Ui AE ) 6T 38 [ 7 5T BT i v T AR 2R
Pannaeus aztezus [ E YR IE DR . Pl [l 57 25 I o
HARMW K, 2N RN EBERIFG 1, F 2555
HSFHAEA] Mass Conservation Model (Schwarcz, 1991)
Ak X BE B I A A A Euclidean Distance Mixing
Model (Ben-David et al, 1997), i 2 Fifif 35 %
LR VR A BB (Liner Mixing Model), fxZ %} 2 fifae
[ 2 F 3 MR IS TR, MEYRIERT 3
B, A AT 43 M1 (Zanden et al, 2001), X LA
FE AT AR (R 28 55 280 T 46w H T B 0 ok U5 BT R
5%, (HHBNIFEAIRHCEE, foE RN REAA TR
B2 IR IR TR AT

BB (R B BY) . BEE TN AR K,
BT 53 BT BCHE RE 13005k T8 W B o el S MR TR S 1B Y
HABTHE 2 FioRD 3 FhE sk IR A BTk, S Bk IS
2, BB RS R, IF H X SR R Ge P it &
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Infancy stage Supplement stage Bayes stage
F2 Kk R A A IsoWeb,
Linear models are mainly developed Kadoya et al,
MixSir, 2012
B LN Moore et al,
LRI 434
. . . N . IsoSource, 2008 .
Linear regression analysis Rr=FE B IR SA6E%HY, Phillips ef al Simmr,
Haines, 1976 Euclidean distance IsoConc. 2003 ’ Parrllcll MixSIAR,
S b ixi del S By Stock et al.
LAY T mo Phillips et al, 2013 2
Linear model BIERLEL el Lot 2002 Siar FRUITS, 2018
Fry, 1981 IsoError, P ? 1 Fernandes
R Phillips et dl, ef;’;e etal, 2014
JR AP EAR A 2001 2010 IsotopeR,

Mass conservation model
Schwarcz, 1991

Due to the development of
computer technology, various
uncertain factors have been added
to the model analysis

Hopkins ef al, 2012

BETHAVBARNEIE, &5 EFRESFEMI SRR A
A E MR ZMA T R IR KA 5 T 7 ST M 1 5 )
{5t The mixing model based on mass

conservation and Bayesian framework
greatly improves the accuracy and
credibility of model analysis

1970

2022

B2 FasE RO R BRI & R B (1970—2022)
Fig.2 Development stages of stable isotope models (1970—2022)

YR UG DTRR A SR T, AR RETE AN A 1 KT Sk i
TR YRI5 RN 2 5 A2 0E R R A AT AR M | 25 e
MR iR 2E%, 21 4 0HG, Phillips. Gregg Ml Koch
St IX — ARSI A& T 3 AhEaE [l IR AR
439~ IsoError (2001), IsoConc (2002)7F IsoSource
(2003), HrH1, IsoError BEANE IR 22 fifk ke 25 5 M A
NH 5 1 18] {3 (Phillips et al, 2001); ¥R 5 2% Sk
MRS HES TR KRB R AAERKZESR, Hit,
IsoConc FEHIZETHH SUIMA T &R N 2% 5 0%
W BEINAL,  DAS /A 0 28 Wk B 22 S5 WP AR 7R 77 A= 11 5% e
(Phillips et al, 2002); i IsoSource W4 T fif il £
BYPRIE BN &, B itH 2k 10 Fok i ot
1k (%) LE A3 BB (Phillips et al, 2003), 3285 38 T p
BRI, s B, PRI T, B
FHA WS THAE, 25585 THREURT, 1255 g
JZ N o AFZ AR SR FH 1) S — B die K AUSR VL 53 #
B, FESIHT R IR 2 S8 B[R] 28 21 80 722 S Pk FAS A
SEPE, WA E B IR IR AL R R B L [FARROR —
2, AR TG R A ZE R IE M 2 5 (R FE,
2020). I, ABITE TR PR R B AR A AN
PERAE S, CORE A BATFA R A EsK .

