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AstAEY] FAMAE o3 Al 7HA A E ol Foxi (1)

4 (pollination), (2) <A (fertilization), (3) & A} < (seed
maturation)(Lyons et al., 1989). o]% Fwd & £ dH, A& o]x,
MsHAE, aaf A A, BEehe WA Y] FF9 3
T U TE Y AT Ad JaAE 2 dapa s B 28]
AE A QA adie g " ok o] g3 o] & el #ofsk= 1184,
A A RS AFstE A H S (pollination ecology)(Willmer, 2011)-2
WAshslhs S olA T e MAA B dad o Fas ARE

A& 4 Ah(Kearns et al.,, 1998; Willmer, 2011; Kaiser-Bunbury et al.,

02‘:
X
o
K
@
i
o
~

off

kAo 712 AXYRYG ¥ sps2A s 23 dth(Root et al,
2003; IPCC, 2013). Al 194171 58 204171 E7pA ¢ 42 7]
Rk 1910 Wt A HlERY oF 2viy o] ESkvh(Auer et al,
2007). o] 3yk ofyt Hub o]l AM WAL 2147 WA Ho)
oS53 ATHIPCC, 2013). A G2, WA A o=

=
AFAQ] EXE Hol= LAY ES olef e Wt Qs A4 27 o

Aere o ¥ 1L ol5dE AEgS HA(Lenoir et al, 2008). L2}
ool B3 AY ¥ nxdA HYse AEIY FAY THo]



A& At 7bs Aol EvH(Kang, 2013). 5 4% 34 WSt AR E 9
HAol ZdstA A& F Adv. 8 ¥ TE2 AMIANVIE 22T 5
A= 7ha/d (plasticity) & AW B2 o]e} 22 WSt A5 5

A2 Y (Root et al., 2003; Anderson et al., 2012) o] 5o HLT 4+ g+
G713 EQEe] o] VTS o] e, Ae)e WA R

o] o} Rt} (Inouye, 2008; Thomson, 2010; Smith et al.,, 2012). =3 ujj 7] 2}
T gE5s WA B8R o AN ES JHEAI 7S SRR}
ZAZI7F Ao o] FojA A ks wf HAHI 9l AWstA 2
Aol R 7= ST Hol(d: 7R, E)E A Kot Faite
AW & 3 (coextinction)S F U 4 At (Price and Waser, 1998;
Inouye, 2008; Hegland et al., 2009; Kudo and Ida, 2013).

ol kAol = B2 IS Eo] AAetal v F4] 3]st
TaA o R WA Ao A 7|13 iL#] 8 (Shivanna and Tandon,
2014) 715 skek JHAl 5 A 91l AW o] aqkA
BAst7] 9% A dAl= HASAF vk AL Aol 53]

7hed wj Akl o7 Bt S TR e FES 7IFHst U

1.2. A5 F5u5o A ALol= AA,

duodichogamy

A AA BEEZ oF 96%(SF 40,000% ~53,0005)= AR ol A2 sl
2 tH(Fine et al.,, 2008; Poorter et al., 2015). &t &
A zogN Bhuyd D RS 2o AYA Fo )5S

FPE

=
<



T3t (Mayfield et al., 2006) W& &2 &5 A2 A< Q7o A
ok A Fa, A, A9, F5) B2 EAC: vtEokY, A,
ARY) ALS AT, ddAS dHFEe w7t w44 &F= 96
A A JAE 7HA A e o= =7

e Ao AR gHstE 23 v ltk(Sala et al., 2000; Hilje
et al., 2015; Sinébou et al., 2016). 221} 1 & EA= o)L B A=
a3t #HA3%he] 7Yl (regeneration) WHol st R 7 SHE7|E A
Fo]l AdQl7|o AH3= AHolvh(dl: Vitex doniana; Sinébou et al., 2016,
Turraea dargentiana; Baider and Florens, 2016). & &¢], ‘vla7ly’'s2
2 Ao B2 &AFF(timber) S Xk
A S I (Meliaceae) ol A &= 8] 223F o] IUCN A A & =0 5 A & o
A IL(TUCN, 2017), ol+= HFEUF3 dA F(F 600F; Christenhusz and
Byng, 2016) & ¢F 37%E AA T ALz =t}

17 o R % wwhe AE A o JA(FRE, TAANE
STAEA ol}], 24) T 53] T AT} 22 A 27] G

7B 2 A38s F 5 %71 Wil (Neuschulz et al, 2016) M2 542

ol Mevh g oW AQEuGE UFdx: S8t s@EAE Bl A S

T2 ol s= viZRAR 25, A, ) Y FE TP (Bawa

et al.,, 1985; Turner, 2004; Hilje et al., 2015, Souza et al., 2017). °] & 9]

HAEAN Q= ?-7(1‘/] ﬁﬂk]"l} x%o]oﬂ HostE gL o]z‘sﬂfy =9 "Heavdk

Bk oofyel 17k Eso] AR A A"LH T A HA =

G d =g u] Aol 22 (Mayfield et al, 2006) HAZA o7 F Q3
ey ATl T kst BEFol A ske



154 0]

<
i

o o4 74

ol 7] W&

So] @r}(Styles, 1972; Bawa et al.,, 1985; Luo et al.,

o

2007).

o]
S

9] S AATA
Rl AA MEQAY T2 S wA

s

9/]

it
o

3

=

<

__AD
3

ol

SEEE

#] & o] tH(Cho, 2006).

Gk

3

%

s

]

A

j =
T

A7)

ol

A8

A

434

3

Ferabrel A

3|

HEoEA FAE F v 2y

Ho

[e=]
=2

1
T

A
17132 812w (Choi et

Al
2

%749

EE S E

1<t (Han and Kim, 2010).

J|

1
T

al., 2012) ©]

=

=0l A

z:;l,

o)
M

—_

~4
ol

X
Ho

Fo]tH(Kim, 2015). =2 9] =] %= 3|

IH

i

)

ol

h=Nye)
=

A7}

ul- O
TS5 -

} 4t (Campos et al., 2004).

S

ol vlEH AT B Y (Curr et al., 2000;



O’shea and Kirkpatrick, 2000; Thuiller et al., 2005). A #| & 3l=r
S QEALTFAI Al A 91Zke] I e AA A B o]F
AAAZI L QR FAE ZHste] ojdrt YA Eo] A2sH7]
T2 2718 AFI}AHKim et al., 2013). o] A7 L3 S AR

()
‘:li'
AEAl= ol AR HAdA ol B% FHkst FH2 dE A7) bl

Of
o

Tt S TAG S HYHFe oln] it e A #70

I 45 AN E AYAETY ST AAE 1EHL

and Yoon, 2013; Kim et al., 2015) o] &2 AA7} o]v] gE=w AL+

AEfAle m A= Gl thsi = obA A dE A UA F7] wWEo ol &

g AEstvle ol &R AT A o] AEE B ueks

T WA APAEo]l FdE BEAY 722 54 g A
Aol gk 2AZE Bast. ey ob A 7EA] =]l A

ole} Bt E A= A o] Folx vp gle Aol

14. A7 5 A
Ao A5G SR dEFDe] e Ans QAL
£53 2 ANA 5% RS FAdEE DAl B AT

sae] ;A AA T, AFATO] AN s Sl A Ee] W54}
oJgel RN MEQALE ZAGAT. 244 B2

2 Eo|HA o} kA A1 AwAk A U FHo) ATl
R oW = (Megaleranthis saniculifolia)®] 713}, vl | A,

A A AAd I 2= WS olF JfAlTl MAE & Qe
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o
ol rjé

B=)
=
i“

+



Jorzk Futel

°©

1

-

T

= AAH

) EEFl =y (Toona sinensis)® =

}

k<
T

1

T

Fit}h. Chapter 3¢ A

I3

oo}

[e)
=

7501:

3

[e;

ol
=

A

—_
fite)

—

<

3F3At}. Chapter

S

=
T

=

=1

o9
Hek AL o of 4

o

[e) 2~ [e)
T4 Fol =2 &

)
B

—_
file)

i)

F

°©

el 7%

=
=

R NEGY PR

ol
0

=0
A

X

!

A A 8E A



Chapter 2.

Mating systems, flowering characteristics, and
pollinator diversity and abundance of
Megaleranthis saniculifolia Ohwi in a subalpine

zone of Sobaeksan National Park



TE7F oA L E FRuNAIE =E A 7] wlZ (Arroyo et al., 1981)
AAA B A7t Eo] =S Ao ® Wo]H vh(Garcia-Camacho and
Totland, 2009; Korner and Paulsen, 2009). A A& % wAF2E & w7z} 7}
58 A9 A7t AoR FAE LSk (Arroyo et al., 2006; Zhang and
Li, 2008; Ai et al., 2013) ‘124 24 A = (reproductive assurance
strategy) S TAFFtH(Eckert and Schaefer, 1998). 22y 314F2] & 2]
A4 ©] %A (dichogamy) ¥} A} 7F&-3} &4 (self-incompatibility) 5 <]
auf A A el A sk d 2 RE)RE, BT Sl vols 849
T G AR RS9 FAGEE Lo 2AE AT
AT % A A &h(Bingham and Orthner, 1998; Fabbro and Korner, 2004;
Arroyo et al., 2006). ol& E°l, 3242 =<1 Eritrichium namum-2 XE.t}
=S LY AAAAA A Eo] A A o x th(2,435 mé} 3,055
m asl.ol A Z+7] 509%, 30%)(Wirth et al., 2010).

o

kA Ee] WA e aaf A At A ME Aol =al A<l

7NFx1 4 ol T vk LA A ASHE Zwm7bA del=
T AQH A i wep HAFe] zolet g4 AVI7F dE A= vl
olA =<l AAAAE &A3H(Balk and Elder, 2000; Korner, 2003). ©] &
A A (Balk and Elder, 2000; Koérner, 2003)o] ¢std, FE4 -

e

J4
ol

NAE o obel WA Fe HAFo] Lol A FAS weho A

AT AeEALE 23ste A 93-S & T A rhBillings and

Bliss, 1959; Isard, 1986). 53] = 99l o|& HH /3gste A EoAe=



gAol MIE Fedrh Aste A&, TR, NS RS R o] 2=

T A AV Wl JHE A vE st =
F AH(Kang and Bawa, 2003). B L2 Z Lol aLAkx] o o A

AT AMAT = op/HAIL 7o ARsHAIE ] Aol7E AHAA e &4

A 71¢] Apeol e} A= Sl & o] €l A Y (Hirao and Kudo, 2004; Hiilber

et al, 2010) €& MIFEAS Ao L A= 53] AghE o]

o1tk (Hiilber et al., 2010). Pederson et al.(2011)& H o] AAHo®

ArebA o] A o] AASHA A dSS TS AT A TS

d A7 Welm QA7 RS WEk= o' A=, 53] Tt

Lo

Ay THEE 243 583 895 5 shuolth(Totland, 1994;
Thomson, 2010; Straka and Starzomski, 2015). ILAFA] o] A= FW
7]l v& W F2 5 Aol A 9§ 7FH(Lazaro et al, 2008; Inouye
et al.,, 2015; Wagner et al., 2016), 7]<°] =& u &£ 2 HF(McCall
and Primack, 1992; Lazaro et al., 2008; Zhao and Huang, 2013)7} &
5. o Hor FAPIULS A2S 2ET F Jorg Fi 7|2 &

3

o2
o

Wbz ¢y &5 o] 7} 3kt (Heinrich, 1975; Bingham and Orthner,

1998). &&= Wl A SRR BEE(F, =4S A BEE

S7hel = 9GS 1Y (Totland, 1994; Straka and Starzomski, 2015;
Arroyo et al.,, 2017). Z22FA] o] A Ht7]2o] HAAFA HAdHT ¢
wAsHA AssteE FAC 7] Wl (IPCC, 2013) Fimli 7iAke] v A 3t
TH =S FA4% WEles =7y st ojn] Al FUF FH3 A&
TRl E VIERE R Qs s AEol oS Hefald & Atk (Burkle

et al, 2013). LAEA Aol M 7 -2 2] 5 (Kearns, 1992)2F &4 2=

N



YU ") = (Megaleranthis saniculifolia Ohwi, V] vhe] op A ¥ 1) & Aul AL
AEAE, e, gaak g5k, dheal 5 s 770~1,435 m AFA] of
WX E o s A5 E ol H(Yoo et al, 1999; Han et al., 2010).
EHmEe] AN E Estal AE 53 HASAg o A= wg
vjuj gk vk JAEFd A= AR FdE vk Y (Choi, 2002; Jeong et
al., 2010). o] & Aol o, AMAkS HFE3 R Ee] ZHnE
A AN A 2 2R o] s ol 1o (Choi, 2002; Jeong et
al., 2010) /WAt 27 F49 dAstz Qg FHAA F5 o]

& A 3} (Jeong et al.,, 2010; Jeong and Kim, 2012). 3] A2 =2 H A A
7HE A AR 44 s FESteE AgolsA
A7t =3 A S T BbeA Y Z1#d 2 g dHE olsfold.
vy u 3 A E L AR Ag ol A8 ol A < (protandry) <=
Aol A < 4 (protogyny)]el ™ A& & <4 (adichogamy) ?1 74 -9-+=

=& (Bertin and Newman, 1993). A 53l A5 2] w]i}]o}Afu] 2}
20F %= - 274K E A F (facultative xenogamy) S & FEAH o 7
A7 A o] 753 tH(Bosch et al, 2001). EH v Z o] ]| o} A v 1}
T A S FARE W AIAlE Rol=A o] of o wpe} o]

S ASAAER RuvEe] BHHego] detd ¢ gtk

ol £33t RHnE MATES ) BE

AT FAA Hako Ak, AT FERE HdlolH(Yoo et al.,

_'IO_
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22 A5 2 WY

2.2.1. A3 AA

.Y
A=< web Laxsks A8, o)A, 39 $A49 AT 2
HoEE Abdel #3281 (Choi, 2002) EF W
F 33t (Yoo et al, 1999). 20131 % 7H3}7]3t &4
18¥ ~549 23¢Y) ¥+ =% % FE+ 242 87T 9 70.7% A HH(Onset

HOBO® U12-013).
222 R E X 4=

EouEe] £ M ZAAH A 5~6719 EWHA(HAe] x+SD =
14.37+2.19 mm; ¥ 9.49+£2.06 mm)(Yoo et al., 1999)°] 7}4 wnjz 2o
ZFl ool w318 Rofe] #4l 8~12707F
Al s 13~42707F Bl =7 (Son et al, 2011)%
98+1.92, N = 80)& o] Folxl Qo] EA gt}

57he) & d9= A97F 7P ESH(N = 183). ¥ 549 ¥~64
of Z W Ast A7) FE(follicle)® et wekA RuRE Zel

_13_



AT E BuvE] & £ f 7t A9t Axg dile 52, 3 2
U olg 3t FEo noL Hyz 7)&5Y).

2.2.3. L u) A A

GAR AR ol F D1 EWre] AfEA ¥ dHE 4R A9t

el A E7EE7E bS] olgsta RE Fadrb v A7l v
A A A Z=Abel]l oFA ZEube] B A EH HAA &S HAEN =
2171 1002 o AgolsAde AEAY. F e EF e 250
o3t FHS WMAFY] A FEHORE B E3ATY. Peroxidase test
paper(Peroxtesmo KO, Macherey-Nagel 90606, Germany)Z A}-& &l A]
Ay e das gt STl A test papers: R X9

e FEFSIFY S W AFMoZ WStH & (receptivity), =

A AEAS A R Sl MYsts RUvES e R

(1) A&7k (Autonomous selfing, AS): o} g glo] 24

24

(2) e1FA7F4=%(Hand-selfing, HS): & W 2& &g o] &7F #EZws

_14_



& <l

A

7Y %

=

L.

(3) Q1-&E}7F=% (Hand-outcrossing, HO): tf

AASL 5 m o] Holx v

U

el

>~ B
T

217

A

]

gj\o

A AT 170 <]

9

EERRTE

o]
=

=

=

g 2070 A

FATt st Al Cob Dorbel o] el & xH7h

S

A<

o~

(4) 9 ZT(Control, CN): F#

A a2 HEA 7] 7F A

wK

il

A8 &

E It

A 7

(fruit set),

)

3

A} <2 E (seed set) &

o

A= A oA

o A Axel Z Aol ZellA

g

==y

R

&<k <% 1000 h, 1200 h, 1400 hol

)]
=
=]
=2 72
=

k)
T

v & 2ol o] A4 (apocarpy) ¥ = HES
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) £

O~
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OH

A7FAERl A A AEEE UER = & 7Es A A S (self-compatibility,

SI)(Becerra and Lloyd, 1992)& AF& 3} o).

