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M RFER IR 20 ITEA SRS THE
\MEnI s, BRI AMSEO 7 O—0L
fbic & d WwiiER L DR L, —Hlott&
HrlioTwa, SAREDOY Y RIY T ARKHE
X, BIIMELZ2LEIPRTVEL, HEPLTL
¥ EDTAXF 4 TTHHFICEHY ETFHRT
W5, HENNLOEZTNOKRELEHROVED
1, SLRHEHT SR THEIFERICEEICh
B:DTHA. Ehdb0L LT, BHKEE
DEE, WMANEH, EREY~OLE, HBR
e LIk, AB~NOEEMEFSOTaEMES &A%
BIFohb, BROZ LG, ThbDiEI
£EEITCRETEAIRTIEIRL, &FX
FLGEHFOANLL EOEEYFARTTRTHS. Lr
L, — A CHHEEIFIERITHEND 7O XH
i, EEMIIINT TOEYEIF->TELRH
BORABMBLEZTIV. 20720, £i%H
B#E D LI LAGERER TN~ AL THRS
REBERELTOWLERHLIOEREVEVWEZ S
Thb. T LI-MEIIH L TR KRELEHED
TEL2EYPEDOHEFIE, BELERETHLL
Bbihs, £EZICBITRNEEIZOVTOWH
NEBEZ, BINZHOBDO b DML L hdh ot
A, BoR TRECKZE SROICERS, BERNIFEDS
TEBEICHEA, FRITRLBEYBEELE (RA
4 HE (invasion ecology)] W) Fx L I~
ThGBEVREINDODOHDB. bBIA, TOH
BHIF 7R TH Y, EBmMTENBERY TG
HEG5ZDILOTELREFIIR DED I KM
LEGbHBH, EEFEVHRIAMTEHE
BERGBOVEDTHEHLEDLNS Lol ),
EHETIINES, SRENENEEIT) LT
NBBENL VN, FOHIRAEEBEIIOVT
DB, EEMBEIC O VW TOEEYERA»S
Wh EFe@izdbintdThHs, ) LN
s, SEOHFEBERHRBEED L VK
T AT, NREBOBRA, EH, BLURE

M E%E b 753 I THOTOLAZEEENHE
P6RzZ, 9 LA SREMEIC L TE
DEIEBTEANIIOVWTERTLILYH
BE&LTwna,

1. BRA-EEOTOEX

FFIR O, YRMEIRAEAY 2, FE
ROERRRIEEERIZTETHOTOLXIZDON
THHL TAHA LS. WiLLiamsoN (1993) 12 & huid,
DTt RFERICUT O4BBIZERT 5
TENTES. 1) A (imported), 2) #A
(introduced), 3) EF (established), 4) &%
(pest). [#HA] 12, BEADPSFHFLATA TS
BRI L Ty wikeE, T#A ] 85454
IR 5258 S L TRIGHEL#EF T A 2
ERTERVIKE, [ER] GBICERRECTH
ERHERITE TV DRE, %] 3EERR
AHEF O PDEDERY 5 2 T AHIKET
HbH. B, &L Tidpestidinvasive allien & &
NBTENEL, ThiCik TR AL VSR
RS TONDE T ENEZVHA, THIZIEARRD
[FEx%T] I BEEIPEITNTVEZVOT,
[MBE] DIZINWRELLTHEBTWLEED
b, WILLIAMSON (1993)i, ThFTCH I F &%
BTF—5 2T DR, LROZEBOBITIC
B—EFOHRUMENHEIEFRVEL, Tht
0D #HAN (tens rule)| £ &Dir7. 2%h,
ANGEAN, EAD»HEH, ENPOLRE, B
T4 HHERIE, WIFRH5%H520%DFEFEMANIC
HHIENEL, FHLTIWOBTHLELLDT
HH.HHEHAINITHEICERNZLDOTHD,
AANZZXAKEFV 2 EVFRATHL, ZH) Liz=Y
v 2 F =i, ANDOY —ADTHNICIIEEL T
VI e EZ LR A, ZOHNS
NN EDONRED L ) LB TE ) Lo leh®iE
52 LT, BA - EXODEWMHFMNRA N =X LEE
%) ZTOEENYICIERD H S,
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2. YRS

Sk OBBRRE S LR OBRRBIZIZIZAIE L7
ML TEONDZ LSV, &iF (2001) i3,
DFO320BBEICFEL TS, 1) BNICHE
LA T B VIKEER, 2) B0 BEH, 3)
FAMIER L2 OOFEERREE, S TEEL
LB5DN, EDLS LHEYIPRAVIETEEMNIC
LY IENERBDL)AVFMTHE. ZDE
FIIRLTES TR LW, EEZOMBIET
DDIZFIWIOBRTHAHLEZ L. fdi
WEHL, BEHIZ L3RR, KE{HUT
BATLMNOMEOFNEL, BRASNAAOBESR
ERAOIFHICKHTE S, fIBERBLICELD
HiATH DETFEHEEENEE L 2 5. REJMANEK
and RICHARDSON (1996) i, v VR XM HIc&
SELEFEBRBEE B THRISH 217, BF
MO EEO 2L, ZOER, HTFH/NE
{, REMEL, HFoBXIOMBEIEWHZ L
BEMIZEY, HARICX 2H5IRIZ100% & %2
o7, COFRIGTCEEBOLSOT, BRHOM
BT v, VAZEMORBLYHRLT
B W ERBERLTWS, ¥ 7:KOoIKE (2001)
i, 2FSFLHBEICOVTEEAK~NDBATEE
HRHEEICS 24 EREE BT T LV
CTEFli L 7. 20#E, BROPTHIYICHE
AT <, MRS AT W EAMR AT B,
BHELEDIIEL B EAbhol. S TH
ElVWoii, HoOBAHZN DT R, BED
D 2 N—DHRCOEMHLAAEIEELRI L
Thd. 2Fh, BATRERIE, B4l
EHBOBMESRBICEHboTWVWEEV) I ET
b,