5= B (DU TR BY) - T RRAE, AFSEN B AR
DU S G HE SR I 2 i T DL Hr R G A 7Y (Bayesian
Mixing Models), X Ff A5 R4 s o7 2t ~F 1H VR 5 A5 Al
(Mass-Balance Mixing Model), fi H&t11434 >k = AiE
YR AN 285 WAL R A, IFAE DU BT REZL T ke o

SE B WIERHR A W) DUk Lo B A RER o A, sE Al T
BV R IR TR A A E Vo AR VRTE AR 1 DL ST HE
R RIE 45 AR, Sl IS R 7 R B A S LR
WEME . TTREE . AP FEARFGIE ., REEY
R R A AN R PE AR 2R PR AR L A AN B E P (R B R
2020; Phillips et al, 2014), AHF T LATE IR AL,
DU SR S A Y B B3, DU e iR Atk 1 — b i
BEEUR ISR AT, REAEATT RS R fE e, %
BN TSR, I BB X 5 A AR ARl S (E 1Y
458 ¥ (Hilborn et al, 1997; Ellison, 2004), D13
TR G R A HE ST 7E — A B 1Y 5T P A TR S B AL (B
B XTEENFRAR, REWIIFRAL R s 1T
Om =Fi x (8 +y1) + o x (82 +72) =+ o X (80 + yn)

KL, 258 | DEYEXR S TR LG, & 2
B D EYENRERMR SRHE, w25 1 EY
P [l o 22 0 0E, B T 457 3% R S R a1 = R
(Isotope-specific Fractionation),

Moore “5(2008)F ST A&t 1 TR A B 2
KRR 1 (sampling-importance-resampling, SIR)AY Il
MRS AR MixSIR . Honl DU i S E AR 6 A
Yy oK 5 TR LE ] ) 5 Y 5 56 A% 38 (Rubin, 1988) .
MixSIR [A] 4 AN IR L [l 28 50 590 R - ) 432 3%
FHAEAR S AN B 58 P AR ohy | (HR 5800 2% S8 A
25 5 FEI (1R 22 A E ME R R (R B, 2020),
Parnell %5(2010)45 & IAERBE BRI, 78505 [EAH
SENE, ISR BERBESE S R I8 4Ll (Markov Chain
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Monte Carlo, MCMC)43#1 & 9 8 U 5T ik () BE >R 43 A
FF & 1T SIAR £%  SIAR 5 MixSIR A 18 £ HH{L Y
7, (E T HSE T MixSIR Hi%A 5k 25, H
5 MixSIR fAFEMRA X H], SIAR DA T LR WK E
IS IE, RS TS EUN AT ENE, B HB= [Fmf4
A U FERCH AT A K A THRE (R R R, 2020), 12
%, SIAR % —pEghi K i, HAT SIAR 7E R &
P E A5 IR BRSO N 4252 . Hopkins 55(2012)
£XF SIAR WA BT & T IsotopeR BiY, AL T
SIAR, ZARAIG & Z S EAHE . Kadoya 45
QOI12)TFAEIF & T IsoWeb I, (ZB LT L%
FRI Y ) A, R A R P A T
B B IR RS REA B B BoR AR, W
e 2 ) P 25 6 ofe S 4 L I v ) R o A
BRAR, HATFRGE ZRH . B T X e —it
HAh R AL PE RG22 FF % >k, 4 FRUITS ., SISUS.,
DeSIR %, {H[RIFEIFAAG 32 v H (Fernandes et al,
2014; Erhardt et al, 2014; Healy, 2017). HHi, #/ 2
Pz e AL IR A B A5 Simmr (Stable
Isotope Mixing Models in R)FI MixSIAR %%, H i,
Simmr J& SIAR H®MFHMR, 1 MixSIAR 45T
MixSIR FlI SIAR (Parnell et al, 2013; Moraes et al,
2018; Stock et al, 2018)., F&5E [ ZMEAIBR T 76 M7
YRR TTRRAT R B R, A b A A
B [0 R L [R)FE e B B R ) . SIBER (Stable Isotope
Bayesian Ellipses in R)/Z&—Fh#k H F iV o sl
V8 [0 [R) 57 28 A 25 7 5 S (8 ) (9 A5 78 (Jackson et al,
2011), FEROE R RBANC ST 1,