AEAINGE FATSE
AFENEEF A% E
ABAVEE T A A% E
AFEE S AN

A& A7 A (A =

ALBEHATSD = 5

224. €4 A717F g2 F AAZ A5

HEAF 4ne] F2 P43 AzbF (A7) 135 msh 1374 m
asl, 9 ¥ o2 AP 50 mel A §8 AVle wE AREHe WelE &
123149 139 ~59 230)o] 2A 2ASRAT AHF0] e F2

oA 49 Faol ol Ee] ol Hgtor} Be wol 49
A Pl A 49 wol g0 AAH AL WA FE Te

ol2 §A4 F9(early snowmelt plot, ESP), A}

>
&
AW
GO
1
18
o
S
rlo
alo
il

T4 (late snowmelt plot, LSP)°o. & A A3sta z}7] WME (5 x 5 mE
ARt WA =271 7F HstEAG e A= S FASHY] S 7
WETT e =S I 2/AIE AEs o 12570 2=/ BE ).
ZE g el A 2, A, AL CE 9 of A Lol s dety =+
EEdAE "o AATFem A Al FEdA AEAS
HEsta 7 EsAh W TEE Do v &l AMA AsF A
Metdd A 71E Fetelt At Elzinga et al.(2007)0 wha} 2 7| A,
AT MEA] & 73S ZF7] ) s (flowering longevity ),
7N 3} 7] 7+ (flowering period), 7§ 34 A (flowering season)® -3} t}.
Mk 2F 2o CollA Dy7bA o] 713, i3 7|3b2 3 iAW #Hx

i
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Cx3t vbA 9 Dy3 Akolo] 7173k, 7HstAld & iAW #H &= Cxa vhA
D33 Atole] 7]3tom A skl o] % ESPeF LSPIF vt 7h3kA & 7] 3

- 3=, WAL KA Al R - o] Aol E Eeleksid

ol Al A Do VleEo® JHAL Wi A 3
7N 35 A A A = (flowering synchrony index, FSI)(Augspurger, 1983)Z
Atk JHA el W Nsbe A vk 2ol Alteksd

il )(%)é}lej# 1

A7 Xz MSHSABAF, e WA P9k jol S SHEE e
7, i WA e F AL 7, nd BF NA ol 3 F el BEE X
9 JHEA 77 @HE] dA G X= 1o, A FHEA F=vd 0
ol t}.

225 FEMAA RUEHY T X WL, 2%, §H )

MAT #ES HAas shdA 3k 220 g FRv7iAre] WMol =
Rbdskz] 9l 71 27F 2 F AZIORSR 7] 20139 49 27~28<;
MskE 710 20139 549 7~8)ol F T (NE site: 36° 577 31.0" N, 128" 28°
370" E, 1,361 m asl; NW site: 36" 577 32.0" N, 128" 28" 32.0" E, 1,345 m
asl)oll X 2AFE AAISEAEE AL kA F e 3 2 Ak 2k g4

A Aol zol & #AdstAT. Tty = "k 2ALE 98 Aol 20



AEE FAsA 54 A3, ¥ dEe ¢

t ATHNE vs. NW = 246+25 vs. 23525, ¢ = 0.308,
df =48, P = 0.759). 7 799 AW A &5E FAe7] 98 747 £
#°1(10~20 cm)ell H o] ¥ &7 (Onset HOBO® Pendant
UA-002-64)& AA sttt F 794 F A7l &<k 1000 h+-E 1600
L5 SAGAS W F 7YY A 7%

kol & HolA ko B R (NE vs. NW = 21.2+1.37TC vs. 21.6+1.25TC, ¢ =

rr

= ol
2
l‘i
>
frt
o
N
£

Metx71(48 27~28Y)ell F F+9& ojn] §AMo] TaHE FEHo o&
TAE AL yrx] A Aol W FolAdrh MatF7](5E
7-8)oll = AMATo] EESE AA A §AHo] &

MAL ko] A gAo] Fa Fo|UW Mstx79 g0l BT Fu5H
AstE719] FF-&%=(1000 h~1600 h)E AT 2po]E B ATHN 327
vs. W8%7] = 15.80£0.67°C vs. 26.97+0.83C, t = 10.486, df = 54,
P<0.001; Fig. 2-1). 53] &AWt Ao o] 5% FaH /3579
1300 h =%+ §4do] 38 FolAd /fstx7]Kt 123T ¢
=RXGONE 27 vs. NEF7] = 17.8T vs. 30.1C; Fig. 1-1).

—

—r
of\
bl
it}
32
=

2.26. FEvilA 2U¥E A

R4 mUEPe A8 F T9NES NWel 3749 28871 m
x 1 mE 5m FAoR ASAT 349 £2RFTE 2AA v
A A skel A PN Ee] g 2 o) xIE BASAGOIEET:
NE vs. NW = 22, 30, 25 vs. 19, 26, 32; 7I&%7]: NE vs. NW = 29, 31,
40 vs. 24, 34, 42). W77 @ E = 1000 h~1600 hell -9 o
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ut

kA Kruskal-Wallis test® AHS-aiA 23 e]e] dwb#Ql aat&5 &9l
star de3dt Ag W Hdg At vdFsHluE Fadsidv. ol
Bonferroni correction®. & oS EASHHHa = 0.008). ESP$F LSP9
Aste, Ast712r, AsAE 2Fol = Mann-Whitney U test® 7 A &5 o,
o]de] EA FA2 SPSS ver. 19.0(IBM Corp., 2010)S ©o]&39 . 44

b2 A % Aol ARG F7] I 2% AolE ttestE AMEd

o
=
e
lo
ol
>
¥
flo
N

ol v 4 Aot Qe o]==

2~
=
S HEA Aol kel HAA @& Dy FEAM =9

12
i
1o
o
o,
£

>,
o
o

x+SE = 5984192, N = 10)¢] A& tha 4 3]st 61.3%9

o2
i
-y
AC)
N

=
B BE ¢, BEY NF 5, TEF 24 S 4P WMol
B EH(Table 2-2). 2 $¥ A el 79 2EE @ A3 (49 530~6.25),



AE g it wlF R (G76~6.20000 AAAA frel g zhol 7§l o vH(P>0.05)
E $(1.20~565)% 5T T4 F(2.28~5.05)% AT
(2% P<0.001).

29 Ay Fo st FE o v &2l =
CN(88.8%)>HO(69.6%)>HS(31.2%)>AS(16.8%) oA thzx o
FEASES ATEIITRE, deAEE, AEATIEEAYE RERY

2.8, 5.3u) B =okh(x® = 35.776, P<0.001)(Fig. 2-2). &4 %
m s ol digk T o] v g FALEES

CN(71.9%6)>H0(42.8%)>HS(11.3%)>AS(5.8%) 2

>
-
Ho
lo
ot
)
o
il
% i
8
v

KeR
T

fi
il
i

3

2 T
2B ATENFER, ATANER, ALANER AR 747 17,
WxT 2e
SR Eug Auor we Aue W) 47 BER FAR
Hedeh, B I EANFRE AEATFRA v FAo] & Eol
2¥) H =Y wH(P<0.008), =5 552 2ol 7F gl v (P>0.008).

7 Ay Te £ F ADE GG 2o NLEHIYEE)L
CN(95%)>HO(90%)>HS(45%)>AS(30%) oz, 24+ 22 Ao BF
Ase FAPou AAAFREALY BE /300 AAE FAFAh
AR LB 2AT AEATNFAASADE 033, A7FsHa A 5 (SDE

0.50°] A+ (Fig. 2-2).

2.3.2. ESP¢ LSP9 M54

i)

=2 PO (ESP)# Ab2 g bR T (LSPOIA 7H7] 49 43 )
o] AZHA, F oAAE 4 AEe o 1009 AolE nAY.

=0 & ESPAAE 49 249 (Julian day, 1149)~274(117Y)d,

o]

Hr

°

_2‘]_



LSPAl A= 59 49(124¥9)~74(1274)ol &7t Al 2= Aok (Fig. 2-3). 7}
9] FxolA ESPY £ 254U o] A FHo] LSPe £HUT 49 ¢
o JAF(H3, flowering longevity)(F 43 159 vs. 119,
Mann-Whitney U test, P<0.001, N = 125). 7}# <=4, ESP9]
AAEo] LSPe MAERT HiHoz oF 347k ¢ o9 v AIFS
B Ao} (73} 7] 7, flowering period)(F gk 17Y vs. 149) & =7|7}
ol FAA wlale sk A] eFekth. LSPel|l Hls] ESPO %3 ZfAIEo]
e WA ANAT FEolA B o ESPE 269, LSP+ 1491t
M3tato] (734 A, flowering season) AA7F FA R T 109 o)A <@
Nt B E FASAT. 2ev ESPSF LSPe] /Hsbda A A& 7h7] 1249 3
128 (Julian day)® =3 499 zo]lE HAT. AF}H o w2 F A+
B et EuuES oF ¢ @ Ftk Asteitrl 59 179 (137)
AF e Fol A= e R (Fig. 2-3).

ESP9 LSPe] 7 shs A4 A= (FSD) 4 #k2 771 0.88(1H ¢
0.83~0.94)7} 0.98(H ¢ 058~0.98)2 F#2] NasAAdo] 24 o
3 9kt (Mann-Whitney U test, P<0.001, N = 25). 7§8t24 A LSP<
A S5 ESPo Hl&) 94T o E=4H(B.8T vs. 15.2T)(Fig. 2-3).

233. 2 wenE AAL) FRAAA FF

A7) 5 9H(2013d 49 27-28¥, 5¥ 7-8¥) F FYG(NEL NW)ol A =
% 45 [ A 5 (Hemiptera), ¥ 5 (Hymenoptera), 3}2] & (Diptera),
U H]) E (Lepidoptera)] 113} 125 9] t}3t B 5770 &3k 2350
A2 E A H(Table 2-3). ZHv]Eo = F=2 3¢ F(Diptera)(5F) ¢}

HF5 (Hymenoptera)(4%)7F W3t £ 2% Ao 2% g4 et



X

o] T4 F FANES NW)ell A 7+ A7l (st x=7] 9+ Asts7]) &<t
Zd3 mMiAAE = NEFGo] NW Rt oF 20) o @ ATHNE vs.
NW = 11E (&, A5 g5 vyl 5) vs. NW = 65 (85, 2] 5);
Table 2-3]. &+ F+9dA 2% &d3 vj/lx= F 5% (Anthomyiidae sp. 1,
Bombylius major, Melanostoma scalare, Vulgichneumon suigensis,
Andrena sp. 1)o| %131, ol% #32]F 1E(Anthomyiidae sp. 1)¥} of&H

1% (Andrena sp. 1)< 79 = A]7]¢ daglel % Ed st (Table
2-3).

Cicadellidae sp. 1, Tachinidae sp. 1, Calliphoridae sp. 1S A 23 &
9% (Anthomyiidae sp. 1, B. major, M. scalare, V. suigensis, Andrena sp.
1, Andrena sp. 2, Apis mellifera, Luehdorfia puziloi, Hemaris affinis)<
EHw £ 27 FE ol FEst devdE A58 FRrEAAR
R E AH(Fig. 2-4). o] E9 W& 5 d=vad s depo] e 23

dae BF 2 AEAAL.

234, =0 g FEAA GFE R FTHE AFEL

(NE<F NW)e] Fuj7f 2 thdgd e 227k v /st x7]noh
Metg 7)ol o S7FAGNE: 7508t 271) vs. 9F (R sks71),
3t27]) vs. 55 (N85 71); Fig. 2-51. MstF7]el= A stx7]0
F &5 (M. scalare), A WA E (V. suigensis)®] +

. SE-HH (A, mellifera)S NW -9 of] A wk,
v (L. puziloi) ¢t AR TVt Zy A (H. affinis)y= NET-< o] A 7k
} o (Fig. 2-5).
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175 vs. 173) F 79 EF M&x71(Hd2=% = 158T)d H]s) 11.2T7} ¢
=W ASF7I(FH2E = 27.0)d F BER=INWNW)7F -3 4n)
o’y S7FA L[N 2 7] (NE+NW) vs. 7H8tF 7] (NE+NW) = 67 vs. 281;
Fig. 2-5], W& A Astz718t Asts7]ed o mokiu(ls 7] vs.
Heks 7] = 0.60 vs. 0.20). 28 X Askz7]<k 35 7]k

T AAE AN EE EAYS W [ FHO S E7DAA HE
THONSFT7) o FesHA doH = s dFE + AAH(Fig. 2-5).
% 1159 AR 288 NETF G A= Matx7]ol 4% 9

3} 2] 7 (Anthomyiidae sp.l, Tachinidae sp. 1, Calliphoridae sp. 1, B.
major)7t AAYEH =] 83% 5 AA| g vk AstF 7ol = 259 HF(V.
suigensis, Andrena sp. 1)7} AAWEH =] Al o] 3 (582%)S 2FA| st
e S SHEE BT F 6F0] 28T NWF A% st z7]d
2% 9] 9}e] F (Anthomyiidae sp. 1, B. magjor)7} AAWER Lo 92.9%=
2bA1 g 9l TR sks T ol = 3% 9 WR(V. suigensis, Andrena sp. 1, A.
mellifera)’} 91.8% 5 A}, %o & ZYu&E WEHl=s Fokg
e 9G4S Btk NETF+YolA 3] F ¢l Tachinidae sp. 1(7h3F327] vs.
M3t=7] = 8 vs. 1)3} Calliphoridae sp. 1(4 vs. 0)& 7} 3} % 7] Bt}

M3tF 710 AA A MERNE7F 7F4% A Anthomyiidae sp. 12 &%
Z7Fa(23 vs. 28) B. major(9 vs. 17)¢} M. scalare(0 vs. 2)¥= SF 24)
7 k. WH<S Andrena sp. 18 W3E719 W EN L7 )27 Bk
T 708 F7F (1 vs. 70) V. suigensisi= 13] F7HO0 vs. 1) ¥k,
Andrena sp. 2% N&57]10 A3 #AZE A kvt NWHGo| A da] 72l
Anthomyiidae sp. 17|13} x7] vs. 73tz 7] = 11 vs. )3 B. major(2 vs.
0O =57 S7Heel wet Edlerh as v 3 [l M.

scalare’™= WERNE7F Z7FCH0 vs. 6). NWFE oA = HF2 Andrena

_24_



WML o ZU(NE vs. NW = 170 vs. 1—143)(Fig. 2-5). 2% %4 02

1 3(r? = 0.606, P<0.001, N = 56;

oAl = B e v fAE

=2 2 %o A

= O
= 1

4 e

]

o

Fig. 2-6) < ¢l %=
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Table 2-1. Flowering stages and codes applied to flowering phenology of Megaleranthis saniculifolia in

a subalpine area of Sobaeksan Mountain, Korea. This coding system is based on Dafni et al.(2005).

Stage Code Description
Small bud A Small bud covered with involucre, sepals not present
Large bud B Large bud with white sepal, not expanded
Flowering bud C Half-opened sepals, pistils and stamens present
Full blooming D Fully opened
Before pollen exposure Dy Fully opened sepals without anther dehiscence, partially matured pistils present
Pollen exposure Dy Pollen exposed, fully matured pistils
After pollen exposure D3 Both interior and exterior filaments lied on sepals
Flower wilting E All sepals dropped out
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Table 2-2. Fruit and seed production of Megaleranthis saniculifolia in Sobaeksan Mountain according

to four pollination treatments.