RIZEDE ) LERREBRADS—FIICRA L
N TP OoONWTTHSHH, ITHITELTON
(1958) BAsE, £& LCHARE,H S ST iR
HENTHED, FRIZOVWTIRBEERIADKRHRY
BHWLLEE L, O - BFVTFSROEAE
FhE b I LMD, BaEnSiits
HFERIBRRICT 2B BIT 58y P dEHE
ELBHMEMNEL, SREDSEIHILRBREXREL D
BEHSFI-hb, LeL—AT, THHDEFNL
PREDHEHMOMBEIZ LDREDREIITLAS

PIZDOVTIIREECIILT LOBEETIEIZ V.
BE)RDLNBERIZTF TR, SREYHTIEE
CTERGFTOPEAYZLE (ecosystem engineer-
ing, CROOKSS A, Il S ADRRAEE) LR
M, TIEEEMLEY L OE L v iYL
EJHRICHY AN PH—2DKELBETH
5. FODITIRBHISAFEET 2L 4E
BERBZMNT IO —-FLEYDTHA .
VVUEIBREDS) A7 FHEOBICERTRE
HFE LT, BAEOELHEIFEITON S,
CHORIDOWTIHIH S A, AHEA, KIFXA,
RAESADBRICBIAOATVEY, ET2124
ABRICELHREHCL R BFEREOBE L &
DREDENBENIZE 5T, BEOEBLE L D
o THENHEELTATMREELIDL LW L
Thab. T LzfE, &hdzFiTit s
HHMBOFEVWERL Y CEBTRETH S
2, REHORWEY T RPMIZIZZET S
VERHLPLHEN W,

3. BHYIC

SLRAEIC & 5 E8NE, ERNLREEEY TS
<, LIWLITHEHRLE L TFENLERY D
eoTIldbdhb FOD, FOXI)LREBEYE
bol/flids, LOL)LBEPERRIIRBALR
T, FLRENILIRLTVRIID2VTO—ik
BFHICIE, FTLAEONFEVWERDNRS, L
L, EEREBCEYHBEERA>OEORAZ
NETOEBEOMRI YR /FMEITHIIART
HRZZEREEVWRZY, F2h e, 4
BDY Yy RIT ATIEFEEIC L b o7zds, 4t
RAEERBR DG EIC b EEEMNMRIEE I 5
ENH D, FHIHRMEHIBEH 254510, H
EXFEIEDRIZIOBMBRIIHE Z LHEL
(SIMBERLOFF & HOLLE 1999), ZD7:%, »HHHN
BREMR D DS REOELE L RELIETFHEAL
BEERBENLNDH S (ZAVALETA et al. 2001,
Al - T 2002). [ELWAEEENZAZNHN
(£, 29 LZAMBACITIHRTESI1ETTHAS.
W X, SPRIERTEICH L TEBEISHEK
TELEFEIIFFTICKE Y, KBICH CRBH,
KOBETCEICNIETHEVEBEEOE L 2h ol

—2—



BAEREZ T 2 L2 EET A a il
FENWTHA.

5 Rk

ELton C.S. (1958) The Ecology of Invasions by
Animals and Plants. University of Chicago
Press, Chicago.

Koike F. (2001) Plant traits as predictors of woody
species dominance in climax forest communi-
ties. Journal of Vegetation Science 12: 327-336.

WEEE, ET & (2002) 77 v 7/8R, T X
YyAF)H=, KEOHEME. FEHEAE
HEIBESASHNE TR

REJMANEK M. & RicHArDSON D.M. (1996) What

B AERE SRR R SRS0

attributes make some plant species more inva-
sive 7 Ecology 77. 1655-1661.

SIMBERLOFF D. & HOLLE B.V. (1999) Positive inter-
actions of nonindigenous species. invasional
meltdown? Biological Invasion 1. 21-32.

B EE (2001) BERIC X BB AMH A S OB,
[BBA - 4Lk - BATE] NEEETF - S
B #2FET (@) b

WILLIAMSON M. (1993) Invaders, weeds and the
risk from genetically modified organisms.
Experientia 49. 219-224.

ZAvALETA E.S., Hosss R.). & Mooney H.A. (2001)
Viewing invasive species removal in a whole-
ecosystem context. Trends in Ecology and
Evolution 16. 454-459,
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LS

EMEREOBLVERNLMEEL > T3
4, EPHREPERRICKELEELRIZL, &
KREDEHRA BN TERE LT, MREDY (alien,
non-native, non-indigenous, or exotic organisms)
DEAEEBN BT oTWE (BEHF - H#FE
1993 ; B4 - &K 1996 ; JIEIE A 2001). F4R4&E
o AR, VI A, @QahiLK, QEH
LEWSODDBENDHL. ThHDBERIIHFE
fi L EREOMOEYMMEEERAX P b o T
HIEIFEDEFTHRVAY, BATIE, SRED
EZHYINY B ODDOFEHERLIRM(eradication)
BWTEZ, fERfliLn, £LTHRERLD
HEERPEETCHL LV ) BHE» D S
(ZAVALETA et al. 2001). L7:H>T, BADHH
W 5 EEICEDMALIERE»PHLEHIITHS
A, T TRERBA~ONRIEDOBATGEME L
EYMEEERAOBFRIISVWTHRHLZ2ED HE
ATHRBIEITD. &b, SREYDOFHIEK
H CZEBNEESERLMBELHEH, T T
SRR W EIZT A, AEHD]Jeff Crooks
KL AHERDBESA, SHIGESADA and KAWASAKT
(19972 L& BZEIZS N,

