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Abstract: The process of biological invasion is led by the dynamics of a population
as a demographic and evolutionary unit. Spatial structure can affect the population
dynamics, and it is worth being considered in research on biological invasion which
is always accompanied by dispersal. Metapopulation theory is a representative
approach to spatially structured populations, which is chiefly applied in the field of
ecology and evolutionary biology despite the controversy about its definition. In
this study, metapopulation was considered as a spatially structured population that
includes at least one subpopulation with significant extinction probability. The early
phase of the invasion is suitable to be analyzed in aspects of the metapopulation
concept because the introduced population usually has a high extinction probability,
and their ecological-genetic traits determining the invasiveness can be affected by
the metapopulation structure. Although it is important in the explanation of the
prediction of the invasion probability, the metapopulation concept is rarely used in
ecological research about biological invasion in Korea. It is expected that applying
the metapopulation theory can supply a more detailed investigation of the invasion
process at the population level, which is relatively inadequate in Korea. In this study,
a framework dividing the invasive metapopulation into long- and middle-distance
scales by the relative distance of movement to the natural dispersal range of species
is proposed to easily analyze the effect of a metapopulation in real cases. Increased
understanding of the mechanisms underlying invasions and improved prediction of
future invasion risk are expected with the metapopulation concept and this framework.

Keywords: metapopulation, introduced species, eco-evolutionary dynamics, invasive-
ness, propagule pressure
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LA B

MATES A fAE 3Fste 55 NS A
oz A, AEA Thefolzt ste] 7]& Eejoltt (Ryoo
and Lee 2002). /A0 71R]&= 2/8F, APLE, 0|43 o]
= 59 FAA 5400 2sf /iAol 9=t HE 4 9l
oo, Ae] Bk k= A Wl HAES] oAt
T ARA T T 91 0] AEA - BAEA] &7 Abel o] AR
21§ s M B3 A% £ ok 7HA
-2 Qe IS @92, ZIstke] At Aol =4
¥ 2ol tiet Aot Mk 4 Qlrk o]9F 22 o] f
= /WAl AHA, 2k 92 A Fa3t onE 71l
k.

1o

[e) =

SHe f44 2 BIBkE 249 olsfisty] ot ZiA|
- 7HO] ANA| o] SAE, AFTES @A AMAlEe] 27
= 2Asts A<l 2710]™ (Skellam 1951; Adke and
Moyal 1963), 7HAI-9] tH-FA34F H1e 5 HSIAIE 4= QL
oF (Wright 1931). T2bA, ZRA|-2] F2HE2E o]afst7]
3t o] F1E35] A o] 2ok (MacArthur and Wilson
1967; den Boer 1986).

HEF7H A (metapopulation) 2] 7HE-2 7HA|wEe] AET
A& oleliste Hlofl §lof FXHFEE WStz st
= Wig} Zof A %;g'é}(ﬂq(Levins 1969). Levins (1969 )+
HEP A& “HA-52] WA ol ' FE5H
|, ol st oz AeEo] glont A7 FA 9] o]F
of oJsff ofstA AAH & MAT-E2 HohS Ttk v
A o] 2ellA BXh i Aol A A4 =]”]
T 2] (patch) S A Aol AotstA] o2 wid 37+l viE
2 A (matrix) 2 T-EH T} (Hanski and Simberloff 1997). =
2704 (local population)> &L WA E HH-5kL QL
+ MAIES] Fek2 onlstar, sa7iAlEE2 7HA19] o]
ol ol 94E 4= 1o, o|FA AAH FAANATE
9] Zgto] HEetA o] %E}(Hanski and Gilpin 1991). |
ERAITE ol 2ol =alAl-2 ZHAIT (population), OF
7HA|T- (subpopulation) 7t Zo] FHE 4 glow, 7o
w2t | (deme) T B 0|2 AR 7| % Tt (Wells and
Richmond 1995; Hanski and Simberloff 1997).

HER A o] B2 AATS] AR F29} A E5S
Agstr)of Agtsto] s HAl, B 5 Ao thket
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S8 Folo| A &85 St} (Levins 1969; Ives and Settle
1997; Smith and Green 20085; Carriere et al. 2010; Inman et
al. 2013; Catlin et al. 2016). FAFE A7 EZF HlEHA]
- ol 80] g 5= ZoF T shtolth A= AUA
o] A 49t 15 7He] MEYAE Wt
(IUCN 2018). AP =2 eiAA B2 0] &4 H[R=TH
A AAA E4S FEot, o & 5 o
St 7Ex] o] SHoA A7 2 & Qlvhs HellA Bl o
Aol =lo] LHH(CBD 2022). ZAIAFSE 20101 2] ‘ofo] %]
E3F (Aichi Targets)’ 9 20159 ‘A&7 Fs I 532 (UN-
SDGs)" = &3l 202097H4] AP <HE 11 =9] F =
A, A= 2, B 9 ofolets RRE ©]
= st o, Mz AdFY =Yol =3HT
717} flol Fa o] dFgho] SAE kA B Tt
(Secretariat of the Convention on Biological Diversity 2020).
o|xd HAB=2 Aot welof tiet =A1H 847t 7t
TEE= 2, dAL2 oYt 87 weprhA] ot Sl
AAolth. gighil=r TS Sold =4 niE HE=Y
frelol S7kskal, ExJol-g Hglet 7| Hsle] o r
lsf 7]Eoll AaFehA] Fotd efidEe] FAsta 3
o] MU= AT T4 Alol/do] &t (Ministry of
Environment 2014; Park et al. 2016b).

e oo =
O

o\

-

AR A AT BT F RS Tl of
okt AL STl $8TOF SRl BE F25
O s TpelE ZmolN A e AT 7S A
EA|5}2] A7IS B opet )2 0] el 8k o]
25 ATE & A= o] H7|% shed, ol HY A
9] oA R 1 9)9] St 5453 113}, EAS)
O] o Argat -2 TRt @4do] HBtd o= Wagsty]
o Zo] T} (Huey et al. 2005). -85t SHolA MY A
S HAE Q2 mpofslal dSeh= A A=
o] A= B2 S BrsHAY HAYE o
Fot7] 91t A& 7445k Hl &8 & o, olF
v o2 A= T HeEhe Frksta Zfddst= Aol
7Fs 51t (Ruesink et al. 1995). ©1& 5ol HUY=ol T
H ARRA B]8-2 Folal wel] BaS ol ol 719
4 Qe Ao Ztigict

o
e
-+
rlr



= Tt AR 4 ARlES EdiE 9=l 7t
+ HEPAE e 2 A 0] E4J3 A Aol vl
Z7F mAlE e 2AsHT e 7] = A
= A7 A%E 245t mEiAE o2 A8 71H

G vt e =, HJAE ol HEA
SH7] 91k et Alobstaiat shalt

0!