No. of carpels No. of ovules No. of follicles No. of ovules No. of seeds
Pollination treatment per flower per carpel per flower per folicle per follicle
(x+SD) (x+SD) (x+SD) (x+SD) (x+SD)

Control (CN) 6.25+1.80 6.09+0.90 5.65+2.52% 6.2241.09*(N=113)  5.05+1.77*(N=113)
Hand-outcrossing (HO) 5.85+1.46 5.76+0.80 4.05+2.31° 5.85+1.03°(N=81) 3.48+1.84"(N=81)
Hand-selfing (HS) 5.30+2.27 6.02+0.87 1.60+2.28° 6.69+1.20"(N=32) 2.28+1.11°(N=32)
Autonomous selfing (AS) 5.75+1.92 6.20+0.90 1.20+2.44¢ 7.33+1.20*(N=24) 2.50+0.93°(N=24)
x4 4432, P=0.218 1.411, P=0.703 30.219, P<0.001 29.511, P<0.001 74.376, P<0.001

Kruskal-Wallis test was used to test for differences among the treatments. Different letters indicate statistically significant
differences after Bonferroni’s correction (a = 0.008). Initial sample size for each treatment is 20 flowers. Since the numbers of

ovules and seeds per follicles were obtained from fully matured follicles in each pollination treatment, sample sizes for both

variables are variable.
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Table 2-3. Flower visitors of Megaleranthis saniculifolia in Sobaeksan National Park. Visitor
observation was conducted in two different facing slopes (NE and NW) during early-flowering season

(Apr. 27-28) and mid-flowering season (May 7-8) showing a distinct difference in temperature (Early

= early—flowering season, Mid: mid-flowering season).

. . NE site NW site

Order Family Species - -
Early Mid Early Mid

Hemiptera Cicadellidae Cicadellidae sp. 1 @) ) X X
Diptera Tachinidae Tachinidae sp. 1 @) O X X
Anthomyiidae Anthomyiidae sp. 1 O @) O O

Calliphoridae Calliphoridae sp. 1 O X X X

Bombylidae Bombylius major O @) O x

Syrphidae Melanostoma scalare X O X O

Hymenoptera Ichneumonidae  Vulgichneumon suigensis X O X O
Andrenidae Andrena sp. 1 O O O O

Andrena sp. 2 O X X X

Apidae Apis mellifera X X X O

Lepidoptera Papilionidae Luehdorfia puziloi X O X X
Sphingidae Hemaris dffinis X O X X
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Fig. 2-1. Daily mean temperature (+SE) of earlyflowering
season(—M-)(Apr. 27-28) and mid-flowering season(-[]-)(May 7-8) of
Megaleranthis saniculifolia in Sobaeksan Mountain. Temperature data

were pooled from the two different flowering seasons.
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Fig. 2-2. Fruit (A) and seed set (B) of Megaleranthis saniculifolia in
four pollination treatments. Different letters on bars in each figure
indicate significant differences after Bonferroni’s correction (P<0.008)(CN:
control, HO: hand-outcrossing, HS: hand-selfing, AS: autonomous

selfing). Sample size for each treatment is 20 flowers.

_30_



0.8

0.6

04

Rate of flower anthesis

0.2

—e—Early snowmelt plot (ESP)
—— Late snowmelt plot (LSP)
—O—Mean daily temperature (°C)

108 112 116 120 124 128 132 136 140
Julian Day

20

15

10

Mean daily temperature (°C)

Fig. 2-3. The rate of flower anthesis of Megaleranthis saniculifolia in

early (ESP, -@-) and late(LSP, -A-) snowmelt populations. Empty

circles(- O -) represent the mean daily temperature during flowering at

the study site (see text for detailed information). In each population, 25

plants were observed during flowering period.
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Fig. 2-4. Pollinators and their visiting behaviors on flowers of
Megaleranthis saniculifolia [A = Cicadellidae sp. 1, B = Anthomyiidae sp.
1, C = Bombylius major, D = Melanostoma scalare, E = Vulgichneumon
suigensis, F = Andrena sp. 1 (female), G = Andrena sp. 1 (male), H =
Andrena sp. 2 (female), I = Apis mellifera, ] = Luehdorfia puziloi]. Most
pollinators sucks nectar from the base part of nectariferous petals (see K

and L) stained with neutral red.
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Fig. 2-5. Variation in pollinator diversity and abundance at two different
facing slopes (NE and NW) during early flowering (Apr. 27-28, 2013) and
mid-flowering season (May 7-8, 2013). Width of rectangles and horizontal
lines in each bipartite graph indicates relative visitation frequency of
pollinator species. Numbers after each species represent visitation
frequency and numbers within parenthesises indicate percentage of the
total visitation frequencies. Total visitation frequencies are 53 (early) and
122 (mid) in NE, and 14 (early) and 159 (mid) in NW, respectively. Colors
indicate insect Order (green = Hemiptera, blue = Diptera, yellow =

Hymenoptera, red = Lepidoptera).
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Early

Cicadellidae sp. 1, (6, 11.3%) I

Anthomyiidae sp. 1, (23, 43.4%)

Tachinidae sp. 1, (8, 15.1%)
Calliphoridae sp. 1, (4, 7.5%)

Bombylius major, (9, 17.0%)

Andrena sp. 1, 1 (1.9%)
Andrena sp. 2, 2 (3.8%)

NE

Cicadellidae sp. 1, (1, 0.8%)

Anthomyiidae sp. 1, (28, 23.0%)

Tachinidae sp. 1, (1, 0.8%)
Bombylius major, (17, 14.0%)

Melanostoma scalare, (2, 1.6%)
Vulgichneumon suigensis, (1, 0.8%)

Andrena sp. 1, (70, 57.4%)

Luehdorfia puziloj; (1, 0.8%)
Hemaris affinis, (1, 0.8%)

N =122

NW
Early Mid

M Anthomyiidae sp. 1, (7, 4.4%)
M Melanostoma scalare, (6, 3.8%)
Vulgichneumon suigensis, (1, 0.6%)

Anthomyiidae sp. 1, (11, 78.6%)
Andrena sp. 1, (143, 89.9%)
Bombylius major, (2, 14.3%) I

Andrena sp. 1, (1, 7.1%)
Apis mellifera, (2, 1.3%)

N = 159
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Square root of visitation frequency

10 15 20 25 30 35

Temperature (°C)

Fig. 2-6. Relationship between the visitation frequency of pollinators and
ground surface temperature during survey time in the Megaleranthis

saniculifolia population (y = -1.787 + 0.175 x, r’=0.606, N=56, P<0.001).

_35_



2.4.

K
il

2.4.1. ) A A

RUB Y
Y
2
1>
1
={
4
>
r U
Jo
1>
i
-3
b
Qﬂ,
rlr
o
i
S
ojft
=2,
>
ot
ol
i\
o
o
E
)
[©)
ot
5

and Newman, 1993; Sargent and Otto, 2004). A~ AF EH v &2 A2 =] 2}
Mst5A, S (v oAl o Qloj A AP A A AT 545
Btk WA A 545 1dT off AT
a7 7ke] A v (Willmer, 2011), E& A o0& 2745 < A5t (Glover,
2007), A7FskgAd o] =& o] Atk (Bertin and Newman, 1993). ol &

5o, ByuE3} e dolwA dA] mAbel] M A3F= Ranunculus spp.(dl:

l" o
olo
2
°x
A
ol
s
A

R. muelleri, R. dissectifolius, R. graniticola)~ %+ %°] 9~13¢ A%
Hlal A Q& 7f3tel= Abdl A %3 E ol th(Pickering, 1997). 18y B
ST dE- Ty AT FEHeR FHEE Bk
Aol FAS ®HAY, & £9], Ranunculus spp.t= A FHZ
1~34, ©]°9 3~10¥92 Yo 2 #A&3ste E4d Adds s
B Atk (Pickering, 1997). Edlv] &% 3k ZolA 3~1171¢9 &=v 7t

g Al Aoz aety] A zbeiA (D) o]l = o2 HA= A7 (D)ol

d& 3k AeEletd A7 A o] dojd = vk (Bawa and Beach, 1981;
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Pickering, 1997). thA] @), Bebad el goln) Arkakgaol gl
Hgoled v BEo| HEHF were] A ANFHL B

¢ <

H 2] B (reproductive assurance)(Eckert and Schaefer, 1998)& o] & <

1:1
Hu ot 3 205 A8 AEE AQstd = FEFEA HER
U3 2 w7 vk (Bosch et al, 2001). 3

Hhgho] 73k b stell A, 23 s E =AM, vaE 1 R,
A g & Bulv Eo bl 7)o

ol RuwnEe] wHl 5HEL o7 14k4EE(Fabbro and Korner,
2004; Wirth et al,, 2010)¥} frAFsteh, Wbl Ruw| &3 Aol L4k
A2 &= Trollius ranunculoides= A WEFZFFA 4 & o]t} (Zhao and Du,

2003). &=te] mAAEZFE] wulA A} B AES] FES s

R{{
o

iR AL 7E RS9 Akl 53 S0 = AEATlFE Aol FF BT
At (Arroyo et al., 1985; Garcia-Camacho and Totland, 2009; Korner and
Paulsen, 2009). &% JAANEELS A7t oz st 4o TAE
A A WA S goh(Wardle, 1989; Ai et al,, 2013; Peng et al., 2014).
dE E9, 519 Corydalis caseana ssp. brandegei= A7} Aol =
AP o] 42%0l Fet= SF A A A E o] tH(Maloof, 2000). & H| 7] & ¢

A% AR E FF WARFS 0% 5L Yot AeAFRe



o
oA 2

(i

A} & A7 A A = (AL auto—fertility index)= 2] & o] SR uj/fAFe] =&
glo] AA&A o m o] Fojil Fio] o= ALl HAHAS Hol=AF UEW
02 3 SR AAE o F A& 1014 AR ER
TEHE Y (Lloyd and Schoen, 1992). R H W] Z9] Al&= 030|022
TR o EAG ol =& Aol Utk a2y B Feol H&(>hH)
WA ) A o] Zre gl A& o] AZF AR 0504 ol Lloyd and
Schoen(1992)9] X< = A= e dtt. ]
Zek7] W ol(N = 66F) 29 FHF F-x9k Algte] #AE
ARkt 71 7] = e & FoR Rl gExH o RYuEy Fo FxRE
ARSI E= Al o] gl vy oAb ¥ = F 49 Hepatica asiatica(Son,
2010)¢} H. americana(Motten, 1986)°] Algt2 Z+7] 0713 12 433

]
S
&

lf

of ZAG F F7b wlaA

e

iy

Lo

=S} olE AT He AlFEY Aole whebAd EAe fF-oF ZH A
HEE Ao Bolt),

RouEe] Sl 0584 <A AlE<l Trollius ranunculoides(SI = 0;
Zhao and Du, 2003), Ranunculus weyleri(S1<0.25; Cursach and Rita,
2012), Anemone nemorosa(SI: 0.01~0.11; Miller et al., 2000) Xt} = <kt}.
ol F& w¥x E Mol 911 Lloyd and Schoen(1992)2] A} 71&-3}stA4 A&
M3 (SI<0.75)9) £3kt}. Lloyd and Schoen(1992)¢] 1ol A SIZ} 0.75K.t}
2 29T Wit 40%9 AV AP ES HAA, 5% AANSES

Wol B EE o g Aol Rgwrh et ¥ AF

Ho
rlr

A&7 TS T3 TAESE(11.3% vs. 58%) A EFF7(42.8%)
vjs - str] wjiol FAA s Eo 2% SIgkS 055 T d v
Zojth, o] AME L RumEe] AAHL oYY FE BHIlFHoR



B oamadde A os AAstE RduE AT F b 2 2wl
MA A AT o] Foj ), AbAlstE MATES] A7 23 154
A7 2 wuj A A E AT 7F ol ol Ax
Aok (Barrett, 2002). =3t w7l A7F §le 2AAA #Z2S RdHuEL2 3
s S=divt b2 o R WA Fad 29 5K el Mk,

Lx o g Aol Fx7F AAAE A} (personal observation). EF7FEA E 0]
At 3 Apol 7 A=Al gk Bl ke olFol WE &AL o
WA Ao A e Bt =A o g Qo] Hastrt JhA ol whet

W A A7 G2obd QALY WA GALE aE sk AT 5ol A9l
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T Ao} e QFFRe s AdEo] A dNS B
FEAFAA EdE o= 2 (Young and Young, 1992) &$ E Hv]E 9
TEAPE AT 1~239 Agrt A4 Ao 2 Al

24.2. ESP¢ LSP9 M54

AAAYZ 50 m B RenE F JfA T (ESP, LSP)dl A A &9
Me717ke A9 g 2o ety (ESPe LSP, 15Y vs. 119)3} A A <]
MeHAE(ESPF LSP, 269 vs. 149)¢] #fol= R m Ee] /A&7

Rt et o 540l g4l wztsiA wEgE AAET



490 =3stAdvt. F WAL AFEGL A-F= 1~2d =7 DA

LA ol ESP LSPO MMEtd A7 = AFEA A9 T AT
Teg} $£AQ Empetrum hermaphroditumo) A %= 543 & Abo]

A=)
# 25 QA (Bienau et al., 2015). Aol A o] Fro] Ao]x]A
1985; Ladinig and Wagner, 2005), %2 Fw&Fo] v+ uw o] w317}
A A= H (Arroyo et al., 1985) 7l8}7| ko] Aojxity, oz Agia oz
Gbgk vy A} EFo] =E9 2 JHSA & 7])3ke] dEH (O Neill, 1997;

£~
&
=
3
Q
o
-~

Yasaka et al., 1998). R d|n] %=
oo vuA 1 Y Ao w=EF%¥ ESPEL2 Hit 15¢7HA] A& H,

O A3 g4 A71e] Aolel e Etetal oAl ] AHSEEA A7) A9

MetA &7 2ko] HAstA MAE 1+ Aste AL w2 Frkshe
7 &ko] 9l th(Augspurger, 1983). ESPS LSP9 M AA A= EF
080l %o ® =2 Hol oy, 7fetx&7|3ke] DA™ ESPRE Y & dd
LSPAl A HA1A o] ¥ =dwl A3=(0.88 vs. 0.98) Augspurger(1983)2]
T dAIG. gAHo] obHHEE AL AT AaE AT
08l AeHEA A 57h = tHGomez, 1993; Buide et al, 2002). & %o
SAA A= wiyRAY] FARE Eo] B ES FAs s A9H o]F o
A tH(Augspurger, 1981, 1983; Bawa, 1983). Wt H] 5 A 4 73} +=
FRuj R e AAES 7FAA 7] L (Waser, 1978; Bawa, 1983), H] o = 2]
7oA BRSS9 4 Y (Rather et al., 2016). wEkA



287} Yok,

243 2M2 welnE AALS FRuAR GFA

A 2w gAne] AEE F2A vad ge BRI E
BTan wovEdE GFe ER FRUMALY PEHGT

R & s 1,300 m o] o] ofaribx ol Aol = Es)aL
o] B2 A 7|(EE )0 e nEAA ¥ SUE(11%, Kim and
Park, 2014)¥} wi7h 2} F579] 71 719 A AT12F). ¥+, o] & 54
o 319 HF&3 Ado A et e K x(15%, Hong and Son,
2003) B vt= iR A Aol Wtk =] EHEl e =8
3L5(3,000 m)ell A& sh= Swertia przewalskii(Gentianaceae)(Duan and
Liu, 2007)¢ vl g v Ruju] o] WE&gk viziate] 71 o B ok
EHuE QAL s 5 7F vlaA =4 yEbd A2

—l—t:u:‘

& 374 g1o g2 gokd F 1S Folt, AA, R EL uf R}
Hto] 8o WAL A o] & (Richards, 1986; Peng et al.,, 2012)=

ZRA AL vt m el A Ak ol WAL W S 2= Abronia
alpine(Nyctaginaceae) = 53 1652 vt FRuj7/IAE F21 89 v (Jabis
et al,, 2011). B4, Hov]&e] Zol&= 8~12719 #EAo] Qo] B
W AE o]l FAHAS Aol Fel AMststHA dEe] FHAlo] gle

T (Hepatica asiana)™ %5 = H(A. mellifera) ¥}
77 9} 2] F (Calliphoridae sp.) 2% 9] & vl 7} 2 2H(Son, 2010), #}zH7}A) 2
H Aol = Clematis chrysocoma©l| A= 15A17F &< & 3% 9
w7 AN #EgE ez ufsf Ak g o] vkt (Jiang et al, 2010).
AR, Al o] RuuEe Sl FHol R JfALolth FE o

A



7Fedls Aotk ser(1978) & © 3t 72 SR ul/fA7t A &
WEE w olE o] AR A3 dEHErt od9E Jteds AAg v

At 28y 2 AFAE(Gémez et al, 2010; Albrecht et al., 2012;
Melen et al., 2016)-2 w7l 2} thEA o] F717F A2 HAANTE F719)
7118 Ao 7 B 9t}

244, £xo| WE WA GFY L FHE AFRY

M

exE wAALANA WAL TP FrEd JFS AL FoT

8% ¥ slyoltH(Totland, 1994; Thomson, 2010; Straka and

A& 3= FE WM. scalare, Andrena sp. 1, V. suigensis, A.
mellifera)©) 71+ YR E(L. puziloi, H. affinis)°] %3t Folglth. &4 o]
2He A EL oA EEste A o] 3= E(Inouye et al. 2015)

btz SuEl A&HE A9 dS NwsA BEE Aoz Aud,

AAZ Andrena sp. 1S =% 45 A WEHIE7F 34354 S/ o2
gs s 27 sloA RUn|EZo $HHow WEsE w2
Ao g dodn, vhd 2% A Al WERIETE 938 A

ul) 7§ A} & (Tachinidae sp. 1, Calliphoridae sp. 1)& A& F3] HEA}S 0]
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Chapter 3.