I b ORER

SpEPOBEAT 5 EBEEM LMK, F
¥Y—=NWX - INVPIBEAEVSTEINEA
5. ELTON (1958)i%, #FM [RBEDLETEE (The
Ecology of Invasions by Animals and Plants)] {2
BT, NEHOBADE L ORBIZMAr LIz E
T, MEREIBWIRIIHERO L WEE LY
b NRIEOBRAKT B IEIAEA T VL) RER
2EBALL. TV b, SOESOBRE LT,
MES>BDELADNLLDONG ML 2R
DHEETNVRIARETH Y, QL BHEOERE
PohIERRONT AR OZ EIGHELL,
BYhELEDERBIIZBA IR T, ) EA

THEMELPEEPATRIEI D RT{, OB
A BERICKE T, ORI T ORI
BEHORRELZBL LIS, L) 620D
ZRZHITT D (HHEIZH 1992, p.345).

L2L, TV DZORBIE, TDHOBE
KBWT, LT LIIFEINTEbITTIERw,
IV b DEEHThe Ecology of Invasions by
Animals and Plantsi¥, {tXOAKHDEER %
RELEZTLELASRERN A TR PXFRH
4 (zebra mussel) DEE *FH# & LT, 20004E(
YA TREBRBPLBFRER TS EAIICD,
Z D3 TDaniel Simberloffit, D& D CE
FRMHAZ B E—DF—<E LT, TV UH
ABRILZEEA L Z £ BHITBTOBRAEEF
FANRBLRLE, ToMEE [PROMEDI 622
HEROEBHLZBASKRTSOHER) ThHb L
AL, S0EZIL, EMLZEBA
DEL LT [HEEAIEM (ecological resist-
ance) | #HMFATH L EFETHN, TV b
HEPEDD LI, EEXELATHWLEVWERTD
LERXTVS,

RARY &EEHEEEER

FNTIX, ABH), HVIERICBALLAM
REGHBRAIEKDTEILEMIEDEHIZLT
RIBEDOTHSH 5. BARSIZIE, BAHEES
DHEE L DI, EYMBEEELEL TERSE
ROBEIEETH. ERBEIEALZZITAN
Pywp L) id, B, BeEE HEERO
R R, FEEWESM, HELERELR EITEKEL,
HEDHLVIEERO [RASIRTE (invasi-
bility) | £FHEh 2t aThbENE, —4, B
AHEORARNIL, WEMRBIOR L ANOH
%, BEEK, AP THBRHSEILZL
KHEFET 2 [BALRTE (invasivenessd 5 \»
tXinvasion potential) ] T# T 3. dbHHA, B
AELENE 2B REMLICHFRT A LIET
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5§ HEOHEEREVBAORIIICKE(ER
4% (Lopbck 1993).

HREBEOBRAEFHEOHEAILT

HRBEOBADER L F0OHOBMMER, 3
BOIIFETAHIEATES (Cask 1990, 1991).
512, BAESBAICKE LERBEIIBAR
DIRFEICR S [HEIZ L 5% (rejection fail-
ure) |, 12, BAESRAICHEII L CHED
HEsz 5 [BHEOVK (community aug-
mentation) ], £=, FRRBEIIRAICKIITS
A, FORHLYICIET 2 TEROERIEAGER
+5 [ (replacement)] 2H 5. RHENE
AIIEIR Y o ERHECIEL L, FHME /23 hid
WEABANRIELEZAZILAHS., LA
> T, Y fED B AT REM BT 5 BIRAI I,
ZTEH, HLVWEROHOBEHIZITNELT HIKE
PO L, HIRFEE (regional pool) 76 DF
ADERYELES B EIZE - TRATBBRARIL
TAHEEZL [BBEOHAAILT (community
assembly) | BROKEATHESRTE L. £
12,0 b —FNF T ROBEBEE TN EEN,
¥, HLHMOL L TEEETIIC I LIZELT
EFNDING A— 5w, BELDHELER
T2, TDH, ZOBE~OBAH L HIRERED
LI UvFAICHYHL, BABOBEHEELRE
T5H., COREIHIoTid, BLRELEERT
A hRRR Y RMENICHST 2 HiEe, 4
¥iEgkcom¥ing], [FHREOEMME], [T
kO RFRER] 2L LTBAZD
HAHLEZ RO 2 MEENEDNS.

INHDOHRDEELR DI, [ UHKEEFEIC
B+AHEMOKEY 715G %22, bOFKE
BEEEHT D [SHFEFNV] &, BIDDERD
habonMFETELERL, EHY V78 T%
# Z [6 LR BERNOAEIER TR S © S5
T2 [APHEEFNV] CKNTHILHTE S,
BT T, #2hehoBoEeTVoRUNTRE
T 5.