M ol
0,

.
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2. WEBXIZer BHIMY AYWS

Azl e AT oFoR 54 AEEl 4
o2 BF Fise AR e ) Bakeh 497}
o}, olejet AEEE Aol folz SAAE, A
2 5ol glou}, Agat olut 1t Sof wel 7t
o]9] o7t Dbl 4= QAT (Heger et al. 2013). <&
= GtA o g QIZE Egof o5} 7] ArAHQl A4
He wro 2 Tol AE2A AolH ) (Richardson et al.
2000b). PP E-2 2P ES] HEHF SR AR =
7857 BARE FAA Q] o] 7]E2 TSttt Latombe
et al. (2019)°] =W YJBEO] Hol= A F FIL
= a2tk Az, ST A=A AT SA A
il mEe =dE AAR A A2 GAtshe A
22 AIYER AHot= FF°] Aot (Richardson et al.
2000b; Latombe et al. 2019). = oAl o]} FAKSHA 29
AES Ao AlRe “=dlol Ok B HoEHo s
fFrAElo] opst H QA= E A O] H Jung et al. (2017a)
o] AdLjA A= 7idol Slvh EAl=, A HoE =
shAA - AAA FF9EFe Fdste Ba2S A9
== A A5tz 7= AUTH(U.S. Department of Agriculture
1999; Latombe ef al. 2019). 0= F& =717 5-2] A=)
2 =0lof| A 2F5 AHGEITH(Lodge et al. 2006). Y5 S
A1 Aol A= QEgE el 7dsHA] @Al WAl 4o &
57t oz AH|, AA Sl d9TFE 7AE BRe
S AYBEZ @QQI—%(Nackley et al. 2017). =]l
=BT B 9 o]gof Bt HE, (A9 2020. 6.
25 A72 B AlsT oA Al Tt Asiet v
CHE 7R fleled e 9 AeiAnT A
35} Q1A1, Kim et al. (20162) % “"Jef Aol 73
HAZIAY weke] 927t Qe Qi F-EN opy et
AFe Zoohs EUF S AdudET o= Fofsial

t}. USDA-APHIS-PPQ (2019)+= FeH2] LA ¢l Z]5ts] <

il

0 oo ox X0 X

o] rOl|

X

= r
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=1
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Metapopulation theory in invasion ecology

2 A=0] dF= o] SRt AHE Atk o, =
HolAE =2 fside B7ohe 7S dskal Al
T2 0 g hdsty] QIR theRt =217} o] fol 4 2 HE Q)
T} (Kim 2018; Lee and Moh 2020). 12}, F91& otk
o8 FRIAE ABA ARl A WD, FTL 7]
o= AFojH HY9 a2 5714 T4 (motivational
subjectivity)= 7FIT}H(Colautti and Richardson 2009).
Colautti and Richardson (2009)+&= &l 715kt 2 Q1E-9]
47t ArelA PE EB7)ole AdskAet Aot
HolA d5-e] RS S7HIE o the ¢3S A7)
Yt USDA-APHIS-PPQ (2019)= &]2f| 21 22] A2} shit
TR AR A o] gt £o15 217} 9]
o

)

HN

T70™ =99 my
A (invasiveness)’l—]' FxA (weediness)’ 2 = TFEske]
2/4E fiAstt 2 A= HYOR A JFS uiA|

Star A o] e 712F 21 Aol HF . oln MU
2 Q- Az 2 ALEA| (Introduction - Naturalization
- Invasion continuum) 2 7H@3te AHEx|28h4 747 o] gF
o] Q= BER HOE = Aol YRFHo|tt (Latombe et
al. 2019). Williamson and Fitter (1996)= 2]2|AE-2] AFef
of ojat P fo]E A 2SI 7, Richardson et al. (2000b)
< QEAEo] 54 AHOl =Echs A ATsh= &
AS THoE AP AEA A IS TSI
Blackburn et al. (2011)% Williamson¥} Richardson2] A
AE 555 AAE A|9HsE 2 W, Theoharides and Dukes
(2007)= AlE3HA FfEof wheh o] DA|er B adl
< 7ottt (Fig. 1). Richardson et al. (2010)2 1914
Ao ofsf A=Al ota] S ol =AH 212 (alien;
exotic; introduced) & & A A 0.2 A& K]0t
A2t =S 713} (naturalized; established) ==, ASt
AE T AS 24" AA0A fefnlstA D Eolzl A
A 2|72 AatshE a2 MY (invasive) =2 A 2I51
o & FSAE S A g AE o] ez Aot
Jung et al. (2017a) T} Zro] A-Ate] what A2 Q1 g-of A
Bolli= 2ol 7F 9S4 Qlrh

2 AFodE =dE QA8E iAo A stk
FTHoR MY AeS =otaat etk ASPYE=E P olH
7] $1-E ANAEE] A Z17tolu =R G OlE7] 9
St gt A= di SR ARl wet oE 710l
AQtE]l= A7t Atk (Richardson et al. 2010). & A0
Me 574 ERatell RPAEA] 92 dEEA SHoA A

1o -
9 4FL =o4sbr] 919, Y] 4T AE Bets] vt
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Fig. 1. Conceptual diagram of the comparison of biological invasion frameworks by Blackburn et al. (2011), Richardson et al. (2000b), William-
son and Fitter (1996), Jung et al. (2017a), and Theoharides and Dukes (2007), based on the invasion filter (Theoharides and Dukes 2007) and
the invasion barrier (Richardson et al. 2000b; Blackburn et al. 2011) concept (Modified from Blackburn et al. (2011)).

e 71ES AN R AY A

st o 248 wRA Do AEe REE AY
of et gge) HgHt ohg A4l et =g

6(‘)3:

T on

/\-1 Al

—

o] o5l AAH Tt (Moore and Elmendorf 2006). 3

o] EQE A4S B, uYBH T 2700
o] BT FHT & = WA S A
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7ol gt Aol dF ez sfAd 4 At (Kolar and
Lodge 2001; Catford et al. 2009). T=hA YA T 7
579 Hg} o2 ntefetd MY AF 7FsAd L] AtiE
HILE mpolet 4= Q1 g A o= YZHHrt



3. HIEPHAIZ ol22] HAlet AR 5Y

3.1. HIEPHAIZ JHE 2] HHAL

3.1.1. Z7|5E 1990'd HEo| B4ntX|

HER AT 72 of 2] 2] HARA HBkE Aol gt
T} Levins (1969)7F AIQFE Z7] wEZRAlE- o] &2 4
A} 2] w3 FHACE ]I whebA ZRAl
o AA219] B0l fAFeH, RE7 A8 75 7HA
A QI Bl E 7Aoo HEy Azto] WHEEE AT A|
59 HEYIE WA 2 A5t T (Hanski
1998). o] ZH-E] 209 ol A 1990 HF, th-3-2 H| &=
S AZIZ wE AT g o] T840l §45] 7St
3, o] 2jt Fakoll ASle] HlE AR TE §olEol
74 2] =] 7| &= 5FATH (Hanski and Gilpin 1991). A2, H]
EfAle-S HARSHE A 22 R E50] TS Levins
o] By 37t FHIE Tt o7 vjdAd A 7o
olEg ot AEA At RS2 AT D wjx]e] 2
71 A2 (connectivity) @] o] 5 AEAHQ] HFES
HHGSt 5= AT (Hassell et al. 1991; Hanski and Simberloff
1997). A=, 13 ZoFoll A o] Aol F7IskAH. &
SRSt 59 EofollA ook NAITE Atele] A4
= TFFo] = 4t IR, o] A7 78 = e Al wtel2tbe
golet 7ido] A2 o2 -85 AZFSHITH(Wright

1931; Olivieri et al. 1990).

312, 7l S WRy 2a

-8 97t Wold it o vl Aol 2t 8o
o B2 7o Aedds Zdste g os
o}, o5 50, {21 9] A ztol & sl A7 AN A L]
2|&7do] o2 FAaIRAIFl oA AA - A (source
-sink) Y} & - A (mainland - island) 5
NAT-& Agst= d HEiAT 7d 9] E-8o] A
ST} (Harrison 1991; Hastings and Harrison 1994). Hanski
and Gilpin (1991)-2 HERAIR-S AUAA] FHE 915k
WO 5HA A olsh= Aol AA| @/l gt olsiE el
o Ak Ao, weiAlRY] g2 s34 o)
A& 7= WA AAE oJue A= FHLAsHA A
B =3Itk o] BgolA Levins ] HEFAAITE A ofollA
A=A WA Abe] o] Aejut AHE - (A) 2} (extinction

A~

- (re)colonization) ] AT} e g A= H4H o] ¢k

32 rr

i)
o2
rol
of
)
4
EN

i 1o
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Z O & AR 7] & S}t (Szacki 1999).

3.1.3. HIEPHHIZ JH'iES] S2E3 ALEo] Tiet vl

2000 H0l SoIA, HEPAlES AR A ZEA o
= oot Aokl digt Hlgto] tiFHSlek AIUA Al |
A R GOlE ot ou|E A ooty 3-8
wopo|l A &g o ZAE o7 AU Bas RE S
27} Q7] dlelth. ol & Eof, AAA] ixE59] dA %
o7t Y& B¢ =AaIMARE Aolo] A/ 9
= BASH7] 9I_t F8 efolth W, E4t-5-3F HIEH
Aol dF 2E -A WAL B, A2 WAl Abol
o] A4 SEET A2 AT T o] FaAol o Ert
(Fronhofer et al. 2012). Freckleton and Watkinson (2002 )~
71E AFollA HEpiAE o R FAEAD HATLY] &
HEHE X194 5l (regional dynamics) 2} =744 FEf
(local dynamics) 2 o1 0, HEPRAI-S 2|94 &
eje] gt o2 Attt Freckleton and Watkinson
(2002) 2] ol =W FANAFEE0] A=A ot
AAZro] YeRA] ¢ A2 (ie,, regional ensembles) 2t
LA AAR A AA7E shte] 4 fAlZE A= 7]
5ot= 7% (ie, spatially extended populations)2] 2] %%}
B S mE Aoz Aot A2 FAESI o] A7)
ofl = wE Al wel2hE B0l QE-8-S AL HEet
71EE ot At viEiAlT-2] S Hes] A o5t
L AA] Aol mlEiAl ol A8 71E A=
o] 44L& HESIH = A7t o] Fo] FTh(Smedbol ef al.
2002; Pannell and Obbard 2003; Smith and Green 2005).

/I
HE
rr
=
__)‘4_“‘
el

o
==l
o

3.1.4. HEEPHHZ 0|22 XY

AA7IA = HE A2 shte] A fdes A
olx]of Q1A QAT}. Fronhofer et al. (2012)°] THEH |
AT T2 37 25 7H AT (Spatially
Structured Population, SSP)” T4= ‘114 HEF7RA|
(Classical Metapopulation, CM)" F7F2] 53¢] A& Aot
= ARtk ssp= st 7 AgH FAa | AlTE0l A
A o] B4t Foll A2 BE 95 ou|3tt (Fronhofer
et al. 2012). CM-Z SSPO| H-EHT O = Levins 23| 4
W (A) 2] T el MEE fde ojnjshad),
Hanski (1997)= SSP & ZF ®|2|7} A1 A A2 = 7]

S 7 A BE FaAAILNA frejulet EAE (H)

oh o 1l

-
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27N ANAE-SE 7 A=
5 € 245 T e cMe
& sttt Al ZAAA A cmel g eirt ¢S] gt
LE= A TE, 8 #ste

3

N
B
it
>
5%
rr
_\1
-
N
Yy
[o
_EL

FFoZ cMI} thE
Atolof A o] gho] et & Qlekal A 9l
T} (Guiney et al. 2010; Fronhofer et al. 2012).