ASEF AFUT] AAF A g0l % AA,

duodichogamy

A rare duodichogamous flowering system in

monoecious Toona sinensis (Meliaceae)
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ML
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o,
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31_:
Ir

Aol A < (protogyny), BFH 47
% o] A % (protandry)ol gt A gt} 27144 3] 9] (Bawa and Beach, 1981;
Wyatt, 1983), #AF2] ¢k A (inbreeding depression)(Routley and Husband, 2003;
Sargent et al., 2006), £7}F-<™ 2 74 (pollen-stigma
interference)(Wyatt, 1983; Lloyd and Webb, 1986, Harder et al., 2000,
Barrett, 2002; Sargent et al., 2006), A H] A ¥ (Sargent et al., 2006)=
A-golse] zste] S H A= AR A8 glow d#A ko
gy Agolso] AsfAEAA &3] HEE = YA E Eeta
ol A 74A] ol Fe] ket HHE F8F 81 W= AL o
o]

Faol ol ghoshiz
d

d

N

-
Q

<

0.
Q

=}

=
¢)

o
o
=
©
o0
2
rlo
N
N
N
N
N
N
=
N
P
_OL
£
>
of

s
)
lo,
v}
o2
&

A A % Al A (asynchronous, hemisynchronous,
synchronous) AF&ol<s& Ttk A4 2§ ol A
S-rFE(EAEsh) e 74 A 7I(FAAHY s =4 T wet
one—cycle dichogamy, duodichogamy, multi—cycle dichogamy,
heterodichogamy ©. 2 4 tH(Lloyd and Webb, 1986). one-cycle
dichogamy+ F—% E+ 4—F &4 2, duodichogamys F—=8—F2

A &, multi-cycle dichogamy+ one-cycle dichogamy”} o2 3]
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o

HHE 5] = 33 o]t} heterodichogamyt©® A Tt $A = 710 JHAT

s Aedsd dEe] AMAE] sAAH R J)stek=

Duodichogamy+ 7H¢ =& #A&ols /& % stutelw, A5 74 T 43¢
7Eo MR B A% Y o Bridelia, Cleistanthus(Phyllanthaceae),
Castanea(Fagaceae), Cladium(Cyperaceae), Acer, Dipteronia,
Paullinia(Sapindaceae)](Luo et al., 2007; Li et al.,, 2014; Renner, 2014; de
Lima et al, 2016). ©|& Z(genus)e] A= T3} = 754 dAdstE
ZHA AL Q7] WEol Fodt— =49 s ¥ B FR(EAsHS
AU B F 75 (FEshel t3 o B& FA4E & AYdE HoFETh
obA A FEEY S U] Wol I duodichogamy®] X 3tol tf §h
AHAl AR . @A Ao wjFol] g ¢ wiA; (e A A
duodichogamy & 7 3tth= 7Hd o] 7H gl st Aoz wolsox] i
A t}H(Lloyd and Webb, 1986; Luo et al., 2007). 2 A2 A F7FA H i
7% 9] duodichogamy TE< EF &2 w59 77 A1 ~47).
st Eol A ¥ B duodichogamy & ¢ &4, 53] 32 43 344

e e FEE R AAZ AT oI F5J Aol

{a

a
=
-
121
23
@
=
5
c
1]
N

1S 7k (mahogany) 2 €& A e BFSuF34(F 600F;
and Byng, 2016)+= F7}4 ¢l duodichogamy”} 7= 7}
TR0t o] = Ao, obdd, =EA & Al F3E38HH (eFloras,
2017) olol %3k FTEL HA 77 =1 Cedreloideae ©}¥}(subfamily)ell
23 E = A E5 T2 Cedreleae = (tribe)(ell: Cedrela®t Toona; Gouvéa et
al., 2008; Muellner et al, 2009) ©] 5] 3t e} N5 S WS

o duodichogamy %5 X% 7FsAdo]l 7H =2 Folth. AA, o =4
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&3te TES dvrd o g WS ohA[thyrse; F74shA o] wWolo] o] 7]
714k 8} A (dichasia;, r3HstA 9] 3 F7)7F 28 = 3FA]; Weberling,
1992]¢F 22 53§ M E JHAH, SHA gtoll= Ve Ao w b
(7] g F& A 7)ol Hskd) 2Eo] @# Ath(Pennington and Styles,
1975). F 32U 2 (Sapindaceae) = - 3F AL (Sapindales) ol 45 3t
syt SAdAdd Jdoem, DFsAE 7HA AL o] 2] duodichogamy
TES ¥t dti(eFloras, 2017). Cedreleae &2 H3F Udnkx o=
S VA= 2 A E A (Bahadur, 1987, Edmonds and

Staniforth, 1998). o]+ 4ExRT £S5 4 ¢ Bo| 35+

p

duodichogamy ¢} FAF3+ FAlolth, A4, Cedreleae FE2 A2 A ekA|
otzro] @&l 7|2st A& & A 3t} (Pennington and Styles, 1975; Bahadur,
1987, Gouvéa et al., 2008). o]2]st S o] FEo] A dxdES
IABIY, B g E FELS FoAson deA oem R (9 Toona
sinensis (Juss.) M. Roem.; Edmonds and Staniforth, 1998) ©] & ©]
duodichogamy ¥4< EY F J&& AASH. AA, Styles(1972)+
TEUWTFI FEo A AEH AsHE, 5A A7l g A el 3=

= EEO BEF 2L As /MY ofF v AE TH EEe] v =

o

duodichogamy ¥47d& urs]l=d Zwo] & Zolt},

EUF3 FE 7F&ul(Melia azedarach, Toona

ot
A
K-y
M
ke
P‘L
rr
e
-
v

sinensis) =Y (T. sinensis)?o] duodichogamy’} 274 E 7tsAo] =&
Cedreleae %ol 43t (Muellner et al., 2009). &&= & doba]o}r)

Y AFA] o] W (Edmonds and Staniforth, 1998) ==+ 0. & X E] 5~64] 7] <l
ol =d AT, o] T2 HA, A, =AM, AAR T ol 2dME
7MY FEUFe @ skt vhsrkd 1~2A7F " ol AAA AL
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3ANA ol AAR e 2] o Hut

A WEsAE AAW o] FA kol )EA T EE o] 4olA

nN'
o

-
i
=
—
3
2
9
i
gy

Ao 2= 4Z, 222 A H)(Bahadur, 1987, Edmonds and

el $EEO Wi b we /17 B el

&

= H s #FeA = okt ol o] {2 A
W 32 Aol mE JsteA et 2o MGyl A duodichogamy &
A i

Aaeted BEADN U AnE HE FF LA 2] oy
Agols 89S 2ARAG: (1) AFHTY GBA FEe FyHom

Zpol7b A=7F?75 (2) B wjoll b e @A wMidE =77 (3)

o] 59 /MFdel duodichogamy @l H&st=71? 9 s H3l7]
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32. Alx 2 %

i)

3.2.1. ZAHNAAF 9 FAA Y

Duodichogamy @] 3|74 3 Al'es &Rlat7] f13] AdBAFA o] &9
T ARE FZF3H(Table 3-1). Renner(2014)% duodichogamy 7} 2%
5%:(Acer, Bridelia, Castanea, Cladium, Dipteronia)®] ¥ -°] Z}7]
=gA el I(F, 53 &l Aow Bustgrt. 28y o] ERTE
7V-dl Acer®} Dipteroniat™= APG IV %5+ A Al (The Angiosperm
Phylogeny Group, 2016)°] w2H F32pup o] &olma 2 Ao A &=
AyEuUF s £38t F 53471 34 E F duodichogamyell E3HE =

FEurE ol 40 m7bA Aeke i o)W (eFloras, 2017) g 71 A
Yol Al &3 25 2 395 g3 Folth(Bahadur, 1987).
U dule 5719 W(locule)s 7FAW 2} el = 6709 wiF7t
Eo A (eFloras, 2017). West Java®] = = 3G Zo] 9
H 3] (x +SD = 8104.3+5853.8) "9~ 22 o] dvnt YA eh(x+SD =
232.7+133.7; fruit-set: 2.9%)(Pramono et al., 2016). 7] Ao w=H 3k
A el ko] 3w A = v ST AR A S e (seed-set: 39.7%),
Aol 2 w9 girh(Bahadur, 1987).

T2 AFHO6E~8Y)el 7t H5H = F7F el 3

FEUTY At o8 Anh AF A9 69 2(A9E) T 69
Fe@SE)el Asrete] vl A% = 44719 68 WA E) £ 79

FEu-el sz SH6~79) 207 & (3l QA
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w

b= 10670 A 7F&dl 4870 A& ¢ == APt o

] 7120 =2 AR AHA], St FA Fe

= W
=2
ME
5!
Ol

)
i
rlo
i)
=1

1Y

Ol

} 9 tH(range: 10~322 m asl.)(Table 3-2). At A Eo] E¥xdE=
APt /)L 11.1~138CelH, A Z4 %L 1031.7~1505.6

e

N
12 K
lo,

mm  tH(Korea Meteorological Administration, KMA)(Table 3-2).
322. &% 54

AR 2o S 247 98 20119 6~7€7A] X9
1~5A(F 4870A)E AAstarh. deg 487/0AA A= 1714 <]
A E AFFA T (EAF T L] x+SD = 525415 cm, N = 48). 1
FEE AR e e ds FH9

o]
hrEe AT TEEHEE A7 N=320), o9 dHjE BASAT
%

323. 34 W F-FE wd

gk 2070419 2] 487 Aol A A - gk 2 3314 (Fig. 3-1A)
232yl (VR AT 38kA, F N = 144), 71484 (3709 Fo] 2=
fretstA) 10705 At A oh(N = 1440)(Fig. 3-1B). @3k stA &
FAA-£ 9 (formaldehyde:acetic acid:70% ethanol = 5:5:90)°l # &3} t}7}
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AP Ao A Ado] FF == AA AW A (10~30X, Nikon SMZ-1000) .=
HAAG £ Hot LS FAs] olF 4E WA,

HEHo R kst f 2o A widE Al

N

3.24. k- X9 AsE 3 AstrIz

FEsute A0S Ft 3671, W9 2~165)%F ZONAG it
8,0007], ¥ l: 951~27315)¢] F7F B it A2 o H 2 (40
mo] %) (Pramono et al., 2016) ¢F-229o] M AH LS FAE 7] 7F o o)
oje] wel & Ao A 20139 g TR FEIQhe] AT A Gl A
AtgEl 2 g A 7HA] H kol e (3~4 m) 270 A(T12 T2; =31 14 m vs.
54 m; DBH: 44 c¢cm vs. 286 cm)& A3k AAD o2l 7§ g4 7t
Aot Atgefol A o] Thedk stA e Fr AjE ol e #AlE
ATolM = AAG 2712 D3 2AE AT T1-1, T1-2; T2
T2-1, T2-2). 8tX = HAE F5HA SFEOE il 7 oA
1A o] B 7] A3 A (compound dichasium)(Fig. 3-1B)o| F#3F t}&,
Mt BT 20129 W] A Al EAF 57 H714EsEA 9
Me7h BF FREAAS W 254 Wl Ao BE e JiEt
TERENOERE ol E NEFRAF HER Bkt 8719 ozt A
B2t & 7FA] 91X o whek 4%HA (primary - secondary - tertiary -
quaternary)® %39 tH(Fig. 3-1B). 20139 69 114 % E e
HSstshe 79 79744 1~39 tAo® AEAA S #Ee . e
27NA 2] AFgols Fol e A MAEH} LA &A1) 98

649 (EF, e, B, 4%, hi-e, &%) & 48744 (Table 3-2)¢]

p

—_

o

st 2014~20159 69 ZHE 79 F&74A 59 Ao w



w3 JHEE A JRA W v= e A sdAS

AAat7] 918 AAD 5~ A4S AASAY FLA=E o] gt

Aol T1z T2 A 2] EA 3ol A 47 (Fig. 3-1B)oll 243 ¥ &
FEN = 9N vl HA GAA sk N = 159 MstrE s
Ttttk 23 AsteEEE & Fo| 3] AHEte] dEistE dAAR
dolatqdnh. T1% T2AAE 50 %9 MeFHo] Heje g
ZAgromR[9E vs. 2 = 0.80 vs. 0 (SD)], * WA Mt #Har )
M9E etttk AFSA T NS AR 579 H7]AFSEA o A

Z 2] A RARE wpA g 2] GstdrtA ] s)ko R Aot
A, A ANE7Is etk AR sz T ol BEsA
ZAE 107) B E BEY HAx £ M HARE npxu 29
wstd A el 7)o 2 A olakdt.

SAAEE 2T o2 el 2 32 SAHAE Y
Zhol= EYHEE Student's t-test(SPSS ver. 19, 2010)<
AX oL a =005 FFollA HAFJA.
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33. 4%

st
=
HK

e

- ol ¥ (androgynophore) ©|

?l,

=3
=

Bl
=4

fl el

ol 577 o w2 Eo]dth(Fig. 3-2). £ 9

7-,7
=~

3

o) §23

=
1=

50 =

il

of t]~= e (discoid)E FEo] & ZM(intrastaminal

nectary disk)

o)

2
=
o)
i

=
0

N

271 gEEe v s fld= S W (atrorse) FEf 2] °F(anther)o]

o}

Nk
B
50

m
=
G

)
)

571 €]

1
T

T

gk (Fig. 3-2). A3 Wi

AR gf ofgloll e =77 EA)

W(locule)e] Q31 z+7] 4~6719) w7}t

e

o fEe A AL By}

Rk

—_—

)
=
o
N
o)

e
Th

Oox

oy

juze]

o

%

of

Zo| = 47} (dehiscence) = A

)
=)

—

<P
BK
~

w
|

T

A

X
M
blo

)
N

o
HK
~

A B Z o (¢-test, P<0.001)(Table 3-3). £%¢] <Fu}

J|

Dol 7k 9]

I zF7] ok 28, 1.6 U

9]

of ]

-

4K

-
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dolsk ynl= 3ol vls) B oF 20 B Zh(¢-test, P<0.001).

FFUE9] 7148k A (dichasium, N = 1440)9] A ehA] 9} 2] B 5Fof A
F3o]l wEE v b2 AstA e SA AR B v (Fig. 3-3).