REETIN
Case (1990, 1991) i, #EFET NV

B A RE S AT X & S50

dxi [ 2 Qi ] .
=riXi 1_ T Xi 3 l—lg 21‘”"’1
dt ;Ki ¢

BWTri=05, ai=1%REL, ask K% 7 v
FLICRAT, ERBHEERELL. LLEL, K
EEESTEOTFHEIRELFFD LI ISEY, apld—
BELEDY 585D, SLEEHE-> TMHEEOTHIC
A BEWEOFEB Y v & O TRIFERBT
FIZHE L, FREERLTRDTN A,

BAERBIZOVWTI, BAFEI AU, B
AEOMEERBE A EREOHEER LR Uam
PHRBY, RBINEHIEREOEHML T 5.
BAHOMBBEEIIRBENEINI0005D 1 &
LT, ok BEMICHBVCTBARORE
HEEER DD,

HREPEHTIE, DTOLHICL5. (DBL
BB OY A AT 5 & [HEDIK]) ©
BRI BBUIE Y, [ERIC X BEM] < [HER]
DFENRIT. QHEELEROFHMEL & b IR
ADKRBERIHZ, R EBROFEGIHMAS. 3)
BIRHE Z B8, R 5 ERMOFHHBIL,
HROY A XPLHEMERANBS & & HIT8mT
L. @FgY A Xome & b, TERTOMHRK
HERIIMR, BAORIRIIEL DT, FHEELE
A XZWEDINS Y ATHRTESL. CHEADKIY
ROWEHMSHEIBAEROEL N b Fo L KE
v,

A WERTIE, WL oD DFEMIREHDR
BCRELENH A, TDEE, BIRNBEDOT
HrARREICVE B3 < MMIIAIREBICRTE L, wIfk
BORBI TN EThOTFHERED [WRFIHUE) (2
FEShE. LT, BABEMWERBELREEK b
H2VRBEO—HELEFTHFHRENLETH >
TH, BAHIHER L TERFRDANTFHRT S
KEDRKELR E 12, PEREGTOBAL, @
WAKEEDS IR F ORFIFIRICE T h B 7210, i
T2 ENEV., GHEBIL AT AH %
B AHENE, TOL) REERT IO LB
&5 [#E%E (priority effect) | 264U 5.

DL, BEAEZCHLIRAILCHTS
EHEPEN I L ERLTED, TV P ORE
EXHTH.
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BYMEETN
H\ T, Post and Pimm (1983)%°DRAKE (1990) 5
Lo TS NABEYHETVIZOWTEHT
5,

%=x{bf + ia.m] , 1=1,2,n,
j=t

ok, ook —FLysHoOBREHEET
VT, ARBRIINE L ERBESF R, EEE
T 0<bi<l, —1<aa<0, HBRHFIZOVTIZ—1
<bi<0, au=0 %if7/- L, HEEHDOFEKasl,
HEZEHTAIRAZOPRIIE, HEFICHT
AMEEOMBRIIAEII LD XL, —HEE,S
BAT.

BABRIZDOWTIZ, PosT and PiMum (1983)i,
BADRKADIZFIHF LVHEZ ZATHEERO
WS P 7oh%, DRrAKE (1990)ik, AIROEDE
EH, HEE, HEE, LUEOWAYE, BEE,
L FEETHLPLOEEL, TOHH»H
BRBER~NOBAEZBATVE, BADRAD
BOBEMEIL, %IMorton et al. (1990)4PPD
TUI) X LEMAL, THAREITRET, B
EERZFRHOLEDFHIRESH L0 E) L)
HISEIRHE 2 Ho TRO SN,

PosT and PiMm (1983)%°DRAKE (1990)D £ B i 45
£ (Morton et al. 1996) &, (VFE#HAD VB
AR A SRR, QL SHELL/-HE
BALWBLIIHEEI DL WEHR L ) S BRANE
LWds, KB LIEZOSWRELELYIZRA
LRF<, O BMoMANTid, HRERICRE
S>TVAHEDEDTEICHBAEN WA (end-
point) T#b Y, 56N HIRTEH I L
T, EDL) L HLEOR[F—2F-EBERD D,
EORENEBR END PIZEISFIFT HEEICK
FT5, EnHb0Th), ThdL DR
REXFHFTS.

SR & OFedE & EERAVHEH
BED LS5, BEORAYTHR/RE, %<
DHBMRIEINV + Y ORELZFHTH2EREH
LCv:% (LEVINE and D’ ANTONIO 1999). —77,
LEVINE and D’ Antonto (1999, [V b » B3]

LEFITO I ZBHOP T, BEOFNHIENER
OHIHEZEUFEMLIBREATICL T, OVBH
% EHRE U - Tk, AR
TESHUOMBIEIEII LA LRI L
bdY, QEM/IY L OWELEDOBMERIIL
BEBLEILIBASKPTVWERERET, 2L
BRom IR T 28878 Tna.

Tz, [ 2RKIRDb> THLRBADHALSS
HZHMTHERLRIVBAINRG Y, EFL
LBAEPHZ B IZONFOBRDOEBAIR L KD
LRI EDEVITREEZ R Ew) [
A#E# (invasion meltdown) ] &3 (Simberloff
and Von Holle 1999) d#FE S h, HHD/NTF X
FKICEK o GRIZNS Bl /1 A il 0T %
SOKEEYOBRAIFEICR o TwAILkDE
KU CTERIIBZ o TWA I ENTRBERTNS
(RicciARDI and MACLSAAC 2000) .