QFH, Hanski and Gilpin (1991) CM 2] 47 21-& &
stslf HiER A2 7 olsk3itt. 2 A ool wh= HE
Al sspolHA . AEH =4 AT F HAaT & A
ool AE - (M) B&E] 7Fsde 7Hl= A5 Ko,
& iAol A8 - (M) B 7Fsd& 7ot st
£ CMIH= FEH T} (Hanski and Gilpin 1991; Smedbol et

al. 2002). H Aol A . (xﬂ);(-l;‘d- osto] 184S

Fote e BH4AQl eMmo HEAAE S %9}0}3 Al
-3, 2E oy AT (stepping stone) & HIE3N

HEPN AT 22 A =oF o] SHE of2] 99 :rL—r——‘
olef LA 4= th= FHE 7T} (Freckleton and
Watkinson 2002; Smedbol et al. 2002; Fronhofer et al. 2012).
ufaha], B 9110 A= Hanski and Gilpin (1991)2] 7]<=0]l
w2t HER A2 g ofstal A ik

-

3.2 HEEPHHIZ A S

HE A A PBES FAR 3 A7 AAA &
FZ EA4I517] 215l Web of Science®] SCI-Expapnded 2
CPCL-S Hlo|gHo|A W =F5S ZTAFFATH(2022'E 01
4 06 715). WIEAIE, A 98E, 7hAlwtel B =
5o AMsH7] 216l ZHF ‘metapopulation®) ‘invas® 2
‘population®= 7| HEE ARSI o H, AEe AT
2 SHHolr] Yall «AF EoP7 ‘Environmental Sciences

Ecology’o] =EIRS FES59 L A =R e e R
1980 2021@7HA| 9] =2of tisf 1 &He] (ST

=29 )2 109 S () Y] TS A5 e
AT S FAR Sh= %ct 19864 °]F A% F7sict
1990L=1FH }TE1

7}/‘1]7} i% 6}% = S Helnt o]

530 (©2022. Korean Society of Environmental Biology.
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Fig. 2. Graph visualizing the number of papers with ‘Metapopula-
tion’, "Population’ topic published each year (1980-2021). (A) Num-
ber of ‘Metapopulation’ papers per year and its trends. (B) Number
of ‘Population’ papers per year.

He} o] 199118 AT oAz Aol At
2 sl A7lol, 20038 AT HE Azl
golo] -2 Aok ke g
o). ol mlgo] & u, A7k =i Eqere] FAT A4
] }

%

T
rlr

H -

Haas w2ofe] Amto] ofyzt goj7t FREA o g A
BET7} o] & T1eek Hgo] AAgt JFS WS AL
= A7

3.3. 58278 ¥ Et 2of2to] 7|

ojo] modolet HAZE of 5] EASHA|RE, wE
WA o] B2 AH A - A3 dFE dS-EAse &
TEA F-&ottt mEfA ol A o] A §H2 S5
(gene flow)> = a/W AT ZHAIT FAA, 34 E4

M)

2 WS 4 Gem oflel 1 At FAsjAme] A
H 7ol ZASEAYU (e, -5 AT rescue effect) &
7Fh= (ie., B2 &7} antirescue effect) @4F0] LEL
g 4= 7] whEoltt (Harding and McNamara 2002). 3.2
Zroll Al T2 Web of Science®l| A2l AT A1} 1990
ol olgi= wEPiAlT =250 A9 s v #F

1
L= TE’C



‘Ecology’, ‘Evolutionary Biology’, ‘Environmental Sciences’,
‘Biodiversity Conservation’ L& 1! ‘Genetic Heredity’ 7}

A=A v =2l 8 HFEE HEiAE A
o FATE FARSEAC Y, A =EEoll Hish HEy
At =2E5°lA= ‘Environmental Sciences’ 2] H|ZF0] &
= 2FH ‘Evolutionary Biology’, ‘Genetic Heredity’ 12|11
‘Biodiversity Conservation’ ‘5 12} 5% - 22 & Fof
of HjFo] Az E3drh 55| HEpiAlT 7ide] &
871 o141l 1980 dtell SV HERAT Hd
=59 A5 AR T %—E—E of| H|5H ‘Evolutionary
Biology’2] H]-&©°] 0] 2] 28} 4<%, ‘Genetics Heredity’ <]
H|&o] o] §-9] 3uf| o] 0111 ‘Mathematical Computa-
tional Biology’ T3t A 9] 25% 2 =2 H|F= 2[5}
ot o] A9 HEAAIE olE2 F= A - 1sHA A4l

gt Aol A &S] AL Q)T (Fig. 3).
F o=

we A2 AefA - AstA Az} Abe 7t

= Ecology

= Evolutionary Biology

= Biodiversity Conservation
Environmental Sciences

= Genetics Heredity

= Zoology

= Mathematical Computational Biology

= Biochemistry Molecular Biology
Geography Physical

= Geosciences Multidisciplinary

= Marine Freshwater Biology

Fig. 3. Graph visualizing the trends in relative proportions of the
categories of ‘Metapopulation’ papers per decade.
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g Fadon Zibr g Frhe Aol 449

T =
AH - %13} FEi b T =9 (eco- evolutionary dynamics and

feedbacks)% HalH o g2 BAslaL AL} o]FoiA 1

(Bonte nd Bafort 2018; McManus et al. 2021). HE}7H
. £ A X WAL S AT 9 -1
St EA Oﬂ FFE F+= 32919 2 (Petranka 2007; Kubisch
et al. 2014) AW M 234 siF T Sofl /1ol 1

FFE M 4 Tk (McCallum and Dobson 2002;
Carriere ef al. 2010). TrEHA, A H A4S Hetks] A
skal =57 QA= e AR dS Hets] 4o