= =
N s B2 A3, 4 2FH(EFETF, dE+A DA F £
F7h ol® AAA 2d(FE+FR)ANM = HAR vk 7hEE
SH A

333. kX9 AstF I Azt

A AMA(TL T2)o FA3 H714kskA ol M= 3EA A =32 0]

EAM 0z NS 4BARE FEOYRFE B FEoFEoUR
A2 A (Fig. 3-4). TI-2% A F LE Aol A 4076 A
Fgel WA NYm Toke E WA FANE AY F G2l W O
ol vhAl sk W TI-28A el A 3uAe A5 £F HF9

177956 182U 744 Fe] A ¢kgtthrh 183U el 3ol ¥l o] o
FE£3 grgol A A

AgA el F o £2E52(Fig. 3-1, 3-3) Ao o 738 A7=
Zoko Aol 2w o A7l AstatlaL, oluf hAZ 3o
obEntl =/ Ik AR A (TI-13 T1-2) A= 4ckA ol ¢F-42 9
THe] REHVE ot ol FHAALL T29 thE F sAMdAME

>1P
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(@)
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18
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oX,
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o

Aol A 2= 3o MerdS 14N = 97), 439

93+0.21, N = 15) ot} 1A FE 4TA 7FA|

AA3(4Y), T1-1& o1t a5 o #HFem@BY) YA sAs BF
297k AsslA . vbd Fd gAe T1-19 % A7) 7%

AR3(4Y) UeA FMEL ot} 2d¥ o Fol 243+ A 3ts At
T13 T29 MAG M7k 247) 24969 138 ~79 7Y), 214692
e)E T19 sty 3d 9 o8 A& = Avk(Fig. 3-4). /I A

6
FEolA TS 17~209, &2 &A 2~4Y Ft Jiste

_56_



Table 3-1. List of duodichogamous species in angiosperms reported in previous studies and this study.

The numbers within parentheses in the first column indicate approximate numbers of species and

genus of each family (Christenhusz and Byng, 2016).

Family Genus Species Reference
Cyperaceae (5500, 90) Cladium Cladium jamaicense Snyder and Richards, 2005
Fagaceae (927, 8) Castanea Castanea mollissima Stout, 1928, Godley, 1955
Castanea crenata Hagman, 1975, Jaynes, 1975
Meliaceae (600, 53) Toona Toona sinensis This study
Phyllanthaceae (2050, 57) Bridelia Bridelia retusa Borges et al., 1997
Bridelia tomentosa Luo et al., 2007
Bridelia stipularis Li et al., 2014
Cleistanthus Cleistanthus sumatranus Li et al., 2014

_57_



Table 3-1. Continued.

Family Genus Species Reference

Sapindaceae (1860, 142)  Acer Acer spp. de Jong, 1976
Cupania Cupania guatemalensis Bawa, 1977
Deinbollia Deinbollia spp. de Jong, 1976
Dipteronia Dipteronia spp. de Jong, 1976
Hippocastanum Hippocastanum spp. de Jong, 1976
Koelreuteria Koelreuteria spp. de Jong, 1976
Litchi Litchi chinensis spp. Khan, 1929
Paullinia Paullinia weinmanniifolia de Lima et al., 2016
Sapindus Sapindus emarginatus Subba Reddi et al., 1983
Serjania Serjania spp. Acevedo—Rodriguez, 1993
Talisia Talisia spp. Acevedo-Rodriguez, 2003
Urvillea Urvillea ulmacea Zapata and Arroyo, 1978
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Table 3-2. Population sizes and physical conditions of Toona sinensis of 20 populations examined in
South Korea during flowering season (June to July) for five years (2011-2015). Inflorescence of a total
of 48 individuals were observed or collected among 106 individuals in these populations. Data on
annual mean temperature and precipitation (1980-2010) were obtained from Korea Meteorological

Administration (KMA). Alt. = Altitude, Temp. = Mean annual temperature, Precip. = Mean annual

precipitation.
) Weather )
) Population Alt. Temp Precip. )
Population ] observatory . Examined year
size (m) . (C) (mm)
location

Chuncheon 6 126 Chuncheon 11.1 1347.3 2011

Yeongok 5 10 Gangneung 13.1 1464.5 2011

Gangneung 2 10 ” " ” 2011, 2013
Seongsan 5 58 ” ” ” 2011

Suwon 1 39 Suwon 12.0 1312.3 2011

Daebudo 10 20 Incheon 12.1 1234.4 2011, 2014, 2015
Yeongheungdo 27 10 ” " ” 2011, 2014, 2015
Taean 4 40 Seosan 11.9 1285.7 2011

Uljin 2 10 Uljin 12.6 1119.0 2011
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Table 3-2. Continued.

. Weather .
. Population Alt. Temp Precip. .
Population . observatory . Examined year
size (m) . (C) (mm)
location
Cheongsong 1 309 Euiseong 11.2 1031.7 2011
Miryang 2 10 Miryang 13.3 1229.4 2011, 2014, 2015
Yangsan 1 30 ” ” ” 2011
Wanju 5 30 Jeonju 13.3 1313.1 2011
Jeongeup 5 22 Jeongeup 13.1 1317.3 2011
Namwon 2 322 Namwon 12.3 1380.4 2011, 2014, 2015
Beopseong 5 10 Gwangju 13.8 1391.0 2011
Yeonggwang 14 20 ” ” ” 2011, 2014, 2015
Nampyeong 3 14 ” ” ” 2011
Donggang 3 22 ” ” ” 2011
Boseong 3 50 Jangheung 13.0 1505.6 2011, 2014, 2015
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Table 3-3. Mean sizes of male and female floral structures in 7Toona sinensis. Mean*SE is provided.

N = 184 each for male and female flowers.

Petal (mm) Stamen (mm) Ovary (mm)
Length Width Filament Anther Length Width
length length

Male 474+0.46 2.85+0.36 2.66+0.27 1.39+0.20 0.82+0.15 0.81+0.15
Female 4.42+0.42 2.61+0.30 1.67+0.26 0.71+0.19 1.55+0.29 1.62+0.19

t 6.959 6.989 36.394 33.918 30.132 45.863

df 366 366 366 366 366 366
P P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001
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Fig. 3-1. Inflorescence structure of Toona sinensis, including (A) the
number of compound dichasium and (B) the flowering phases (1 =
primary, 2 = secondary, 3 = tertiary, 4 = quaternary). Male flowers
occur through the whole phases, but female flowers only occur in

quaternary phase.
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Fig. 3-2. Functional male (left) and female (right) flowers of Toona
sinensis. Both types of flowers have five thread-like staminodes
alternating with stamens (male) or antherodes (female). The ovary color
of the female flower is shiny green, whereas that of the male is pale
white. Nectary around the androgynophore is gree initially, but turning

bright red when opened (scale bar = 1 mm).
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) Female

Fig. 3-3. The arrangement of male and female flowers in two lateral
braches of a dichasium (left) and thyrse (right) (A = male (left) + male
(right), B = female + male, C = female + female, scale bar = 1 mm).
Numbers on the compound dichasium correspond to flowering phases

described in Fig. 3-1.
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) é T1-2
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T1-1 [ | Female
g T1-2 [1 Male and female
£ T2-1 overlapped
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o So
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NN N N ARG RO O N N

Day of year
Fig. 3-4. The flowering phases and duration of male and female flowers
on two thyrses of two Toona sinensis individuals (T1 and T2) in
Gangneung on the east coast of South Korea. Two thyrses of T1 and

T2 were again tagged as T1-1 and -2, and T2-1 and 2.
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3.4.

K
il

34.1. F5YY 9 duodichogamy %4

2 A4E HFEYUFH FFUHF7 duodichogamy S #H 2= ¥hglt)
TET EHTS Aol ALY Ao dsal
o # gkt (Styles, 1972; Bahadur, 1987;
Pennington and Muellner, 2010). F—%—F A2 738}8t =
duodichogamy = 252 27l &elxda, 23 FoF A&y &
64 S8/ Ao A= Rl E AT e & A4 FSUFUL
A E A T =8 ASols 3 (Luo et al, 20009 & HoAFH
ST 2o & 535 60091 F ] )27 (Christenhusz and Byng, 2016)

Z]‘%O]To 3}

-

mlo
ol

= 2= (Agalaieae, Guareeae) 74 (Aphanamixis,
Ekebergia, Guarea, Pterorhachis, Ruagea, Trichilia, Walsura)< A ¢ s}
ol AR A8 -5 FF ol (Pennington and Styles, 1975; Renner, 2014).
U&7 duodichogamy & v EFshs FEAUF-9 ol 5L g
5 (Sapindales)ol] &3S 13 & W], ] B2 duodichogamy & E°| ©]
oA} BHE F A& Zo|th. @A The Tree of Sex
Consortium(2014) el A Jehd sk = AlAl A A v o] & w o] 2o
SUFE X3 dysyrde] die B3R e
ZFE=UFr 39 v duodichogamy o] HAH EF+S oA 53
% (Table 3-1)e] 2z $ dHolg o] 2ol wkGEojof & Z ot}
deve S
HaAFe E Eetal BE stAolA W EtA FEet A= get B

Tl = b ARTE H714EA el e sHEA T T19 F

ol

= T7HATIAL ETRF -]

>
olo
o,
Ay
o
o
A
N
ol
o
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st & Zo] stA FFEoAA = olE e FHo oo (Fig. 3-4),
a3 FHE GA F e FolAwt dojutyg. 2y Fsui e e
duodichogamy & & (Bridelia tomentosa, Luo et al., 2007, Paullinia
weinmanniifolia, de Lima et al., 2016) 3 o= A x| A3FAH yd &
9e Aoz AR HL.

Duodichogamy ! ZsuH-ol A F32 71 440z 97 wZo
k3ol JRskA 719 71%F, ARA T W

T TR WS Fag et FFUFAA bEel o o
o= I3

FERY A AoH(SE vs. FE2~4Y vs. 17~209). e
g7t FEA4EY W F b SRR AAY e FH
FES I 2 NAE] FESA Bod B2 ofHAEd
Ax A

715ksk A 9] b Hd e Ao HFIAME VA= AFEUT 9
Abgols 5 AARSA A#E Bolth. HFEUF 9 Cedrela spp.+<

712kskA o] AdA of SA o Z47] G} gxo] dYal o] b ATA
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e
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o
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>
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0
&
o
o
il
o\
|t

o] A-gol& e o
duodichogamy ®] 7H&t&2 91k 22 7|AksA o S E35 A
NE Folth, HFEUHI} FELS BT
G stE AAstal FAA g ol S Wuk(Styles, 1972). 18t
7158k W ob-r ] wiE e EFEUF I FolA 1HHE 2§l
duodichogamy, multicycle dichogamyS T#3l=d 223 {83 wA7}

g Zlolt.

BN

-

343. ¥A3}=E JAHAA FS5UFd X F=

drsuiad A £ 5 = AT Troup, 1921;
Lamb, 1960). Zr=uFo &l Astr|ztat A48 st +x= &3
AAA Gl e wo® ZEstArt. 2y Fxo wiFrt 3k
At okl AiietAl fe ok V] Ve s #S 91 %= (pistilode)
918 ol (staminode)ell s @ ataL, wetd FHuUFe= I S B2
¥ 9= @A gelt}. Bahadur(1987)¢F Edmonds and Staniforth(1998)%
Hlal A & o] JFSuF b JuA AolE AdA P o ke oo

AAZ 7S steAe FQlekA ZIPG. S s dxde

o M
©

& = FFUHFE A4S E A=
F£o] AGE=3 dA g (Pennington and Styles, 1975;

Bahadur, 1987; Edmonds and Staniforth, 1998; eFlora, 2017).
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3.4.4. Duodichogamy ©] X3¢} A&yt o] FAAQ FRi

Duodichogamy ¢] X35 st 213 Bdste] 713 gds 7pa e
FHl-$-2F 7+ 7 A o] th(male-male competition)(Lloyd and Webb, 1986; Luo
et al,, 2007). 1y T4 o= Fujgx F AAES Fxote 214

Al = ob A 7kA] =A o] At Luo et al.(2007)& 183k A&

FHate= 2xdo] FRmiAA Fo] ofYet A FFoln A wjF
TF(EY 1~47)7F duodichogamy FollA -2 7+ A A 7] &
Aolgtar FAsAT. Isuir= wlF w7 AR FAR(ED 307 ¢
M3 7] B 1 FrF e EAL ofnlk: 7]Eo] A E duodichogamy
TEO AL wF £ v 235 eSS slolth. A= ol
gl 5ol FuleA 1 AAS ASAFHE AR AR, & AT e

714 o ot FEFet 71£ 9] duodichogamy EE9 X A
¥z 7] %39 duodichogamy et FHl-9-#F AAS =H3&E= 29

Abolell A=Al ZHAdS =T 5 A (Table 3-1). A A,

duodichogamy % (Table 3-1) a2 #A|vF 22 v/} JFHo=
el 275 AAsdo. =4, A=7A ZAHE duodichogamy
TEe 54 BAY A, olEe 4% % (¢ Cladium

jamaicense (Snyder and Richards, 2005), Bridelia tomentosa (Luo et al.,
2007), Paullinia weinmanniifolia (de Lima et al., 2016)]°] 7 3} 3} t}.

Aol AHUT G olsl TL B Eio AfHE UG @



& @ Ad o 5= AN 43

7‘,7
=

dol A ofrbE 4

e

=
=

7H A

#3442 7he

Cia= A R

A Al

s

o A3k 7)o o

=
=

duodichogamy ® W33 2%

G-

7|

B}
)

3’

Ao =
AF&%EF % 0| duodichogamy®] #A) 4

T

)
T

Ny
H

el

py

—_—

0
"
=)

—

O

O -
T

=y
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Chapter 4.

The structural characteristics and conservation
management of plant—pollinator networks of

invaded coastal sand dunes in South Korea



4.1. A&

Qo] A FAL AFEAL AT AxH BAE A8 A3 2%e)

% ¥ (thermophilic) 5 (d: ¥)o] &Eat7]d £ =1& A3},
Ak7E 4A zlo] ol dow welrbd HaA g o] YEYER
ofe ZFol e AL A7]e AFI 21 2F 1 Ak (Kirby, 1992;
Key, 2000; Howe, 2003).

AE53 25 e deleAad A5 A8 (53], 5, pollination)

SIALT Ao BEA 75 A FAOl T ¢S F(Viana

and Kleinert, 2006; Shay et al., 2016). 3 StA} ol A2 sl= 2 &2 523
LA A FFAA S H37 e AT > AR A mEFHo £

O @ol ¥gum o5 FAAL o] wirjAte] o3 Brb
2 A 8k= vl & o] EZ(Howe et al, 2010). ol S £9], afj etAL-ol A
MAsE EF AW (Calystegia soldanella) F2 ¥ Fo <)
Fa¥ i A7bEsEAd el =& B4 A& ol (Ushimaru and
Kikuzawa, 1999), 8] 7| Y5 (Vitex rotundifolia)= =% | A &5 7ol
vl 3te] AAEo| F7lsl= e7FA A E ot (Murren et al., 2014). 3k,
T, Ao FE AR st =2 el AA e AN E(Glehnia
littoralis) = E}7FrA S F2 ot tx4Q] alkAk A= o]tk (Itoh et al,
%! ARl Al T2 EFFREA ] S EsE A E
FES FE 252 ¥Holt(Gottsberger et al., 1998). o] &2 &5

Nedo g FH20 wel @2k 5 7] wiEell (Viana and

O_l_,

o]

s
2
2
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Kleinert, 2006)

—_
fi%e)

_@

2, stA, 2

o)

1

"o

< EFEFEANA

r

R P RS
A4, w2 DS

Mo

+ 1970 oj

o QAT

Fof i

E HE

§ oAt

9|

d ToR

A

she

Eiy

,.mo

(

7] Bk

4

il

SEE

=
=

and Kim, 2008; Lim et al., 2010) ©]

40% ]

Ho

)

&

= 2 H(Kim, 2015). ©] #]

of A5 Skvh(An,

A1go] kAT

R 45

A)
A

2003; 27, 2006; Han, 2010).