INETOBATEREICOWTOERIRIL,
EIEWIFE L DIFHEAH 57217 Tld e , HBRHL
BrobBERNFEZO CHMHIICISERTY
5. ko X 512, PosT and PiMm (1983) ®°
DRAKE (1990) 1, BE¥IBE F IV OREICH 72 - T,
STEBMOEHYDLD, TEFVFERYEERE
HndsLviFHELLHT, BAOKIIZE /T
KB EOBLOFEIKELPPD7 VT XA TK
BDEEVIIFEEL-TWSE, ZHIZFLT, =
DFEIE > THBEZHAIL TS LIZIIEKRE
Kianid ), LTOSHEEORY PRI NELL
V2 #EH] ASMORTON et al. (1996)iIC L o TR & h
7. OBAEZEML - BHENSFHEIS 2R 4L
THLHEPBRBALEBETELI LD DHA. QBAH
CEML7-HEDOFHRECOBATOEEI A
TOHBRALERTEZI LD B, QEAEINE
FOFFEPALETOHIKXEST LI LD
5. WDREOTEHEEELIOBEZRETAIEIZE
S>TRABOEELB > TERI LMD S, B
RENTBHEVEINICRELFHSZ > Tw
THRRRFCELVWEEND 5.

% LT, DRAKE (1990) n&R %, R % HEMS
T 5hHEL, MORTONRLAWARA L Tw3 [k
#ttE (permanence)| I2d LTV kL 2o
THBRA L. Z0&R, BEfFIcL-TES

._.6_..



NAEEDRFNEPPDT VT X L2k > THESL
NARFNEBBAORAIMZ DL EHICHAT
WE, W OPDBEMARIL TORYEFTAI 4
F, RTIBRAICETHETOENELIZBVT,
WA HO)DE® Y DEEDAEHI20%AHICDIEL
7. #FLT, BolBHTPPD7 LV ITY X LH %
N EET R 2270 BEOEATTHIES
BIENHY, ERICEIEBLOEANTORED
ZEBRBFTTHELVIERLIB TV,

PosT and PiMM (1983)%° DrakE (199003, &tk
DEDDZ L Do 7B DT REES LFIET
H5N, BEETFVOBINIIBIIIMEEND D
ERELXZCHIBEIRTLE 2. E£iT,
MORTON et al. (1996)i21%, Stuart PiMm & James
DRAKED Z % ERTWE, HSOHENHMES%:
B L 7= B % 2% o 7-MORTON & LAWDFE U A i)
IS U7 R RAFFE/2 A%, 45ICDRAREDH % LI
I BEOMEDHARIITE 2o ThHA).
MORTON. LAWDTIFII X THB X, H6DMEED
HREODBFEIIOENB I L RATHILE
James DRAKEIZHE R K L 72\,

X &tk & BATRENME

—7, Richard Law & Daniel MorTONIZ, K&t
% (permanence) DELE % {#o THEMEDHF
MEEDTVE, H5FRAIKkHEN (permanent)
THbEit, TRTCOBEOBENIETHSAHPD
HELEEOE R RITEHOARDOIEDFR
FIBICEEFAIETHY, kHBILFHR TR
RIED ) LDV OPAHERT B Z LICHY TS
BREIIEEMNE %% (HOFBAUER and SIGMUND
1998). K&HI 2 ROFEAHKEL, REFH A
LIRSS, BELR) Iy M4 VR A F AR
BT I 251220550, WThOBE
LR EIrERTAI LT, Law and
MORTON (1993, 1996) iX, & b H — KNV F FRAS
kBRI E 2 2 LELHEE-T, REFITLTY
5.

HoDBELOHEAL TAROBERIE, MOHED
BATE RV LRERIEDS D, CORE
bW OPDOHEDRA % FFTRKEI 2 BLRT
(FEERICEATFO ) =y 294 7 VTR

BARERFRMABX £ 450

%) KREPDVFhNTHSL, £1LC, OF%
EEIBACEY T AL THEICHERT 5.
—7, Cask (1995)i¥, #E%E€FN T, BEHEHI D
Ve XIZIREMT 2500, ERBEEOFENE
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The process of biological invasion:
The arrival, establishment, and integration of exotic species into ecosystems.
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Abstract

A successful biological invasion is a compli-
cated process involving the characteristics of the
invader, the nature of the transport mechanism,
and the biological and physical attributes of the
source and recipient environments. Despite these
complexities, an invasion can be conveniently bro-
ken down into three phases: arrival, establish-
ment, and ecological integration. Although some-
what artificial, this scheme aids the study of inva-
sions by highlighting broad sets of interrelated
factors that influence invasion success or failure.
Although for many invaders there is simply not
enough available information to begin to piece
this puzzle together, the mussel Musculista sen-
housia has received enough attention to make it
possible to use it as a model to investigate the
process of biological invasion. This analysis
reveals that although the traits that allow a
species to successfully arrive, establish, and inte-
grate may differ, M. senhousia is accomplished at
each. The examination of M. senhousia also
highlights two broad issues that merit increased
attention in invasion biology. 1) the existence of
prolonged lags between the initial invasion and
subsequent population explosion of exotics, and 2)
the ability of exotics to profoundly affect invaded
ecosystems by altering the physical nature of
habitats through ecosystem engineering.