skz g4 Bast
4. AUME AR0|Me] HEPHHZ 0|2 B8

4, WYUEC| £7] MY WA BN ER2N
HEPRHIR ol29) X3ty

AABE, 53] 7] A DA A2 wEiAT-
o]2o] g8 x]7]of Het Ao 2 AtmHTt(Colautti et al.
doflA = HEAAIE o] &S A8 9t =
o] TFEE 97 BTl dEA lou A 271
O A2 wERAlR] 25 WESH] 47] wizol
T} (Baguette 2004; Lenda et al. 2010). Y2 A91A FF
of Mg A= AAY ol A= WAt E FA4-7
Alw-=o] A==l e HH A7 A9 o] Fofl o] A
A ojof gttt £70] WEH«= 7497 Ut dirale
2 AY 2719 FA/NATE2 A2 9] /A= AL
WA o] A3l & A4 2|9} thE 2ol EH, ‘?JZI
of ot HAZ7E A EE7| e stE=E Fonet dE 7HsA
= 7Hth o]9} o] 3] 2719] JiAlw-E sspe] £
A - ()82 EAle= 212 BT THEA17]7] 4k
A fAEr HE e Hote B2 AYAdE
=9] A2 Ado] vleiAlR olgor AE 4 3
21 LA 91O (Harding et al. 2006), A9 Z7]9] 7}A1]
SN2 N 7] (Larus cachinnans) 7RAlE0] HERNAIET; -F-A
<t SEIE UERdSo] HalH HE Itk (Lenda et al. 2010).
ST 3101/\11:-— “ﬂEpﬁlﬂiL T =20l oftte] skt
= 9 HAE B ==
]J FE5] S7FSkL Qe &l
=90 E4o] HeiAlT- 7id

E i

[n&
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Fig. 4. Graph visualizing the number of ‘Metapopulation” AND
‘Biological invasion’ papers published each year and their trends
(1980-2021).
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SEERDE
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(Hufbauer et al. 201S; Colautti et al. 2017).
B AT DY £ R e
oB= HE AT SHofA o] FAo ]
A9 450 the At o 20] 71T 4 91 A

2

of
(Williamson and Fitter 1996). 3 Jef AJ-5gt
= A0 A =52 w7t ARl
o] AA|=l= A1719] 21471 (lag phase) & A o] Hilk]
T} (Crooks 2005; Coutts et al. 2018) iﬂ tq. AA] Qolo]
RIESLE LA s I B e e o 5
A @42kl SF 4= QlTk Uesugi et al. (2020)3 A4
A RS HAEG A2, A8 7ske] W, 2o
283 o} 9k e A AR
S $A59 Z0E AJStE el $Aoh 47
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Aelsh= a]le] 2 4

Al ade g2 84, 7HiﬂL

2 QR19 Al 7] o= Ut 2 wol A HdAd

= JAsHAU 77 8052 v e HEMAR

TFE7H AR S STHA7IE e 245HT (Table 1).
AT Ateles g Eobe o, A A mE

WAL 27 et Aol vrefet 4= 71E =
N& Acm AAHE. AR, AEI} () 2ke] W

5= AolA AAA] iz o] dA 59

& Aol dofur] A9 4 e e =9 Abde] A

A z] 0] A=, vigEA
o

]o

1 o] At BAEL o7} Hebd 4 ol
| wh-2o]th(Banks et al. 2018). 5], L5 AHeiA 75
(ecosystem engineer) 59| 7%, A ZHEUAA WA
0 B2 442 87 4
o

N

g7t & @OIE}(Wﬂhams et al. 1995; Banks et al. 2018) Els
H, QAES HEstr] fIRF 1] A== QIsf] Mt
AR 7ol @3] o]F-9] S §olstA e A
I AT} (Banks et al. 2018).
EZZHE T AMATSol 722 A F44 ol
71l A dAdol S7tE g0l = 2
2 H B9 WA =Rl Qo] #2734 o
FE 7Hd FEo] Eou =, o fAlTte] Aol & X
3H4 wigtol A FEO =9 AR 9] FAHEg g o
2-g517] olH& A2 ASHT}(Estoup et al. 2016). L
i, Q) ARdo] FAEH 1A the/do] St A5
7Fs/de SAE =5F 7Hs4dol 71ttt (Roman and
Darling 2007). Roman and Darling (2007)2] @-ollA =
AP A eAAE A 7R 37%l AR £ A o
p39] 727} UL, ofe] ¥ B Ao w9
S Aol vl g ek £ AHZoIN £87 chp
Aol 7 ZF A H]-&o] 21j] oA =9k u]—ok St |A Lo 2R
B 9] }jo] FAE 79 A (founder) 7HAITS] 27]
7} 27k A3t 22 EIph el 302 o A4
Z|9] A e o072 [ thefAo] &= 7}
Sago] qirk @9, A2 e AAFEZ e wE A
Sol 18 33, 48 AHAE o] RHH Ty
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2 B 4= 92 & oy}, WA (hybridization)©ll 2J5j 3
Y= Ad7t S7¥ok= AE A (heterosis; hybrid
vigor) @/do] UERE 4= QUT} (Facon et al. 2005; Hahn and
Rieseberg 2017). Y 7RAlw-oll 41 0] o= thephd Af
22 FHo] A2 ol Alsst] AW 57kl 714
S A7 M FTHE 7] (Melanoides tuberculata) ol 4 B.a1 ¥
H} Q1T (Facon et al. 2008). ?HH, 9] o] =242 BIEA] &
ARt 215 of] of 2] ¥9] qlo] QIS wiwh WSk 2
otym, A& theg EAAH R G4tE A=
He7E SHE ] £ f FARE @] UErd 4= 9l
(Chun et al. 2010). 20471 SHE B30l A Q}Z]%(Ambmsia
artemisiifolia) ©] Yol HEA S AR =, of2] =] ZHA-
O] FA47t Fol = AR oA St o] YAl &
45| F71et 4= QASH A2 FHHH(Chun et al. 2010).
Az, sa7WA 2] dde Foll 22 AT 2
7o) BE SAZE SEE 4 Qleh tiREe] 1 27] A
Azt Zol 2717F 22 iAol = AAG A=t
MATE 4gEC] AT o AoH (e, &2 AT, Allee
effect), 7N1AIT SEl= 72914 WHE9 JFe 2A T
Hug Ag4o] AleFE A e o] =27] $]91%1th (Drake
and Lodge 2006). ©|}= &3l 7HAIT 2717 S71t 7%
o gt getE v A 7HsAdo] Aashke A 5
AR Fx iﬂ'(demographic rescue effect)” T 2rAer 4= 9l
om, 7 A3t M9 7FsAdol S7FE 4 Aot (Kanarek et
al. 2015). 9, FF G 7MANA A8 AAE FIS
ol 372} (deleterious recessive allele) 2] B1%
A Al HIsh H Q) AiAITelA o W A9t A
T} (Laugier et al. 2016). %70 (Brachypodium sylvaticum)
off thet Algeflo]d Aol wEm 8 At -7-42 ]
R 7} B9 (selective pressure)©ll 2Jol] 7HASH= A8}
(purging)’ ] B-&°] I Y= e AT 23 wEf et
AR 2570 v o & Q5] SR H= A-¢7F /loH, o]
o -FA4% F5}(genetic load) 7} AARF HAIT-2] £ |
7t wk2A] 2= 4 loh(Marchini et al. 2016). BFH, &
Aol whet e Al 27 A2t ogt 4] Fof 2
4 BN WE 7 TS AIRHE vF Qlk(Hanski 1998).