AT,

o] 54)

Ho

b

F 2} 7] % 2 3} (self-organization)

5

= ol&u}

gl

=AY
& 2 A (complex system) 2]

24 o]

_'ﬁ!_

o]

1
T

oy

1 gt} (Bascompte and Jordano, 2007). L

¥ 2t} Jordano et al.(2003)> A G 7FA] Z=AME 2970 9

Ng R MEADs 40 A% A LA )

2 Aa v R 1% v el
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T s B5E HAdT o5 A UES A 7 65.6% 9
degree(F9 FE 28 F)FEe alg] Fito] stetatd A &= o] &t
Aoty Y3 2 ¥ (truncated power-law distribution) S HE. ¢ t}h. olulz}
Bascompte et al.(2003)2 A &Gl 7l A UIE Y 27} nested 43 (A1 4
FEAE T 54)2 7HE S 3T Nestedness(91 A4 452§
S5 MEY A WollA A 7FE (specialist) 5 2H8-3F= Fol
7h& (generalist) &7 A3 283t TE5Y Hdd fFEdo=
ojmlatr o3 WA A Fx= HEHYAY AHdHE HoA4 L9

£43 Ao F3 IskS Frh(Bascompte et al, 2003; Memmott et

1/
rE

al., 2004; Thebault and Fontaine, 2010). Olesen et al.(2007)<
HE-FRmAA e Mz AdsA Fegtgste e, 5
module(¥:+ compartment)s ©A & & %3, modules FA3dtE TE
S ehe WA Ay e dEY A

HAE oy F2A SAEE olF udd AR vMESA FH et

el A% R ABAH 54

HESD 242 533 A= 454825 olsistal 4 & (perturbation)ol
Al WstE A8 g FEomM B ok A

2]
Ha gt e MEYdA= A5 ded JEA

[

o] 4ol 2 (Lewinsohn et al., 2006; Montoya et al., 2006; Bascompte

flo

and Jordano, 2007; Tylianakis et al., 2010) 7|9 & FA41%4 H
Agsta B33 AE UEYIAES BAsE Wyol @ 4 v (Bascompte
et al.,, 2006; Bastolla et al., 2009; Tylianakis et al. 2010). A&t} %42
THT ol o5 o] AEAES et dow B AFAES

T ARG &7 Wt ¥ FHoFdE A=

ol
N
-~
>
2l
fol
1>i
o

o
ol

d
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gk} (Tylianakis et al.,, 2008; Sabatino et al.,, 2010). 2] A& U EL
7hed AE-FRANA JESE NEYIE v HA 45
Rolm A3+ WHgdo] =& H3AS +x2E ol &Y (Jordano et al.,
2003). AE-FEui/AA MEYALE BA7] HAsliAe S7AE

olafst=rl AEFF MEYA EALTE ALgate] o5 o 27
£S5 At el 7H |

o i
% 23} (Tylianakis et al., 2010; Kaiser-Bunbury and Bliithgen, 2015;

v

FiN
oX.
o

e MEtE Hole ARE F

e
S
o

Soares et al., 2017). Tylianakis et al.(2010)& W E ¢ =19 <-4 A 3}
71sAE tEst R ow ourt Jupal o AA = o A E(d:
interaction diversity, connectance, degree distribution, nestedness,
specialization, modularity)S A Al @t} 28} o] 23 A FEo] H A A
SRR Z8d F Aoy Ax FAH o] v & A o]Fo] oo st
TR T AR e S HA e dial sl wzkskA wkg-afof

3kt (Nielsen and Bascompte, 2007, Tylianakis et al., 2010;

Kaiser-Bunbury and Bliithgen, 2015). @A 7}#] o] ¢} & 7|&F& F

e
ot

Y ES A A FE+= specialization(H,”: network level, d”: species level),
modularity(Q)7} 2t} (Tylianakis et al., 2010; Kaiser-Bunbury and
Blitthgen, 2015; Soares et al., 2017). o] &3t A ZE-2 224 4 (secondary
extinction)o] W3t YA EE wrd st = 2 (Memmott et al., 2004; Biesmeijer
et al., 2006; Olesen et al., 2007) A2 A 3} ¥ (Traveset et al., 2017)<}

A &2 &9 (Albrecht et al, 2014) 0.2 213 ABEf 2 7]%(o:

ta} kel &8 vk ey gt

rd

Ol:}
SRAu 2 A% A
A6l A HBol e MEAT ARES) #e} HAH ATE AR
BEG golnw of AEEe] W AFE ALFHOZ o] FojHo}

3t} (Kaiser-Bunbury and Bliithgen, 2015; Stout and Tiedeken, 2017).
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A= HJE-FEMAA F2a8 YEA T3 Heow

g AAR olEo] FUH FoHE HEHAAAE o2 x4

+r Ae-FRAA MEYAs 21384 &2
YEHARY A2 & A3} (specialization) 2+ modularity &
Ul a2 (Albrecht et al., 2014; Stout and Casey, 2014; Larson et al.,
2016) 234 o 2 43 #8-2] Aukdl(generalization) =X (Padrén et al.,

2009; Vila et al., 2009)¥} Aol th3t &HAd F7HE

K o] F ¢l th(Bartomeus et al., 2008). o]2 3 AHELS HY2AEo FYo]
HES A Fx24 gy 7|59 244 3 E 2314 &5

B FEH(Padron et al., 2009; Vila et al.,, 2009; Larson et al., 2016). L&y
ok APAEFTY THRE7 ARAERYG 4 ¢ Eopxivtd oje} Aute
Ao qEAD H43 4, AEA 7 AshE 2dT & Aok (Vila
et al., 2009; Kaiser-Bunbury et al., 2017; Vanbergen et al., 2018).
APAEZT S AAAE-F2AA HES A A=l AAAERY o
gk v fAE f-el5hH (Vila et al, 2009) 8 g Ayt T8 o=
ol HES A AAAZRY ¥ 44 4T&
A &3tk (Bartomeus et al., 2008). A=F UEY L oA Y2 =9
=t

&Yool AFHY olss AAYS W A= AW iR

o

lt
ot
N
il

AR = A3E 29T 4 i (Carvalheiro et al., 2008; Ferrero et al.,

AN BEL e FEo WIBY ofe} SR AR F ]
%]

At} (Bartomeus et al., 2016; Vanbergen et al., 2018).

o
i
o
=
k1
o
o%
o
=

ol A= SN A ==

1
=
HE A5 F At (Stabler et al,
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23 2rhRE
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1
T

5t

i<

of tH

o

=
=

&o] Al

Al

[e]

=
- =2

o A
grayanotoxin; Tiedeken et al., 2016) ©]

=
o =

=

2015; Vanbergen et al., 2018).

A
CEICE

vl 7H =}

—_—

0
K

o

A
T
on
e

=

Aol A Apekd 91d o] ot

X)
A

A

h=Nye}
=

1

1.

gt} (Bartomeus et al., 2016). w2kA]

e #] 9] (ecological niche)7} =opAIW, whoj 2 1A X9k wf 7| =}

2] 5
AE B NA YEYANA oE F=82u) 7))z} o]

)

—_
file)

Ho
I
e

)
K

o] JELEL Eobd 4 9l th(Bartomeus et

=

—

Aitoln o]

al., 2013; Bartomeus et al., 2016).
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= ofol®

<
T

13 (SM, Samcheok-si

1 (DN, Donghae-si Nobong beach;

[

] =3

Maengbang beach; 37° 23" 31" N, 129 13" 40" E), ©]

]

J A

=

Pz

A =

3

3 ¥ (YN, Yangyang-gun Namae beach; 37° 577

S

£AHA
37735 11”7 N, 129° 06" 01" E), 4

13" N, 128" 46" 19" E), &

QLA A G Y gl

4.2.1.

=T
X
o
3

"
o
Ho

o] o
=

& = A (Fig. 4-1). |5 A

A ]l A

I o)

fosk71 o

[

ol

MK

el
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<
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;AU
o)

K

0

BH
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ze]
il
|

T

1

o] 7k A o]

o

fotez Abo]of =

S

]___

(Potentilla chinensis)©)
b 9 2 (Diodia teres)<

(Carex kobomugi) <}
o= Waze

ol
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oo A waka) o] A ool A

=2 FE YA}
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¥ oF 140~150 m7+A]
)

o] Atk SMA 9L

- o -1

Ao ek AAZ AR TS B9 AA0E AN FAF P ol
BIE A Yo (BPN, 2006 AEE L HAMAAZ AR} B Fe
EE AR §4 Rt dFor fU5o] MR, 2ol % (Oenothera

biennis), 8 A E A2 (Melilotus alba)’} ZAFT-9 el -t U},
SMA & AT S A Qe Foll A BEEZ0o] A|FEo] 9lojA
A Aol #AE A etk YN, DN, SMA 9 o] FAb4 d =z 7h7] 20,296
m', 23,504 m*, 20,640 m'=E Z=AFZ]F S 37 G A dEE S
AEFo & 717] 15%(YN), 14%(DN), 15%(SM)e.&2 Atk (Table
4-1). Al Aol A= ZH7] 72(YN), 92HDN), 97H(SM)oll &3l 2 & F 0]
Zd3 3, o] 7kd =3} (Asteraceae) A EF o] /M A TH(YN vs.
DN vs. SM =5 vs. 3 vs. b). Tl ABAEFS Z7] 65 (YN), 65 (DN),
9F(SM)elA L, T APYAEFTS 77 9F(YN), 8F(DN),
Z(SM)olAth Al Aol FEHOE ZAZ AAYELS AWE A
2% Efsgoy AYAEL 547, MYE, AIUEY, e%oE F

4Foz ¥ B%H(Table 4-1).

AT W AHABL AZ WF o FAY FE Ao] HE WAL
Juem we 5o £ Wtk BEA 2 ER A 2717 2w A9
WA 7 He Q% S A A F(YN: ZAu e, DN:
A%, A, s, MAE, EAuAE, o) FAA, SM: R ERE

ZANA, AdEe)EY £ FrEe

S)
e
N
T
1
=
o
B
g
Nis)
O,
=
=)
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EF 1mx 1m ¥ W Hgshs=

e
il

B
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Mo

Mapsource(ver. 6.15.11, Garmin Ltd.)ol = 3l<

=
=

S

Mo

s

e ol

J|

o] 3tA

kA 1717F 74A

7_)'7
=

olF st M E, o 79

X
T

)

=]
=

1}
T3, sk

e

#)9) Aol

]

A
e

<=+ DN(2,140,262) >

SM(925,370) > YN(5,536) o & =3ktH(Table 4-2).

b

al

Sk

=
2

SM(821,950) > DN(108,736) > YN(3,200) o= 3

1
T

#

Iz 4
==

SM(7.9) > YN(1.4) >

o
T

423. 3= 2YHY

371 A9 (YN, DN, SM)el A

o
20161 69 1¥%- B 8¢ 2147bA 3 HATHYN: 6€ 14

Bl 4Eds wUHY

I~
-

=]
=

]

A
e

I

4

{

8 = 2t (see Stang et al., 2007; Chacoff et al.,, 2012; Tur et al., 2013).

o
)

~

g

FZAA] O] A A

1
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Time-fixed census

o)/

WA DG (S, 7Hst713ke] Q.8 A
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Z7hel wel @8k d & QH(Tur et al, 2013). o] WEL 373k
BeAgs gXsted FEs A, EYA ar|(HEF
xRS )7 F A BEFHY A By of#
Ao 7 del A JvH(Gibson et al, 2011). & oA e} Zo] YEYA W
AEFY] ddde] F2(14~15F) AddAE o] S S 8Tl
o e Advk AR W fske AEEE 3 AAE SR
AAske] 108 E9F WEshe wilAE @A o]F dF 0900 h~1700
hell 53] ¥HE3191 12(0900 h~1200 h: 23], 1200 h~1400 h: 13], 1400
h~1700 h: 23]) gk&Ewicp 2L A2 AAE A4 201613 58 &
dulZALE T A, FEste WA e b 7lol =9kd 1200
h~1400 hell 7bg Ao @ o A7tge] RUHP LS A5 137
AA AT AT FREA e F( AMZE, F6 7GR
A e A= ZH] 3~4719 B EE A E EYHA 3,
olg] 7o Fo] Roj = I3ty A E(: Y
AFREH, S5l SaA=0) Ad 3 A& AEF, FuE), T4
(c: AT, AR, FARAE, BE71E, Ad5AE)d0A s 2749

zo] ofd A 1~2/0E XYY A 1
1~2709 £& ZYUHd stk Ay mi= oftte] /stsls AE(d:
ko] 2o thaf A= A9 (2000 h~2200 h), A1 % (0300 h~0500 h),

£ 71(0900 h~1000 h)ell z+7] 23], 18], 2314 RYE S gHESS T 370
Aol A zt7] % 58 h 20 min(YN), 65 h 10 min(DN), 90 h 00

min(SM)& ¢t &2 2H85 d2dad. do48 RUHY A H=FH, 2

I:H

=

e
>é
af
=
A
R
il
N

-

b

WES 2FEY, BENES, ¢EvY EE 2Re 4502 99 FEW
MER F)E NSRa A FrE GFS F4 @) A4
e @ A4S @FlA Husen wfsgont a8 2% 45



4ge 4 s AQstel ARINA B4 Ak BFY
ey TEES S UAAA AUEAn, $AEE 4T & w3
EEEEIELEET )

424. ME A x4 54

AEY F FHE AAE A= Al AGAdA AE3 SRR 1
Aa2g Nert 39 A JE A @ E(Appendix 1-3) &gl
71Z8te] HISHA AFEH = UEY A 59 AF(metrics) &=
A& 3t ol connectance(C), weighted nestedness(WNODF),
complementary specialization(H:"), quantitative modularity (Q)].
Connectance(C)= dAE =R AHM, 753 4348 F(HE
FEmAAE FE AE we ) oiv AA 3EE dss FE
el Tl Nestedness(WNODF; nestedness based on overlap and
decreasing fill, Almeida-Neto and Ulrich, 2011)% 0%¥ 1007FA 9] &
7EAH grol F4E ATt ARt 45 AEsts Aol A
olm st} A5 g #E UEY A connectance’t & Y 3H(‘vaznull,
Vazquez et al., 2007) 100071¢] 729 UMEL AE AA3to] o] 59
nestedness#t & TR 95% A FF7he] k= e W Y ES A
EE gk vlaste] F9Ad S Adst Yt Complementary
specialization(H»")(Bliithgen et al., 2006)2 W E A FFo A5 28
A3t E YeElll= Aoy o] g2 UEY A A7(S)9 REFY Axd
PSS WA F7] i HAE E AL UESA T vl Al
&3ttt Hy'v= 0(AE3) gl 58 (&8s desh7hA 9 ghs zteth

Quantitative modularity(Q) #<= moduleW] 74 ZFE 79 A3 %80
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3
o
(@R
o
&
o
o
foi
2
o
fz
v}
s
2
ek

El] oo mom FEA vEA PHo

7] %23k QuanBiMo algorithm(Dormann and Strauss, 2014)2 ©]-8 3} ]
Abstdet. o] gke] ®W9l= 0914 174 ol 1Y 7§ moduleo] A&
A 2 (8 3} compartmentalization)® o] Q&S o n] g TH(=,
modulet s #8-0] gli= FH). o] WHE ALEE A §, MCMC(Markov
chain Monte Carlo) &arg]Fol ol A4ts Adaqsr wjwir} ghol] ni# 7]
ol A4kS 2008 wHE Adste]l dojd ghE FollA o gk (maximum

likelihood)S 2zt Hb&-(iteration)S A3t U EHA =7 et

d

el %] = modularity 2] 54 AH(Dormann and Strauss, 2014) & L9
Fods Arbstr] fla #EE Y EY A9 AT marginal totals[2] &3}
TR AAE FRE(S, FeAE WE) Fol Z2]ES 7HA = 100071 €]
F29 M EHAE A3 (‘r2d’ null model, Patefield, 1981) ##%

U E 9] 29 modularity#kel F2r9 UIE S 2 modularity gk 2. 2 H-H
Autf "oz QEAE z-score AHES T AE At (z-score’t 2

ol Aol 9] 3 modularity & 3t} Dormann and Strauss, 2014).