T ENLRN A 2D | R [0 2 AR A5 21
KRS, R R BAE AR sE Tz A,
IKAEA S RGER A B ST s T 4 R (E 3), A
e TRl e 4 W, B [l 245 0 7E itk A AR S AR
GEYM L HAE 2R N R S
(& 4), IsoSource TE 2003—2012 A=A 5 #5468 % 14
P, AREE DR SRR &R, M 2013 4
TF i HAd A4 7 He ok i/ o STAR M 2010 4FTF ik
FZ R, T N 2010—2018 4F[H] 45 H )
FUERM RIRA B 2 — HpEE H R A A5 1k
HH, M 2018 4ELUJE SIAR B (5 i i A,
FHIF TAE S Ffdi 1] STAR RS, #6111 4 1 H TR
Simmr, PLHEEAEEE inss KRR 52 )4 #1 . MixSIAR
SIBER 7£ 2015 4FHi 5 4 BE 22z H, 1 Simmr
AT SIAR AR5, FEITARZ MR B N FH R R

RAR,

AT E AN, o R R B TR E AR 25T
WA, (R ERE, CHSIFZEENIEE,
2006 4F, SEE A2 Brian Fry #85 H iR T ( Stable
Isotope Ecology ) —¥5, XA WHENE KRS
Wikt N R AESENEE, ZEE PR L4 TRK
FISEI o e E 55— A R g HIE A iR Fa g R ZHoR
()& FRIG R FEMOCE RN (Roe A Z AR
220, AR 2013 AFHI R, XHARRE IR R AR A &
J iR | SRR DL R e AR S T AT T A
(MIERE, 2013) FEK A S R G0, 25 8 LA5E(2005)
B X F 5E R 2 4% R AE K I8 A 25 R G5 o i o
HEAT R4 /N AE(2018) 40 HT 1K A= B W) W BIESE 7
LR R, RAE &YW RAEAR KA E AT gl
MIBIFFE DT i, R IRl R B AR RIS & W7 R 45 6k
HAATEEEIOKEEYM, FEfRE MR ERE
YW FREE R T, e A 3R A E (R L) iy 1L UL
RHEE, REFEQ010)Z50E T/KEES RG]
DA 7RI B B RS R 2 A R B 1Y
., RIGEAGEAT N T IR SCR SR 7EM A4, PR
FYAE(2016) X & i 7K 350065 358 17 1 10 X 35 o A O 1 i 5%
HEAT T P4 FEBEIERE b, 51205 (2017) A
BRI, W W R IRE)RE R R
FEL MR IGHAT T 2738, /AT T e JEER e R F 2L
R 2K o e [l 7 26 B AR e /K38 785 R G0 2 W 0 ) ) o
H A T ORI A £, H Y KA AR AR A R
IS FRAFAE AR E PRI, [RIRE 23 52 e S [ o7 2R B AU (1Y)
AIATEE . AR (202038 o B R AR L4 B A SRk B
SEM T, X KRR S A v AR WA R R A AR
£ AbPESORAEIAT T TR BAS S A, ik —2 g
T RRE A R A SR BGE BRI ST B . TS
(2022) MR FLBE A (2022) 45 T 3 F 5 5 R 7 & B9 7
BB FORIEINIE R Ik L AR SOPA Ik, DU
RS A E AR A L R P AR B PR & L 7ERR
FE R AR R FH 7 T, R A B (2020) 3 TARUE [
AN 28 R 5 AR X T T v i T T Yt A P B
FREERIT T RGNS ; BN (2022) 0 T 2R
[F)7 2 TE 5 A AT e 59 A 5% (< % ) bt <08 Vgl O B o 5
BESMEYME FERIET T 2505