L=
ju
S
ju

ZoKith B9l oz AL AR
4 FaE Y AT AUAL G E 5 9
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=, = Wx7F S7FsHH 2914 AP L] AlgslS
7t Z7Fok= Bt Uehr] diZel] Aol et 54
= 7H AR ARAS] B Mk R F7Feh| wEo|t)
(Simberloff 2009). YA AAIE TAA7]= AR A
Ae] ¢-Ag SR = E /AT 272 HEA0]
PRI AY =2 44 dgAdS 7= A ol Aot
(Signorile et al. 2014). RV, ZFAIZL Aol S-AH o=
A A A2 AT o) de] Ad8E 7HAA 2 = =],
HEAA ol ot Aot M4 G} (green-beard effect)
of oJgt £3/4 F7F 5ol 11 AtElolth (Glémin 2003;
Tsutsui et al. 2003). A Y= S7HA71= &L AP A
stEo] FdstH e =9 k7t S7iRttd AR 3
o] & HA FEo] TUFER ol tigh 1127 F a5t

o

i

4.2. FUoj|M2] MY

2 oA =W AT vlE A B
FE BAote] HEiAlE ol2s &8 M
€ FsP7Iol ol SAH, FA4H a9lse] 9k
StaLa} i}, el ol 22 =uioflA AHiH e
Al olFolA g Aaeha Aol A, 1k 7]
Tof 8517 &2 Aoz ZdiHt Fo] AYA
AT TS gofelr] §1s KCr HlojefHlo] A U o
Te2 A Ul =2l diside A AAl =
Fo Fof Bl o] A S AlgShA] @i 1Y)
o AM 7|YEZ 7F o7 BASI] AA1Z Sk} H]
SFATH(Table 2). B2 B2 o231} ZEH—%(EC[ 1).

fr oz
2 omoore
&g g
Moo r2 1% 4 o

N W
oy e M

Bl Moo

Revised KCI papers (per categories)

KCI papers (per keywords) X WOS papers (per categories)

WOS papers (per keywords)
(Eq.1)

sz el Ayl 5
of Hlg Aol Bl

ol27 E7E ol A=
Q9] HFo] Atjdes Ak & 4 k. 2, A7
Ao 2 shEsl YTl el AR} o) v

ot
et
jatl
1A
ox
i
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=
>
[\®)
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Table 2. Search keywords for KCI publications and comparation with WOS Categories

Search keywords (KCI) Categories (Web of Science) Abbreviation

Ecolog* Ecology Eco
Biodiv* OR Conserv* Biodiversity Conservation Con
Marine* OR Freshwater* Marine Freshwater Biology Wat

Environ* Environmental Science Env

Plant* Plant Science Pla

Invas* Species Insect* Entomology Ent
AND Animal* Zoology Z0o
Micro* Microbiology Mic

Evol* Evolutionary Biology Evo

Biology* Biology Bio
Gene* Genetics Heredity Gen
Math* Mathematical Computational Biology Mat

I Database

Value

Bio Con Eco Ent Env Evo Gen Mat Mic Pla Wat Zoo
Category

Fig. 5. Graph visualizing the relative proportions of the categories
of biological invasion studies in each database. Papers from Ko-
rea Citation Index (KCI), Web of Science (WoS), and WoS papers
including metapopulation topic were compared. ‘Value' is relative
proportion compared with WWoS papers.

421, U HYNE A7 UL U HEPRHIZ T
30 et

UME
S AYPBTE AT ALL shersts] Sls, AR

QJHABE B2 A8 (The Government of the Republic of
Korea 2019) 9] 9Isl/d 57t F=(QHE2 T2 54, Fa
o] B4, Al B e 7 F-E5HATH (Table 3). 5789
TE-2 Marsico et al. (2010)°] AXSFEE < 27] A
of gt A+ T4 Hayes and Barry (2008) 7} 8=

O] 35 &4 Aol AFgSRE Qs A

o 7] Z3F o (Duncan et al. 2003). &2 5442 3|
ol mEHO R AL AEAA B4,

o ol e AdsH 2t =

jinss
it
o3l
B
o
oK

N

o,
ﬁ&
JHJ
é
°
_l
9
1 2L
Rl oo
;3
1' rr
:‘E
Obo
i
. Tl
-
S
S
rw
o
)

e 7@%‘ /\b—l AHEE Zarsks)
Ecology 2020b). &2] &3} o]F % o el tjefst E
Mol TR o7 THET 9lglom, 715el HAA] 27
T F40 AL g = 9)9let TR, o) A

‘?-ﬂﬁoﬂL *VWE 7ol JX—*. A Uit 27}

A e r-{n: o
fo fH
b
=2,
H'1
e
—Ll
ot
o,
L
5
o
a
=
S
S
[\)
o
—
L >
T
i)
)
>,
)
lo

3 ST B2 AL v 0}7412 gelgh 4= Uik

Q=] MY 7FsAl gt =uio) 52 AE
AAz)of gt & 0] AtdE SHACE iR QL
of, NAete] ol $7H A2 iAoz AA 1
HEI Qe Ao AtrH B2 AT ARES 24
Q1o w2 AEiA 2]9] (niche) & 7IRF 2 HA 4]
Z SET A4 AL E EESHHs TEELLY (species
distribution models)< -85to] ¢ 77 A 22
£ IS5t Tt (Jung et al. 2017b; Kim and Kim 2018;
Lee et al. 2021b). ¢S 5°1, 20201 HHE A= A4
El] ZA}; (National Institute of Ecology 2020a)+= 2[2H8=
o] ZETY XA AAE v o R S 8N T
R PS AAsI @A ER2E o] Fa I A A

b5} ulamsto] S RS Bols et FRER
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Table 3. "Second Management Plan for Alien Species, risk assessment lists (proposal) (Modified from The Government of the Republic of