Introduction
Biological invasions are fundamentally natu-

ral events, although the massive anthropogenic
mixing of biotas is having profound consequences
on the structure and function of ecosystems
worldwide. Thus, while the study of invasions is
necessitated because of the extraordinary conser-
vation implications of exotic species, invasion
biology also can lend insight into basic biological
principles. One way to approach the study of
invaders is to consider the process of invasion
itself. This can be accomplished by breaking an
invasion into three phases, arrival, establishment,
and ecological integration, and considering the
factors operating within each (VERMEI} 1996).
Some of the most conspicuous invaders in
aquatic new paragraph systems are mussels in
the families Dreissenidae (e.g. zebra and quagga
mussels) and Mytilidae (bay and sea mussels).
Among these, one of the most successful is the
small mytilid Musculista senhousia (hereafter
called Musculista). Musculista is native to Asia,
and has a quite broad geographic range. It is
found in intertidal and shallow subtidal habitats
from the cold waters of southern Siberia, through
Japan, China, Thailand, India, and into the warm
waters of the Red Sea. Owing to human-aided
transport, Musculista is now found on three
additional continents. Like most other mussels,
Musculista is a filter feeder, has free-living
planktonic larvae, and produces sticky byssal
threads from a gland in the foot. However,
whereas most mussels typically use their byssus
to attach to hard surfaces such as rocks and pier
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pilings, Musculista typically lives in soft sedi-
ments (i.e. sand and mud) and creates a bag or
cocoon. This structure stabilizes the mussel in
the sediment and serves as protection for the
thin-shelled species (MORTON 1974). When the
mussel occurs in high densities, the byssal
cocoons become woven together to create a mat
or carpet on the surface of the sediment.

Because Musculista has become one of the
better-studied marine invaders, it provides a use-
ful model to investigate the three phases of bio-
logical invasion and highlight some important fea-
tures operating within each. In particular, I will
emphasize two issues which merit increased
attention in the field of invasion biology: 1) the
presence of lag times between the initial intro-
duction and subsequent population explosion of
invasive species, and 2) the system-altering
effects of exotic ecosystem engineers.

Arrival

The arrival phase of invasion consists of the
movement of an invasive species from source to
recipient regions. Important factors operating
during this initial phase of invasion include the
likelihood that an organism can utilize a vector of
invasion and subsequently tolerate abiotic and
biotic environmental conditions encountered en
route and immediately upon release. The broad
geographic range, habitat preferences, and local
abundance of Musculista suggest that it is an
environmentally tolerant species that may
become associated with several invasion vectors
operating in marine ecosystems.

When assessing the arrival of foreign species
into new locales, it is often difficult to precisely
define a mode of introduction to a specific loca-
tion. However, it is clear that Musculista has
taken advantage of several of the means by which
invasive aquatic species traverse the globe
(CrROOKS 1992, 1996). Musculista has successfully
crossed the Suez Canal (known as Lessepsian

invaded the Eastern

Mediterranean. In addition, it has invaded

migration) and

Australia and New Zealand, most likely arriving
via ballast water of ocean-going ships.
Musculista is also found on the west coast of
North America, ranging from southern British
Columbia to northern Mexico (CARLTON 1979).
The mussel was first found on the west coast in
Puget Sound in the 1920's, where it was actually
observed in seed of Japanese oysters being trans-
planted into Washington. It thus appears that it
was initially a "tag-along" with an intentionally
introduced species (a common mode of introduc-
tion). Musculista appeared in San Francisco in
the 40's, and in Southern California in the 1960's.
The secondary spread on the west coast has like-
ly occurred through ballast water, ship fouling,
and natural dispersal through the water column,
although it is possible (if not likely) that there
have been repeated inoculations from Asia.

Establishment

Once a species has physically arrived at a
location, it must survive and reproduce to
become a successful invader. When examining
this establishment phase of invasion, it is useful
to consider both the characteristics of the
species as well as the biological and physical
characteristics of receiving ecosystem.

Musculista has been found to possess many
of the traits often considered characteristic of
opportunistic, weedy species (CRoOkS 1992, 1996).
It is small, with a maximum length of around 3.5
cm, has a thin shell, and puts most of its energy
into rapid growth and reproduction. Musculista
has a short life span of approximately two years,
although most individuals in the population
appear to live a year or less. Thus, annual mortal-
ity rates for the species are typically high, and it
is notorious for existing in very high densities
and then suddenly disappearing. When the mus-
sel is abundant, it can be overwhelmingly so



(Crooks 1998b). Typical densities of the mussel
on soft sediments are five to ten thousand per
square meter, although maximum densities of
over 150,000 mussels per square meter have been
found in San Diego, California (CROOKS & SOULE
1999). Such densities are among the highest ever
reported for a marine bivalve. Musculista is also
known to be pollution tolerant, and was one of the
last bivalves to disappear after the onset of severe
organic enrichment from fish farming in a
Japanese bay (TSuTsuMI et al. 1991).

Musculista has successfully established
itself at the sites where most other marine
invaders have become established as well -
coastal bays, estuaries, and lagoons (CARLTON
1979; Ruiz et al. 1997). There are typically far
more invaders in such systems than in open
coastal areas, and even within estuaries, the
number of invaders decreases from the back of
the system towards the mouth. Estuaries are
naturally variable systems prone to a variety of
disturbances. When compared to the large, well-
mixed ocean, they are characterized by low
species richness and wide fluctuations in salinity
and temperature. In addition, they are often the
sites of large human populations that can deteri-
orate environmental quality through habitat
destruction, pollution, and over-harvesting.
Given the often-observed relationship between
disturbance and the success of invaders (e.g., for-
eign weeds in vacant lots and roadsides), it is
tempting to attribute the extent of invasion in
estuaries solely to these environmental factors.
However, the human-induced dispersal modes of
species may also play an important role. Most of
the major vectors of introduction, such as ship-
ping (with invaders in ballast or fouling) tend to
operate between estuaries (such as San Francisco
Bay, Tokyo Bay, and Chesapeake Bay).
Characterizing the relative importance of vector
strength versus the characteristics of the receiv-
ing environment remains one of the major chal-
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lenges in invasion biology.