F o A= degree, species strength(Barrat et al., 2004),
specialization(d’)< 7}7] AF&3It}. degreer= €9 A3 # &= AEFY

TE 9 vstH, species strength= AA| 528 ¥lxo O sl 9

HlE H &S 9 n 3kt (Barrat et al., 2004). Specialization(d’)& £ %9
AEstE Uetlar 0ol A 17b# 9] #hs 7Hu. o] #te $3 A EF (5,
of ] FERWMANAFTH FEAEstE)owt BEsts Rzl AEo] T
W2 s AN B R 39 AEF (S, e wiiAtet e dsErgol
i)l Wisks FEwiiAE S 7HE =2 #@S 7FI v (Blithgen et al,

2006; Kaiser-Bunbury and Bliithgen, 2015). & oA AH&%
A 4= (degree, species strength, d’)& Appendix 4-9°] e A7) 9
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rin

A 458 R, bipartite package ver. 2.08(Dormann et al., 2009)<
ste] 2k=skd ol

k1

o
op

I

ek

425. TAFY AHA 4T XA}

HEH AN FAFE2] Au4 93s AHstr] 9l 2F3td
2172 gk (standardized connection, ¢)# o] gk (participation, z)<= 7l4Fak it
¢S module?t 9172 % (connectivity)Z, z#k< module A F9o F49
328 S (degree)E A A 3t} (Guimera and Amaral, 2005). c9} z9]

A7 Zk(c: 062, z2 25)(Olesen et al, 2007 23] Fo| ag
47}A] (network hub, module hub, connector, peripheral)® -1-¥%3} 1 t}.
Olesen et al.(2007)e] W= Network hub(c > 062, z > 25)F2
AE-F R AR HE A A g =8 A #ZE = super generaliste] W
E2 AAle] £33 module W oyt & module? = 43 A8 gkt
Module hub(c < 0.62, z > 25)F < module WeollA thH&o] FE3
} A7 o] E0] 43t module®] o] FEI+= A Ao =831A
t}. Connector(c > 062, z < 25)% S 54 module?} J&28-3} 1
2 module?ti= A9 A& #8sHA] %=t} Peripheral(c < 062, z
5)F L o]E0°] %3 module WolArt N1 aA FEaEstes 54S
ZHAT dES A AL 7lsol & 79 E st AT =TI
TR AF)S A7) €8] closeness centrality (CC)9F betweenness
centrality(BC)(Martin Gonzalez et al., 2010)2 AF&=39tt. CCE Ho
Aol 7lzste] HESAANA T Fol tE T dnht 7
AAE=AE FAH, BCe WEYA W oJH + F 7] B A=

Z3% oA 5ATS AANE AR HE&S 43 (Martin Gonzélez

o

O>“
ol

&

foi
L

O
=

ol

&

&
Lo

IA
NG

N
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et al,, 2010). CC% BC#gtol =&

ol
rlo
%

AF o2 BFEY(Martin

Gonzalez et al, 2010). ¥ #THELS 2% one-mode VEYAE 7|dto &

_l

3l R, bipartite package ver. 2.08(Dormann et al., 2009)& ©] -3} <]
b= QLT

|

426. A= = JAJAES ol Est= WAA

M vtow Fao AFAGeNA AE FEo] B wAREN F ok

L Y

WAAAS S e s Al Aol HdH =t AR =S BT

[o

R WA FRS 4% oW gEHE WAL FHE

43. 4%
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43.1. Al SIMATA Y Y EAAS] L

EE A YA F 65 (Orthoptera, Hemiptera, Coleoptera, Diptera,
Hymenoptera, Lepidoptera)oll 43dli= FEwl 7| x5 (1045 ) 0] =& 3 v} (Fig.
4-2). YNA 3} SMA el A= Fhe] o] &3k 25 o] 7h4
Ao (AA =3 T iyl 2b7], 34.0%, 33.8%), DNA| ol A =
HEo &3 25o] M dFaATH(44.8%). 1 ARkA o g W&
R 4 AT AG Y T AEAE WA A sk v Eo] TH
= A THYN: 166(41.1%), DN: 364(51.8%), SM: 369(40.0%); Fig. 4-2]. A
Aol Sl AEFP) T AR vz oy FRu/iAE(A) Foll=
ZFol 7k LA THEM > DN > YN)(Table 4-3). HIESZ Wl F FF(S;
A+P)e} YESIA A7](AxP)¥ SM > DN > YN 2

N

= <
FR D, A54E NE Sm), FF At 3EAE 5 94 SMAYo]

(o

N
]
o

ok tH(Table 4-3). Al A9 b AYAE] &2 FH=7 /M4
U SMAF S At BF AAA =9 A
AERY H =S HAAE vs, IYAE, YN: 226 vs. 178, DN: 374
vs. 329, SM: 303 vs. 619).

HH‘
>
\a]
1>:
o
2
ofo
iy}
"
N

]

o
RS

>

432. AN E] 99 FAN HE-FRUAL NENAY T2

54

o

1A =0l FdE Al AT A Gl A A E-FEuj /A U ES] A
connectance(C) ¥ ¢+ 0.142~0.1589] 1t} (Table 4-4). DN¥} SMA] & 2]
connectance™ W] 5= 2. 1H(0.158 vs. 0.156) YNA| &2 o] & H T}
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Lok th(0.142)(Table 4-4). o] & Al A o] UE oA #2H

WNODF# 2 25 AFE2A(F, 'vaznull’, 1000 randomization)ell A 4 ¥

FEHRT Ytk (z-score’t BF S9 3k Table 4-4). z-score® ¥+ 313
A M AE T JAYAES] ¥ FHEV M =2 SMA 99 nestedness
Fo] 7FF wkokt}. specialization(Ho' )& SMA| oA 71 =gkar

%
e
N
12

ol 5 7} wrtth(Table 4-4). Al A9 ¢ modularity(Q) #t&
'r2dtable’, 1000 randomization)¥} B] 23S W] EF F2]3HA
=93l z-scoret= SM > DN > YN £ & =kth ZF YESYA U F
module®] 4+ SM > YN > DN o2 =t (Table 4-4, Figs. 4-3, 4-4,
4-5). °]% @5 module(F, module W 2 &Fo] & g FQl A)o F=
AQAE] # FHE7 =49 SMAY670)o] 7HE Bk, A A E 9

F SHE HEo] B =%E DNA Q@) 7HE A v (Figs. 4-3, 4-4,

i)
N

Y
4
i

433. TAFW A4 4@

c, zakoll 7IHkste] FAFTES] AHA 9GS AW Ay A %99
NEFTLS FE A O FE peripheral?} connectord] £ o]F YA ES
A & connectorel] <3l tH(Fig. 4-6). YNA| 9ol A connectorel < 3h

ol B/ E, Mgz AAAES 1wy, AL,

=~
[@))
=
&)
Lo}
D
=)
a
X
—
()
BN
-}
z
N
12
2
S~
rlr
il
ins
i
i
S
ol
2
ru

connector®l] T E AL, YA 12F S 2% peripheraldl <t} (Fig. 4-6,

Appendix 10 ##x). 53] AYAEF< /MY 2E module 7+ A 713



A 71 gk SMA Sl A= YN} DNA S RY o B2 9 FE5°]
connectord] dNFEHJAIL(F 9&; MNPz, AASH

wA=, FERE, AR, gst, oHl 7y o] 7h-Hl DNA o 2
7 A 2 27 module F AZ o 7 Al 71 o] ok(Fig. 4-6,
Appendix 10 #x). AEF 2 @, Tl 7/l A& network hub,
connector, peripheralel 43 tH(Fig. 4-7). YNA| o A= muliE 5o,
W 3} 1% 9] 9% 9] connector® 2] ¥ ¥ 2] oW (Appendix 11 %),
DNA o A= dB-EH(Apis mellifera)©] network hub®,

E
=i
—_

9 F(Halictidae sp. 1)E W3 F 1252 T vl7l A7} connector &
Holom o5& F2 HEUF)Y ey EHUdF)o &I (Appendix 12

b
%

dx), FEEHE SMA o A% network hub® A ¥ A, wdi}e] =
H] £ 3 F 2432 connector® 2] ¥ ¥ 1t (Appendix 13 3 3).
RE AYoAx BC 2 CCxol 7Hd =2 A5 F(Appendix 14 3=x)

A2 AAAEJATYN: BC, CC = 0.213, 0.1(l: A%, /A4%), DN:
0.291, 0.09(d: =, SaA4=), SM: 0.136, 0.073(: /N4 %, 3 H s,
SH 7V Mg Ed)] BC 2 CCglol 7 =94

2 7} ZFE (Appendix 15-17 #%)S YNA 9 [Sphaerophoria
menthastri(ZLvn} 25 9; 0.19, 0.03)]& ALt BF Wi &3+
23 oAt [ZH7] Halictidae sp. 1(aLnk323E 55 DN: 0.17, 0.02)2 Apis
mellifera($% &4, SM: 0.20, 0.02)]

L%}

434. AN E = JAAHEE o) Est= viAA

0

rfr

A AGNA FEHoE FASY AYES YYHEL BF P

!
W) N AF= s B 2% (Exhylanthrax afer, Sphaerophoria menthastri), 3 5

O
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3% (Megachile sp. 1, Apis mellifera, Apis cerana), Y¥| = 1% (Colias

erate)°] A tH(Appendix 8 #Z). ol FTolAME AYSolFel E. afer(=4

1] 7] %%, identification by Evenhuis Neal from Bishop Museum in

Hawaii) = A A =0 tfsk W& vl o] ¥ =dth(Appendix 18 =), 9]

2 AGF oA FEL Y

o
i
_l
e
2
=
ot
0%
M
)
ofy

of AZ =t F

A ool A AT AHOow WS Fol HAMA 15 (Agrilus

planipennis), ¥ 3% (Crabronidae sp. 1, Hylaeus sp. 1, Tetramorium

tsushimae), 32l 5 1% (Tachinidae sp. 8)°¢] AATt Al AT B 5ol A

EZovk e e SR ANAE WS 72 12 (Ducetia japonica),
2

=

RN

)=

2] O]
ESe

==

==

= (Agrius convolvuli, Ctenoplusia albostriata)©]$lth. ©o] &2

=y
= E’—'T‘

i
ro

2ol wure| o WESE SRRt
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Table 4-1. Number of entomophilous plants in three coastal sand dunes
(YN, DN, and SM) in Korea (YN = Yangyang-gun Namae beach; DN

= Donghae-si Nobong beach; SM = Samcheok-si Maengbang beach, O

= presence).
Famil Speci Occurrence in each site
amily name pecies name YN DN SM
Apiaceae Glehmia littoralis O O O
Apiaceae Pimpinella brachycarpa @) - -
Asteraceae Aster yomena - - O
Asteraceae Crepidiastrum sonchifolium O - O
Aseteraceae Coreopsis lanceolata O @) O
Asteraceae Erigeron annuus* O O O
Asteraceae Ixeris repens O - -
Asteraceae Taraxacum officinale* O O O
Caprifoliaceae Lonicera japonica - - O
Commelinaceae  Commelina communis* O - -
Convolvulaceae Calystegia soldanella O @) O
Convolvulaceae Cuscuta pentagona* - O O
Convolvulaceae Ipomoea hederacea* @) - -
Fabaceae Amorpha fruticosax @) @) -
Fabaceae Lathyrus japonicus O - -
Fabaceae Lespedeza tomentosa - - O
Fabaceae Medicago lupulina - @)
Fabaceae Melilotus alba* - - O
Fabaceae Trifolium repens* @) - -
Lamiaceae Scutellaria strigillosa - @) O
Onagraceae Oenothera biennis* O O O
Rosaceae Potentilla chinensis - @) -
Rosaceae Potentilla supina* @) - -
Rosaceae Rosa rugosa - - O
Rubiaceae Diodia teres* - O -
Rubiaceae Galium verum var. asiaticum - @) -
Verbenaceae Vitex rotundifolia - @) O
Sum of species 15 14 15

* Invasive plants
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Table 4-2. Flower abundance of three coastal sand dunes. Flower abundances for some species (*)
covering a large area in a certain site were calculated as number of flowers per square meter
multiplied by its occupied area. Flowers were counted once in peak flowering time for each species.
Flower unit for Apiaceae, Fabaceae, and Asteraceae was based on single inflorescence, but single
flower for the other taxa (YN = Yangyang-gun Namae beach; DN = Donghae-si Nobong beach; SM

= Samcheok-si Maengbang beach).

Flower abundance

Classification Species name

YN DN SM

Native plants Aster yomena - - 32
Calystegia soldanella 1724 586 31
Crepidiastrum sonchifolium 57 - 67
Galium verum var. asiaticum - 160 -
Glehnia littoralis 262 49 237
Ixeris repens 189 - -
Lathyrus japonicus 72 - -
Lespedeza tomentosa - - 21
Lonicera japonica - - 43
Pimpinella brachycarpa 32 - -
Potentilla chinensis - 1978280 -
Rosa rugosa - - 9
Scutellaria strigillosa - 46 11900
Vitex rotundifolia - *52405 91080
Total 2336 2031526 103420
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Table 4-2. Continued.

Classification

Species name

Flower abundance

YN DN SM

Invasive plants Amorpha fruticosa 1064 931 -
Commelina communis 12 - -
Coreopsis lanceolata 274 694 52
Cuscuta pentagona - *34816 *76800
Diodia teres - 16660 -
Erigeron annuus 1384 +52140 256872
Ipomoea hederacea 72 - -
Medicago lupulina - 34 -
Melilotus alba - - 421724
Oenothera biennis 101 3450 66486
Potentilla supina 82 - -
Taraxacum officinale 15 11 16
Trifolium repens 196 - -
Total 3200 108736 821950
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Table 4-3. Descriptive plant-pollinator network structure of three invaded coastal sand dunes
(YN, DN, and SM) along East Sea of Korea (YN = Yangyang-gun Namae beach, DN =
Donghae-si Nobong beach, SM = Samcheok-si Maengbang beach).

YN DN SM

Number of pollinator species, A 47 58 74
Number of plant species, P 15 14 15
Total number of species within network, A + P = S 62 72 89
Network size, A x P 705 812 1110
Total number of links (presence or absence), I 100 128 173
Total number of visitation frequency (quantitative interaction), m 404 703 922
Average number of interaction per species, <k> 16 1.8 2.0
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Table 4-4. Network metrics of three invaded coastal sand dunes (YN,
DN, and SM). WNODF and modularity (Q) of each observed networks
were compared to those from null model (1000 randomization) with the
same connectance (‘vaznull’) and the same marginal totals (‘r2dtable’) as
observed network, and z-score is given for those values (WNODF =
weighted nestedness, Hs' = complementary specialization, YN =
Yangyang—gun, Namae beach; DN = Donghae-si, Nobong beach; SM =

Samcheok-si, Maengbang beach).

YN DN SM
Connectance 0.142 0.158 0.156
WNODF 14.77 19.94 13.11
WNODF z-score -3.10 -3.49 -7.89
Ho' 0.520 0.586 0.626
Modularity (Q) 0.555 0.566 0.549
No. of modules 7 6 8
Modularity z-score 30.67 42.85 51.72
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Fig. 4-1. Invaded coastal sand dune sites along East sea in Korea (YN = Yangyang-gun Namae

beach, DN = Donghae—si Nobong beach, SM = Samcheok-si Mangsang beach, lat = latitude, lon =
longitude).