Korea (2019)) and level of invasion factors

Topic Detailed contents

Level

Probability of importing and delivering
Probability of introduction by hitchhiking

Probability of
Introduction

Species, Population
Species, Location, Population

- Climate suitability
Probability of

Establishment

Tolerance to the abiotic environment of habitat
Prey, pollinators, dispersal vectors and hosts needed for growth and reproduction

Species, Location
Species, Location
Species, Location

Ability to reproduction and dispersal

Probability of Probability of escape and abandonment

Species
Species, Population

Spread Probability of spread by hitchhiking Species, Location, Population
@2 LS A71AQ B A £EE G5 A FaFel tigt A= A oJstlet. =uioll A A7+
Sh7 @S WMok el alo] ZRE AP 2 slolehs $o18 A3 ARSE AL SEATH (Kim et al
S WslE weleh] oldtie BAR IR, F4e 2019), A AA2e) 7|2t 488 22l el 14 7
A5ho] GRE WE S AYABY HRE 25 o A 4} 22 Sof uaAsha 7ol 485 9]
Zol7)ols 25w 4 At (Parry et al. 2013). E3H F3F T} (Kwon et al. 2017; Byeon et al. 2019; Choi et al. 2021). &
ApEhgolt S eln 2o AEd BAo] WalA o a AIES] GALE A 143} QmAol e,
= Zolgt= 7ol Z718tstr] wizell o] dgof digh A MAle] {27300 whet Uehtbe 454 29
Arol= eAI7F At (Guisan and Thuiller 2005; Dormann 2ol 5 BASH= T AY A3 §44 29| TA! of

2007; Elith and Leathwick 2009). =, 7]1&2] =] A A=
ATEL F 50 HAA Bxet A4 7MsAS o &5}
= Eﬂ°ﬂ 23S 7HAANE A Ao A Yeh= AT
E4 9 Hsht 7H1ﬂiL ol A 2] M 712 el tish 11

r

%

F-l

WA 2] ‘5—?71’ Es] o] Fofx]= =l HUA
5 PRl Rof 5 spiRt uadsol U Yuad
gho] 22 2 FF (cryptic species), /NAlT X, AlE

A28} (phylogeography) 5 #-2 o2 A=A A&
S ol35t7] Qs &% 3 Utk (Han et al. 2018; Kim et
al. 2020b; Kang et al. 2021). 53] M2 tigh Heh-f
At AGLE ol MATEe] 8 xR} Y AF
o] AE mpetst & Utk (Lee 2002). HE-FHSHe] 71 %

=]

- =
3 AYE ATE 19000) AFL] BAYES 7% T
ol Aol 2

TS A =Hled, 1 Aat HdH
S} (invasion genetics) ©|2h= Al o7t 557k S
T} (Barrett 2015). Barrett (2015)-2 A -4k «(H )

=}
Aol 7HAE 74 T Fde TEeidle A
2, e, At FEA 712, 712l ) e 3

S oA o] AZ13 (contemporary evolution) ]l 7]

536 (©2022. Korean Society of Environmental Biology.

lilmz

St AT of 2 =P =] Q)T (Kim et al. 2016b; Jeong et al.
2020). °o]2fet A= 7l AWAlES 2ol #1248
£ OFAL glon, Ko A E sidS flsiA Al
HE A Fda 25 P9 2art o Az
o} (Whitlock and McCauley 1999; McRae 2006).

AFeol 2] ZJAAE AF A3t Zolle ]IH; Z] 1A
= A7l WEAlR: de =9E 7RV 2 Aos
Atm et 5o, vl 7idS o =) ZiAleol

71 4 Qs AARE BAH, $04 4] WIS Hets
o Al 2] A9 Fs B B 4 918 Ao
2 Z|efIck Sl 4 e At de
F2 F 420, @A) Sl 71t e shetel] §F
1 S153ch, T, A e Ak ST G
S2 o) 3 1Y RS AEshs dle] 24o] Baof

2 k. a8y, A AdFe] A - 15k 7)2E o]
sffotal, AA|ZISEe] ek vl miEfe] M YdS A=
7] $1aliAle e g o] A, A B E, A W st
o} o] 5 7t Ao &g FEH o2 oo Bart 9l
(Pelletier et al. 2009; Nosil ef al. 2020). HIEFRAI T 2=
ol Ao AFgo] S AAL & qloH, o= Y 4



3

7B
=9 HlE 5o Hsto]

A AEE AL =+ 3

Aot (4178 A=), whA, A= rejof|
= =071 oliAl= HIEAAILE o] = 77
aY=jojof o 7o 2 AY7HETh wet olt}. o]¢}
A= A A A A] mf 2] 0] A4, A = A

o2 Foks AAH o= uotalr| 3 o]

e AR 7=, i B2

Table 4. Examples of data utilization in invasive species metapopulation research

NHo T
)

o

;Q

lobe s 98 4 92 2

ol HrF A2 59 A

T Fuhe WD, YRR 22
9L Ao = s|dHch

N
2

Metapopulation theory in invasion ecology

Topic Data used Examples
Lenda et al. (2010)
Record of occurrence Fountain et al. (2014)
Pergl et al. (2012)
Detwiler and Criscione (2014)
Habitat patch

Reported habitat types and characteristics

Lenda et al. (2010)
Tamburello et al. (2019)
Seebens et al. (2019)

Ecological niche model

Roura-Pasucal et al. (2009)

Connection and
differentiation of patches

Geological characteristics and human activity

Roura-Pasucal et al. (2009)

Lenda et al. (2010)

Lamy et al.(2012) and Dubart et al. (2019)
Pergl et al.(2012)

Genetic information

Fountain et al. (2014)
Seebens et al. (2019)

Tracking individual movement

Tamburello et al. (2019)

Colonization-extinction
of patches

Record of occurrence

Roura-Pasucal et al. (2009)

Lenda et al. (2010)

Lamy et al. (2012) and Dubart et al. (2019)
Pergl et al. (2012)

Genetic data

Detwiler and Criscione (2014)

Origin and
dispersal direction

Comparing model scenarios

Roura-Pasucal et al. (2009)

Genetic data

Lamy et al. (2012) and Dubart et al. (2019)
Fountain et al. (2014)

Detwiler and Criscione (2014)
Pichimueller and Russell (2018)