Although Musculista appears to have the
traits that facilitate its arrival and establishment,
it does not always rapidly dominate invaded sys-
tems. For example, there was a period of at least
twenty years between its first report in San
Diego (we cannot be sure when it first was actual-
ly introduced) and the time at which Musculista
came to dominate the system (DEXTER & CROOKS
2000). Thus, there was a lag between its initial
introduction and its subsequent population explo-
sion. This phenomenon is probably fairly com-
mon in the invasion history of exotics, although it
is difficult to accurately assess its prevalence
because of the strong bias for noticing invasions
only after they become remarkable (in most cases,
adequate early detection systems are not in
place). For Musculista, part of the observed lag
can be explained by the intrinsic growth charac-
teristics of newly arrived populations, although
some external factors also were likely in causing
its ecological release.

In general, population dynamics suggests
that some lags are intrinsic in the early history of
any invasion (HENGEVELD 1989; SHIGESADA &
KAWASAKi 1997; CROOKS & SOULE™ 1999) (Table 1).
Thus, in order for a lag to be considered pro-
longed no paragraph, it must be longer than the
inherent lag built into local population growth
and range expansion. Although it is often diffi-
cult to assess the cause of prolonged lags in any

Cause of Lag Examples
Intrinsic
Population growth Exponential growth early in invasion
Range expansion Area pied i as squared function of time
Prolonged
Intraspecific interactions  Easier to find mates at higher population densitics
Interspecific i i Release from predators, comp
Food resources Appearance of new food supply
Habitat Increased urbanization
Climate Local or global climate change
Dispersal vectors Building of new roads, opening new shipping lanes
Genetics Time needed to founder effects

Table 1. Examples of why invasive populations
may explode after lags.
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given invasion, prolonged lags do exist and can be
caused by a variety of ecological and genetic fac-
tors (Table 1). The implications of these lags,
whether intrinsic or prolonged, are clearer.
Recognition of lags suggests that invasive species
can exist in low numbers for long periods of time
before suddenly and unpredictably exploding.
Also, and unfortunately, lag times suggest that if
even if the arrival of new species stops immedi-
ately, problems with exotics already present will
arise (CROOKS & SOULE 1999).

Ecological Integration

During and after establishment, exotic
species will begin to integrate themselves into
the invaded ecosystem. This integration can
have effects that ramify throughout the ecosys-
tem, as the invader interacts with many other
organisms and the physical environment. Such
effects may be relatively minor, or they may have
major consequences for resident biota. A wide
variety of potential effects of invaders are now

Genetics and Evolution
Hybridization of natives and exotics
Altered gene flow of natives
Altered selection pressures
Disease / Parasitism
Exotics as parasites / pathogens
Exotics as carriers of parasites / pathogens
Interspecific Interactions
Competition
Exotics as.predators / consumers
Exotics as prey
Facilitation
Community Structure
Altered diversity / dominance pattems (in space or time)
Ecosystems
Altered flow of nutrients through biogeochemical cycles
Altered flow of energy through food webs
Changes in physical resources
Table 2. Major effects of exotic species.

recognized, and a complete list not surprisingly
resembles the known roles of any species in an
ecosystem (Table 2). For invasive populations of
Musculista, we can recognize many of these
effects, and many more certainly remain to be
characterized.

In San Diego, Musculista is an intermediate
host in the life cycle of an unidentified species of
flatworm parasite (CROOKS pers obs.; P. PERKINS
pers. comm.). Although the final host is
unknown, it is likely a fish or shorebird.
Although the identity of the parasite remains
unresolved, there are important implications of
this parasitic infe_station. If the parasite arrived
with Musculista, it is yet another species intro-
duced into the local ecosystem, and it has found
another species (probably native) to serve as a
final host to complete its life cycle. If the parasite
is a native, then it has made the switch from a
native to an exotic host, and that exotic is many
times more abundant than any native bivalve.
Such interactions could have important but yet
unknown implications for Musculista and other
hosts.

One commonly described interaction
between exotics and natives is competition for
space and/or food. Because Musculista is a
densely-living suspension feeder, the mussel can
successfully outcompete natives. For example, in
both California and New Zealand it has been
found that large bivalves are typically in much
lower densities within Musculista beds compared
to mussel-free sediments (CREESE et al. 1997,
CROOKS 2001). Field experiments in San Diego
demonstrate that the mussel can significantly
decrease the growth and survivorship of surface-
dwelling, suspension-feeding bivalves. This is
most likely due to both competition for living
space and a water-borne food supply, and may
have accounted for long-term declines observed
in some native clams (CROOKS 2001). The creation
of dense byssal mats by the mussel also can pre-



empt eelgrass from occupying space on the
seafloor, although it has also been found that at
lower densities the mussel can actually benefit
eelgrass by providing nutrients (REUSCH &
WiLLIAMS 1998, 1999). The mussel's interaction
with eelgrass is especially important in that
meadows of this rooted plant form important and
often-threatened underwater habitats (ALLEN
1999).