2 FEHEH

21 Simmr

Simmr jZ2—~ R £, B7EDUHHTHESR P A B AR
SE A7 R B AIR G 7. B SIAR W THhR,
AR LLRT T Z (Y SIAR €1, 3 BAREL
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Tab.1 Research methods, advantages and shortages of stable isotope models
fm i ] fik 1 £ N 33k
Model Time Description Advantage Shortage Reference
ALY 1976 MR AR Y R AR E R 2 H%ZET 1 Haines, 1976
Linear regression BRI ZRNEA S DS Sh ok U 7] i 22 1 M A
SR 1981 1 FlA o7 220t B Rt U R FURETEE 1 A Fry, 1981
Linear model 2 FRE IR AT SR 3 22 2 Fh Ui
A < i A 1991 B~y 5 BUOHRUR M Z R = HASHE A% Schwarez, 1991
Mass conservation HATIHE 3 R E R
model
BB B AR 1997 i AL LA B B BUCRIROLI SR ZMFEA7, & Ben-David etal,
Euclidean distance R A e Teat, A 1997
mixture model 2k
IsoError 2001 R 4E sk U STk WU EWERAMGZ  RfERT 1 48k Phillipsetal,
) A ()25 5 5 AT M 2 AR sy 2001
2 R 3 Fh R
IsoConc 2002 X T R YIE MAT WA SHE  HAERT 1 48k Phillipsetal,
2 W A A 22 {9 75 2 W JEE AL DA RSy 2002
B I B AT AT 2 R 3 Fh R
IsoSource 2003 WTHEFELREN EATEZEBEMT, B MMM, Phillips etal,
FRTIT %, 385 SE, SESRIUMT  RFaEse 2003
I 3Z 7 A T 0
MixSIR 2008 T SIRIAEEIN SR, AMZHNE  KR/H%EsE  Mooreetal,
I BT A TR G ZEEA IR RO bE 2008
i e
SIAR 2010 HTF MCMC FERIIL AT EZWERRIE, 62 N4 4us Pamell etal,
MR AR, W7 RS R A ok Ay 2010
i Hrofe s, HE
152 11 T
IsotopeR 2012 T MCMC FEEMIL A T B RMLCRIR:  — Hopkins et al,
HFRUHE SRR  IF, A5 H 202 80R 2012
ek
IsoWeb 2012 ZEHGEYNER FEEASTYRTANE  SHREASE SRR Kadoya et al,
e B b B, mEnhgsy 2012
Simmr 2013 SIAR WTFRAR, 40 T ZREOBOR | WA FUREXTA A& Pamell etal,
ARWOEPE . BRI P LT A B 2 gtk g 2013
VTN T3 Gxin HEAT AT
FRUITS 2014 HF MCMC FHRS A TR IERIE TR Fernandes et al,
I R A GER . IS IEE 2014
5 R 2 B AN
MixSIAR 2018 44T MixSIR fl Wi FIBEHLR Mo F AT K A9 DLt Stock et al, 2018
SIAR, — AN AR . Sk, MBERA OIS BrR AR, w1
. AUEROM TR P, FEEHE AR 2 A RS R SR
R A R A 4 SRR SRR, IO
SIBER 2011 FIRHEQAERR AR CERREE RS - Jackson et al,

ﬁ”

P[] 57 3R A= 2546 98 HE

2011
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Blue is the total number of articles, and orange is the number
of articles accounted for by aquatic ecosystems.
It was retrieved in February 2022.
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TV MR, B Simmr A& —N A 2y
TR B A | — > T 7 B g P ST R S 2 R
I g . Simmr K A F Parnell % (2013) k& F 1E
{ Environmental Metrics ) 15 CH A0S, AL SIAR
A—NEEFWIRAEA,; Simmr RAEMEH JAGS

(Just Another Gibbs Sampler)ft ¥ Kiza 17 & A &
TRABHL 7R %% Simmr Z /T, 155 JAGS Myh T
AN %E JAGS . Simmr 16 SRS ggplot2 k2 il 1
FMBE F o

MEYPRIEM I Z 0T, BRI AT §8 TCTL 530 AH
A B UE , MR ARG s A 25 SR R o e P, [N
I, AT DARYE & Wk U 1) [R] 43 28 25 [6] (Isospace )V B
BB R AAES LR S B 5005 B X AH L
BIRAT A I, Wl E B AL B S S s B A
U UR B BTk EL 515 91 Simmr $&4E T A I AL TR
f)“combine_sources” PREL, TI X AHALL & IFAKIE /3 45
BT RS o BRILLIAE, Simmr i 7] XA [E &4
ARG Z PPy Fh SR 1Y BT R T