Seebens et al. (2019)

Historical record

Pergl et al. (2012)
Noda and Ohira (2020)

Propagule pressure

Genetic data

Lamy et al. (2012) and Dubart et al. (2019)
Detwiler and Criscione (2014)

Human activity

Seebens et al. (2019)

Experimental data

Noda and Ohira (2020)
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4.2.2. HEEPHHIZ 0|8 X8 7}54doll chet 7|cH

HEZRATE o] 29] Aol =Hio] ohe A=
oA ZHH Azt Aol 4oz &gH 5 U A
o2 7| wietpAlT olES AA HPg =l 2
St7] e AL S Rl gk oheket
7} = @51t} (Table 4). BA, HAE HJstAL A
£ SRIsH] floliA= FAE B 7]50] &85
7F Eoreh Aol A= Tl E A=t A A AL
O] AFZALE Fofl thdzte] <& I HE7F 54
%]o] Qlth(National Institute of Ecology 2020a). w3 X
(Kim and An 2021; Jung et al. 2022)1} 94 F4-& o]

ast

— o 1o

BUHEE A (Kim ef al. 2020a) 5 THFeF Wi o2 43
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A=, AAA] T2 7F AE 9 7
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we] 4T Ysich Qg Saleh WY oA, &
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O A7 Bas tiako 2 AH5] ZARE ] QI9ith A
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Table 5. The scale of dispersal in the invasion process

Metapopulation theory in invasion ecology

Scale Definition Cause Major invasion barrier Type of population
Long distance Movement to naturally unreachable Usually artificial Geograph Metapopulation
9 other habitat patch v grapny pop
Middle distance Movement to naturally reachable Natural, Artificial Dispersal (Secondary) Metapopulation
other habitat patch ! P Y pop
Local Movement to other place within Usually natural Dispersal (Primary) Non-metapopulation

habitat patch

Table 6. Relationship between factors for invasion success and metapopulation scale

Condition needed to

: . Categories of mechanism
invasion success

Examples of mechanism

Scale of
metapopulation

Improved environmental
conditions

Reinvasion after environmental condition is
changed by previously introduced populations

Middle AND/OR
Long distance

Increased genetic diversity
by multiple introduction

Invasiveness

Repetitive introduction,
Introduction from multiple origins

Long distance

Gene flow/hybridization between introduced
populations

Middle AND
Long distance

Reduced Allee effects
by migration

Demographic rescue effect,
Increased pursing efficiency

Middle AND/OR
Long distance

Increased trial for
random event

Demographic/genetic character of
founder population,

Purging by bottleneck effect,
Green-beard effect

Long distance

Extra

-region movement

Long distance

Reachability
Intra-ri

egion movement

Middle distance

= % 7P A2 HE 54 7RIt A=, A2 ol
Q1914 21elo] eJal WAL 1, F712] o FL 21914
LA} 2R A Al BFof ofsf FF= W=t A=, °]
WAk 21910] Afolr} glenz FaHE )
2 729} o] 5] WOl Ho]7} Liefeick, Eat, 3
159 237t S92 A= HEpiAlEe] 1 7FsA
Z7] H, 134 24445 2737 el S 2
EIAI22] B4 3712 o) o] ol&Holct. Flole
GA B FA2) 7m0 o), 127 ol5o] 4Gl
5% oS 4= QJt}(Chun et al. 2010; Chapman et al. 2016;
Seebens et al. 2019).

ols} 2ol FAAHE 0] ol st 7
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= & MR o
(e}

A Az 0% ol 924 4 9L
29 S Ve Rk
=2 A5ke o), AAH AT o]

A2 2eE A
R HEQFE =
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EYaE A YEYT T A} (Fg, 6). olsh Lol
5 Age] UEYIS TR 22 A A4 A
o] W FAe WAl GGt HAY Het
ARZAN ] G FET 4 Slrks AEL A A
o ARl S AY B 7122 )5 Fmt el
Afolo]] upet et 4 girka LelA Qe (Wilson ef .

8RIE &3t o5 ko
6). e, olef g2 HI> FH
FdE A 82 ez

=

2009) X] 01 /\']—T'—Oﬂ 0@0]:—- 7]]7_d Ea
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(A)

#== Long-Distance Connection
«== Middle-Distance Connection
4 Node of Long-Distance Dispersal
O Unoccupied Habitat Patch
© Occupied Habitat Patch
Possible Range of Middle-Distance Subpopulation
Possible Range of Long-Distance Subpopulation
(= Middle-Distacne Metapopulation)

(C)

Fig. 6. Conceptual diagram of the invasive species metapopulation with connection in two different scales: (A) Whole metapopulation
structure, (B) Long-distance metapopulation, and (C) Middle -distance metapopulation.

<712 9 A7 olF HEHIE nfofet H, A4
Eaie d3d= A5 fsiAe Aol At
T O AR BRAE MAASS WRAAA L} 9
AR & 2 A2 A At AARIeH 2
2 S MEYZ &ohe AAAE WRAAAZ, W
AL A8 G2 EHIGS] k= 77hs <9
A2 2 AAshd, B Ade SHeE A= T
EPIAIT ] Fae A5 Gold A o= 7t H (Fig.
7). Aoz MAA] gfolut A Al Wt A
H 35o] golt M AAf diside S712] HEH
oA o] FAAY HEPIAlE FEHIE v 4TS
T, 2384 o2 Bt B2 SRR g A
7] vePiAle] SHelA] ZBH o' tE 4 vk W
FA 229} QIR AAE ks A2 A= oY . . .
~ Fig. 7. Conceptual diagram of the separation of metapopulation
sh7] 91t AEAHR 225 AlEote Hlolk f-8otth o effect from internal and external habitat.

e =

External Habitat

¢

Internal Habitat
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Positive Negative
Strength Weakness
Ig - Application adequacy - Ambiguity of concept
L - Estimating durability of - Risk of wrong estimation
ué invased population of structure
- - Considering unique effects - Limited applicable
(e.g., Heterosis, Purging) situation
Opportunity Threat
S -
é - Filling a vacuum of
L study in Korea - Few study case
jo)
g (e.g., Evolution, Population) - High complexity

- Applying existing data

Fig. 8. SWOT analysis of applicating metapopulation theory in bio-
logical invasion research.
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