Another commonly described effect of
invaders is their alteration of food chains.
Typically this is viewed with the invader as a
predator or consumer. For Musculista, it has
been shown that the mussel can deplete food sup-
plies a few centimeters above the sediment sur-
face (REUSCH & WiLLiamMS 1999), although it is
unclear whether it has system-altering effects
related to its ability to filter water. There is no
doubt, however, that populations of other exotic,
suspension-feeding bivalves can have dramatic
impacts on the physical and biological character-
istics of the water column, as demonstrated by
the prodigious filtering ability of zebra mussels
(VANDER ZANDEN et al. 1999). A similar phenome-
non has been witnessed with an exotic clam in
San Francisco Bay, Potamocorbula amurensis.
This small species can filter so much bay water
that it has suppressed normal plankton blooms
(KIMMERER et al. 1994).

The role of the mussel as a food source for
other species is more clear. Birds, fish, snails,
and crabs have all been observed to eat mussels,
and given the high abundance of this invader,
Musculista has the potential to act as a major
food source (CRooOKS 2002). This predation pres-
sure also may limit the success of Musculista, as
experimental studies on snails and birds in San
Diego demonstrate that predation by native
species limit the success of Musculista. (REUSCH
1999; Crooks 2002). In addition, in Asia
Musculista has acted as a food source for
humans, and people also gather the bivalve for
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use as animal feed.

Among the largest impacts of Musculista is
its ability to modify the physical nature of habi-
tats (CROOKS 1998a; CROOKS & KHIM 1999).
Musculista is able to dramatically alter the
seafloor by the creation of structurally complex
mussel mats, which incorporate mussel shells,
byssal bags, sediment, detritus, and mussel biode-
posits. These byssal mats can range in size from
small patches of dozens of mussels to large beds
occupying many square meters of intertidal and
subtidal seafloor and containing millions of indi-
viduals. These mats fundamentally change the
nature of the habitat, and can turn sandflats into
mudflats (MORTON 1974),

This creation of mats and alteration of the
seafloor habitat can have dramatic consequences
for resident species, including the negative
effects on clams and eelgrass discussed above.
However, while larger organisms are inhibited by
the dense byssal carpets, smaller organisms able
to live within the mat matrix appear to benefit
from mat construction. Species that are found in
higher abundances within mussel mats include
worms, small crustacearié, insect larvae, and
small snails. These invertebrate species are like-
ly responding to a variety of proximate factors
that result from the modification of habitats,
including a refuge from predation, an ameliora-
tion of environmental factors (such as desiccation
and temperature), and an increase in food sup-
plies for deposit-feeders. Although it is tempting
to call this a general positive effect, it is impor-
tant to realize that such effects may come at a
cost. For example, it is likely that the predation
refuge afforded by the mussel mats may make it
more difficult for some species to get at their typ-
ical food supply (although this is further compli-
cated by the fact that the mussel itself serves as
food for some species).

Although at first it may appear surprising
that a suite of species should benefit from the
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presence of an invader, this appears to be a typi-
cal response to invaders that increase the struc-
tural complexity of habitats (CROOKS in press).
Examples of such facilitation can be found for ani-
mal and plant habitat modifiers in both aquatic
and terrestrial systems. For example, zebra mus-
sels have effects quite similar to Musculista, and
despite their well-deserved reputation as killers
of unionid clams, beds of mussels also harbor a
variety of small invertebrates (STEWART and
HAYNES 1996; RICCIARDI et al. 1997).

Effects such as these represent an extreme
form of ecological integration, where the invader
actually changes the nature of the invaded
ecosystem, thereby fundamentally altering the
rules of existence for other species. However,
despite the importance of this effect, habitat
alteration remains a poorly-characterized invader

Trophic Resources

impact. This reflects a pattern in general ecology
as well, and only recently has the concept of
ecosystem engineering been developed to account
for species that transform habitats (JONES 1994,
1997). Ecosystem engineering is defined as the
control of resource availability mediated by an
organism's ability to cause physical state changes
in abiotic or biotic materials. The physical
resources directly affected by engineers include
living space or "habitat," physical materials (e.g.,
for nests), sediment, and water. Ecosystem engi-
neers, by transforming the physical nature of
habitats, also can indirectly affect other ecosys-
tem-level resources, which include nutrients
(thereby affecting biogeochemical cycling) and
trophic resources (thereby affecting the flow of
energy through food webs)XFig. 1).

These indirect and direct effects of engineers

4
Predation Refuge
A
: Ecosystem
Engineering
Presence
of Shells

Living Space /
(Physical Resource)

Figure 1.

Passive Deposition of
Nitrogenous Materials

Effects of a hypothetical invasive mussel on ecosystem-level resources. The presence of

shells, which represents ecosystem engineering, directly affects living space, a physical resource.
The presence of mussel shells also indirectly affects trophic and nutrient resources, without the
mussel itself biologically participating in the food web or biogeochemical cycle. Also shown are
potential direct effects of the mussel on trophic and nutrient resources. Solid lines = direct effects;

dashed lines = indirect effects.



suggest a useful framework for considering the
potential ecosystem-level effects of exotics.
Invaders can indirectly or directly alter the flow,
availability, or quality of nutrient, trophic, and
physical resources. These alterations can occur
via almost any interaction between one organism
and another organism or the physical environ-
ment (e.g., ecosystem engineering). In general
terms, this framework also should prove useful in
considering the role of any species in exerting
biotic control over ecosystems.

Conclusions

Although the traits that allow a species to
successfully arrive, establish, and integrate may
be different, Musculista is accomplished at each
and thus is well-suited in its role as a global
invader. It is able to take advantage of a variety
of transport mechanisms and has the ecological
characteristics that allow it to successfully
entrench itself into invaded ecosystems. Once
there, it can have a wide variety of consequences,
and is an excellent example of how a single
species can have widespread, cascading effects
on other species and the ecosystem itself.
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