FREAF(2022) 5 TSI Rl A R B, AL GG
5. EIOREAR G R IE, it Simmr FHE R
DUF SRR | RS T B AR R R I B B Rk
A IR 0 ik Sl e .
2.2 MixSIAR

MixSIAR J&—1> R {2, ATLAQEAIEFT -
TR A B 7387 A= W B R (B Anfs g I 3R . AB i
W45y, ANXAT LA Hr oA S R GE, W] [m] i X 22
B RGEHAT T MU B YR IR TTER E v
Iz, iR BT AR AR R 6 [ R 57K 43 04 W WA
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22 MARWTTR): Q)UEEUE A th fF 5 2 IR 451 s %
328 B2 S 40 23 ) PR RO (1) 2 4 b DX R 1 YR
) Q)RR Z 2 4>, A EEE B, b D o)
78 RGN | HRE RN (B PVERRZ 115 (5)
WA T 25 R 2E G Y (B 22 ) 5 (6)4 T vk JBE M
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“informative priors”; (8)f# F LOO/WAIC W E &£
AR LR AR SR B . IS BIE 2% Stock 5%
(2018) & R MY SCE , SCE MR T MixSIAR AU
TEE, X4 AR UL G IRAE A . el A kIR
PR S HEAT T RO i T i, IRk T —A
EE I IEHDES 8
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HOTLGE ARG T, B SN FE ST X
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Abstract

The aquatic ecosystem is essential for human survival and development. Food web studies

on aquatic ecosystems describe many key processes, such as material cycling and energy flow processes.

The results are of great significance for protecting the diversity, stability, and functionality of biological

and ecological systems. However, the extreme complexity of aquatic ecosystem food webs has puzzled

ecological researchers. The development of stable isotope technology has contributed significantly to our

understanding of intricate feeding relationships and structure of food webs. The carbon and

nitrogen-stable isotope compositions of animal tissues are closely related to their food sources, reflecting

the comprehensive characteristics of all food isotopic compositions assimilated over a period of time by

animal tissues. The carbon isotope composition of animals can indicate their food source, while the

nitrogen-stable isotope composition can reflect the trophic structure. However, the animal diet is not

composed of a single food source, and the complexity and unpredictability of food sources complicate the

interpretation of carbon and nitrogen-stable isotope data regarding the contribution of food sources. In

recent years, the rapid development of stable isotope mixing models (SIMMSs) has provided a powerful

means to solve the complexity of aquatic food webs, particularly with regard to determining the

contribution of food sources and comparing consumer niches.

In this study, we reviewed the historical evolution of stable isotope models, the characteristics of the

most prominent models, and factors to consider when utilizing such models. This study summarized the

application prospects and limitations of stable isotope mixing models in the research field of aquatic
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ecosystem food webs in order to provide a reference and scientific basis for subsequent research.

The development of stable isotope models can roughly be divided into three stages: the early initial
stage (1976-2001), which mainly involved the development of linear models; the supplementary stage
(2001-2008), during which numerous uncertain factors were added to the model analysis as a result of the
advancement of computer technology; the Bayesian mixed model stage (2008—current). The mixed model
stage is based on mass conservation, and the Bayesian framework greatly improves the accuracy and
credibility of model analysis. Simmr, MixSIAR, and SIBER have become the primary isotope models
used today.

Stable isotope technology has a long history of development, and the emergence of various stable
isotope models has expanded the application of isotope technology in the research field of food webs.
These models have powerful analytical capabilities and provide researchers with a powerful means for
analyzing the structure of the food web. However, owing to the limitations of isotope analysis and models,
researchers should pay more attention to the relevant prerequisites and practical ecological significance
when selecting models to analyze isotope data. Researchers should also devise reasonable field
investigation and experimental treatment plans based on their own experimental conditions and economic
capacity in order to avoid the error analysis and misuse of isotope models and reduce the uncertainty of
model analysis results as much as possible.

Based on the previous research progress, the authors share their experience and understanding of the
application of isotope mixing models. The purpose of this study was to assist fellow researchers in quickly
understanding the development process and matters requiring the attention of isotope models, as well as to
provide fundamental data and theoretical support for related research.

Key words Stable isotope; Aquatic food web; Food sources; Bayesian mixing model