_95_



Fig. 4-2. Plant-pollinator network structure in three invaded coastal
sand dunes (YN; Yangyang-gun Namae beach, DN; Donghae-si Nobong
beach, SM; Samcheok-si Mangsang beach). Upper and lower boxes
indicate higher trophic level species (i.e. pollinator) and lower trophic
level species (i.e. plant), respectively. Interactions between plant and
pollinator are presented as vertical lines and width of each box and line
is proportional to the frequency of interactions (i.e. relative visitation
frequency). Color of each box and line indicates insect order (green =
Orthoptera, yellow ocher = Hemiptera, brown = Coleoptera, yellow =
Hymenoptera, blue = Diptera, red = Lepidoptera). Plant species names are
represented as acronyms (crso = Crepidiastrum sonchifolium, caso =
Calystegia soldanella, trre = Trifolium repens, posu = Potentilla supina,
ixre = Ixeris repens, glli = Glehnia littoralis, eran = Erigeron annuus,
oebi: Oenothera biennis, cola = Coreopsis lanceolata, pibr = Pimpinella
brachycarpa, amfr = Amorpha fruticosa, scst = Scutellaria strigillosa, dite
= Diodia teres, poch = Potentilla chinensis, gaas = Galium verum var.
asiaticum, cupe = Cuscuta pentagona, viro = Vitex rotundifolia, roru =
FRosa rugosa, leto = Lespedeza tomentosa, asyo = Aster yomena, meal =

Melilotus alba, loja = Lonicera japonica).
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Fig. 4-6. Species roles of plants represented by among-module connectivity (c) and within—module
degree (z) values in three coastal sand dunes (YN, DN, and SM). Each quadrant in scatter plot
indicates species role (pink = network hub, blue = module hub, green = connector, yellow = peripheral,
YN = Yangyang-gun Namae beach, DN = Donghae-si Nobong beach, SM = Samcheok-si Maengbang
beach).
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Fig. 4-7. Species roles of pollinators represented by among-module connectivity (c¢) and within—module
degree (z) values in three coastal sand dunes (YN, DN, and SM). Each quadrant in scatter plot
indicates species role (pink = network hub, blue = module hub, green = connector, yellow = peripheral,
YN = Yangyang—-gun Namae beach, DN = Donghae-si Nobong beach, SM = Samcheok-si Maengbang
beach).
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Fig. 4-8. Frequency of occurrence of insects belonging to Hymenoptera
and Diptera among 24 coastal sand dune sites investigated over 10 years
(A = Apis mellifera, B = Promachus yesonicus, C = Sphaerophoria
menthastri, D = Episyrphus balteatus, E = Eristalis tenax, ¥ = Bombus
ignitus, G = Campsomeris schulthessi, H = Eristalis cerealis, 1 =

Helophilus vigratus, ] = Helicophagella melanura).
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B @3] A TAGel UE ARG 2 o A

Ao ko (B F 2003, 2004a, 2004b, 2006, 2007, = 37 25k, 2008,
2009, 2010, 2011, 2012, 2013) ol& A eA T g AHF 7|55 o=
g FraAd dEdee de Awy Bk 48 o FolAA Eavh
gA dleel Aska FYAEe §

ol @ AHA ZlBel AW ok ¥ AT We] FE BFo] A
Fah ATAG e HB-FRAAG EQA] AT 7%, 5ol
Fage wolFn PPN FAA A AF Ag FRAA 1k

A wedd 5 gdee AAE

 FEol e AMATAGA M

Al A el A % Zpol= UIES A9 connectanceo]
711 & sHA &g Ao R daEn. st Al A A ¢
connectance(C)¥ 0.142~0.158% o|Bt} UEYA F 57 QA= 2H&
A A B sEekok(d): = 0.195~0.323, Padron et al., 2009; 0.29, Shay
et al,, 2016). ¥H¥, FZAMA ARG UES A F T57F B AA (!
0.05, Traveset et al., 2017) 2. t}+= connectance”} % $tt}. Connectance(C)&
AukA o7 YEQA U F T4 vk et= A ado] Ath(Aizen et al,
2008; Dormann et al.,, 2009). ¥t 2] Zlo = UEY A F FT57F 7HE
AL YNA o] o]Rt} @& DN ¥ SMA 9 HT} connectance’}F St Sk Tt

AAYEE H5d FEAE £ ohul 2 BB JI4E 52



A= B2 YNA G| A wfj7fx} #o] gli= 2= 3F(L. japonicus, C.
communis, I. hederacea)°|tt A AT Ao o] &9 v connectance®l
71 & Aol

Nested 729 el MEAA= ddo] Zxsty kAol
E48 Ad(Bascompte et al., 2003; Memmott et al., 2004; Thebault
nd Fontaine, 2010). 7]&ol] M ¥ Aol HAA2E2] F
-SRI EY A9 nestednessE S7HA1A Aol digh gEAgd S
7N 7= ABE 74 2 A Y (Bascompte et al., 2008) nestedness <43 9
Aol W3lE FEstA E3 Y (Padron et al, 2009; Vila et al., 2009;
Larson et al., 2016). &t} & AFo|A HgAEo] Fd=H Al
A AALFA G ] UES A= BT nestedness TFRE B oA &gt o
AT A B50F ol Tox F4E UEAE A E nestedness £
B ¢4t (Bascompte et al., 2003; Padrén et al., 2009; Kondoh et al., 2010).
A A ENI F FFE 62~89F o2 olnt} kAT nested

25 WA FR7] wZol Aol FHoF HHdS RoEr Al AY
ZbEdAE AR E oiH] A EY = e
SMA ol A z-score7t 7 StA WEbES aelshd
A MEAAE Ao Hd HHE A3t E ¢ des &
U= L
WA = vFE At s AHE-gl
specialization(H>') ¢} modularity(Q) z-score’} Al A9 F 7M4 =99 A
- o] H Al Aotk MENA & T R £ Ao 9FS
A o A A AstE WgkekAl 2 wkd sk H'(Blitthgen et al., 2006;
Kaiser-Bunbury and Bliithgen, 2015; Soares et al., 2017)= I 44 =9 =

FE7F 7HE = SMA Y ghol JHE = YERET. SMA A e

i
rlo

> 8
rlo
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specialization(Hy = 0.626)2 A9 9 HoH(H,' = 0.39; Chacoff et al., 2012)
oF 1.6¥) o =¢kal, Ao Abelx o (Hy' = 0.26~0.59, Watts et al.,
2016) Rt} =okvh, vk dlEE FAY Rgdg o] UESAH = 0.685;
Traveset et al., 2017)9= FAFRICE A3 o7 o] %o Hy':= A F7HA
ZAFE 51709 M EYAAA 2HE" He'el H+(0.55, Blithgen et al.,
2007)¥.t} ¥ ¢ktl. Dormann and Strauss(2014)2] A3} ko] Al x4 9
modularity z-score®] W3} ¢ %= Hy' o &3 FA T A57H4] €

x

ATENNE FYNEFo] FY8 Age], aelm JYNBF TPt
%

dir

S+ 2 Hy E+F modularity(Q) kol 743k
al., 2014; Stout and Casey, 2014; Larson et al., 2016; Soares et al., 2017).
olE dATddME AAAEFTE] AR FHH LrE7H(super

Av AEZFES] &2HE 2t UEYAY

.

ZIAIZ 7] W <ol (Albrecht

generalist) 9 & & 3}

specializations Y331 module 7+ 28-S

4

et al.,, 2014; Stout and Casey, 2014; Larson et al., 2016; Soares et al.,
2017) Ho' ¢} modularity ¥ A %7} 24 8th ol ¢ Al AxE 19l
SMA 9& =3 71 2e module(87])2 FA 3Tt ol2l3r Ay

o B $AAdo] o Aolo YENAS O BAINALE

= ~
THAH (B A 5] = ol 9]) degree T 9wk 15565=
DN = 6552t} o 3] A% ¢ E=dch(Appendix 4 331). o] A7 o}t
]

R O s S EOERIE)

Al
A5t E7] WY Aol (Fig. 4-5). IYPAEo 2 FFo=
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F9E YMEYZANA Ho' ¢ modularity 7} A vebd Aldls oo =

719l 4# A B vl =& specializationS HolE WEYAE ddd ¢

o

ksl 2 = J(Biesmeijer et al.,, 2006; Burkle et al., 2013). &<+ B2
ATAELS A=Y FHAQD o] HEN A A A9 AE7
7159 AstsE 2dT 7t Aa3 vk Jo(Vila et al, 2009;
Kaiser-Bunbury et al., 2017, Vanbergen et al., 2018) ©|& 53t Alg =
opA A FEZ7 AA oIty SMAI I FANG A A F2E VA= &

A o]t ST S-S Hole=A FIF Hart Qv ¢ &9
E1

ojH 3 MEANA @3t ddo] AN s/ VA= FFE
glgtvtd Azl g ddAQl weet vidoel =wo] 2 Aol

142. TAFN A0A 4@

HEY AN ARG o g3t iiaE welstes JAdAES
AR A ES A st HER A A4 A3 o HAE S =ol7=
stA R ol 5o ek R JFAALS A g HFH S SUHAE F
2t} (Carvalheiro et al., 2008; Vila et al., 2009; Ferrero et al., 2013).
AR BE AFTAGOA AAANEFS UESZ] connectord & F L

MEADY 53 AFYS FAGE GdFoR JuHAL. 53

Nz 24 AgelA £ S5k daglol 19~33F 2 WA=

2l (Appendix 4). o] dFoA] o] &9 wj/fA FAS FAE Kim

t al.(2012)2] 23 3B1F) AR W x7F A2 - At
A AGo| A A= vl Fo] vl§ =5S HAFH. MYExRE BEE
2] o] A connector = AAF o F AEE o R o5 JAI AAE

e AFES =Y F vk 22y o] &2 iAol
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a1 4 (apomixis)S 3 w2 A g2kE 4 9l oW (Stratton, 1991;
Pacanoski, 2017), o|= <la} 7B A 7} S7kskd ZHAIw A 9] 713} 7] 7ol

dojd & gome AANEe] @ o5 A FHEF, FRuA4E

°l

muEHE; Memmott et al.,, 2004)0] 4l F o 2 2] x o] gt}
FEEILE Tk AT vEYSAS AT T FA FANF AANE

22 g FolAtt. o] & F A (DN, SMAA FAA o] st

%, 123 module W&o FE& A= network hub®
Aok A 1093 AR S df AR o (244 o5 #HA -, 2003,
2004a, 2004b, 2006, 2007, = €27 2}sk<1, 2008, 2009, 2010, 2011, 2012,
2013)0l Al o] o] AAIstE w2 FARNEQIAY =9 Fig. 4-8)v ol =9
o A S wrgsta e AT Sl AAA =T (A S DS

B A A, ehl 7 v )3 A Al S A

HsAde AARRY B EES AR 7 A oA A (YN, DN, SM),
S5 A= (YN, DN), E7]Z(YN), A4 A2 (YN, DN), 37542 (SM),
5@ =(SM)¥ modules 374§ L (Figs. 4-3, 4-4, 4-5) A2 =2

FHAETS AdstE 9L Atk 7 AGo) A o[Ee] A o]
Wit AW E E71E(YN; 2H7] 35.6%, 27.8%), a A= 2 %A 2 (DN;

36.2%, 21.0%), Sl d-s»el et =0 7l u5-(SM; 45.9%, 32.0%)° F < ¥ At
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d & A. planipennis, 5
Crabronidae sp. 1, Hylaeus sp. 1, T. tsushimae, 32 = Tachinidae sp.

8= & Aol MEA] AN A8tz B T2 SEARE A A E o]

FAAQ AAE FrIGd AALES o FFANE 5 de o=
ddEn. ol T EF 3T Aol BY EE AR W A4 #5
A28 7hs el o r R (Howe et al, 2010; Shay et al, 2016) 3 )2 &
frdolut A 2A shafe] Heksjd At
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Appendix 1. Plant-pollinator interaction matrix in YN site. Plants are arranged in rows with species
names, and pollinators in column with numbers. Pollinators to each number are listed in Appendix 10

(YN = Yangyang-gun Namae beach).

123456 7 8 910111213 14151617 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47

Glehnia littoralis 8(10[16 20|18 6 (13 111[(8[1]2 415|5[2]|1 118 2 1[1]1]1
Erigeron annuus 413 [1[1]23 2(2|1[1]4]1 2 4 112 1 111 1]1
Calystegia soldanella 32 3|4 1 1
Trifolium repens 25 2|6 1 1 1 1 112
Coreopsis lanceolata 15| 2 8 3 2 2
Ixeris repens 117 8|6 1 6 1 1
Taraxacum officinale 4 3|1 2 1 1 1 1 111
Crepidiastrum sonchifolium 3 9 1
Oenothera biennis 6 3 2
Amorpha fruticosa 6 5
Potentilla supina 6 1 1 1 1
Pimpinella brachycarpa 2 1 6 1
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Appendix 2. Plant-pollinator interaction matrix in DN site. Plants are arranged in rows with species
names, and pollinators in column with numbers. Pollinators to each number are listed in Appendix 11

(DN = Donghae-si Nobong beach).

123456 7 8 91011121314151617 1819 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58

Potentilla chinensis 22|56 |42 9 |11 17(1]3 401 7 4 2(3]2 1]/2]3]4 3 1 2(2(2|2]2]2 11111
Erigeron annuus 1155 |3 ]2 1 1 4(1[1 1 1111 101 101[1
Coreopsis lanceolata 50384 |1[3]2]2 1117 3|2]7]2 1 2|42 2 2|11 101
Vitex rotundifolia 11 1[10 2|6 8 3 (1 7 1 3 1 2
Galium verum var. asiaticum 1]28]|4 9|3 1 3 1
Cuscuta pentagona 15 1]13 4 1 ar
Glehnia littoralis 12 2 11
Amorpha fruticosa 16 1
Calystegia soldanella 12 1 1
Oenothera biennis 1 17 2 2 1
Scutellaria strigillosa 3 1
Diodia teres 1 5 1 2 1 1 1
Taraxacum officinale 1
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Appendix 3. Plant-pollinator interaction matrix in SM site. Plants are arranged in rows with species
names, and pollinators in column with numbers. Pollinators to each number are listed in Appendix 12

(SM = Samcheok-si Maengbang beach).

1234 5 6 7 8 910111213 1415 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74

El’igeron annuus [182] 3 18] 1 2 2|3 3 414 4l201 1]2(1]2 4 af1f1]1 1]1]2(1 2(1(1[2]1 111
Melilotus alba s6320] [20] [1s[1]1 o] 8] [s 2 23 ARE 2] 1 al2]| |1 2 1 IR 1 2 1
Vitex rotundifolia 3937 2 3[20 171 9 1 1 3|2 3 2)1 1 2 1 1
Glehnia littoralis 3 4 14 18 19 102 1] 6 4 8 11 2|2 RN
Cuscuta pentagona 7 16[8]1]14 1]14l9 2 2 6le|2 1 2 1 11 11
Oenothera biennis 5 7 1 3 1 6 5 4 1 1 1
Taraxacum officinale 7|4 2] 1 7 3 1 1 1
Coreopsis lanceolata 1 2 8 2
Aster yomena 1 1 3 5 2 T
Calystegia soldanella 6 2 1
Crepidiastrum sonchifolium 1 1 1 3 1]
Scutellaria strigillosa 1 1 1 3 1 1
Rosa rugosa 1 1 3 1
Lespedeza tomentosa 1 1 1
Lonicera japonica 1
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Appendix 4. Degree of native and invasive plants in three coastal sand dunes. Degree
indicates number of interactions per species (YN = Yangyang-gun Namae beach, DN =

Donghae-si Nobong beach, SM = Samcheok-si Maengbang beach).

Degree

Classification Species name YN DN 3

Native plants Aster yomena -
Calystegia soldanella
Crepidiastrum sonchifolium
Galium verum var. asiaticum -
Glehnia littoralis 24
Ixeris repens
Lathyrus japonicus
Lespedeza tomentosa - -
Lonicera japonica - -
Pimpinella brachycarpa 4 -
Potentilla chinensis - 32
Rosa rugosa - -
Scutellaria strigillosa - 2 6
Vitex rotundifolia - 13 20

18

S o
I woo 1w
|

o= w |

Total 44 61 67
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Appendix 4. Continued.

. L . Degree

Classification Species name YN DN SM

Invasive plants Amorpha fruticosa 2 2 -
Commelina communis 0 - -
Coreopsis lanceolata 6 25 4
Cuscuta pentagona - 7 20
Diodia teres - 7 -
Erigeron annuus 21 19 33
Ipomoea hederacea 0 - -
Medicago Ilupulina - 0 -
Melilotus alba - - 29
Oenothera biennis 3 6 11
Potentilla supina 5 - -
Taraxacum officinale 10 1 9
Trifolium repens 9 - -
Total 56 67 106
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Appendix 5. Species strength of native and invasive plants in three coastal sand dunes.
Species strength is calculated by number of interaction frequency of a plant to total
number of interaction frequencies (Barrat et al., 2004) (YN = Yangyang-gun Namae

beach, DN = Donghae-si Nobong beach, SM = Samcheok-si Maengbang beach).

Species strength

Classification Species name YN DN M
Native plants Aster yomena - - 0.014
Calystegia soldanella 0.101 0.020 0.010
Crepidiastrum sonchifolium 0.032 - 0.009
Galium verum var. asiaticum - 0.071 -
Glehnia littoralis 0.324 0.036 0.117
Ixeris repens 0.077 - -
Lathyrus japonicus 0 - -
Lespedeza tomentosa - - 0.003
Lonicera japonica - - 0.001
Pimpinella brachycarpa 0.025 - -
Potentilla chinensis - 0.306 -
Rosa rugosa - - 0.007
Scutellaria strigillosa - 0.020 0.009
Vitex rotundifolia - 0.080 0.159
Total 0.559 0.533 0.329
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Appendix 5. Continued.

Species strength

Classification Species name YN DN M
Invasive plants Amorpha fruticosa 0.027 0.024 -
Commelina communis 0 - -
Coreopsis lanceolata 0.079 0.151 0.014
Cuscuta pentagona - 0.051 0.104
Diodia teres - 0.017 -
Erigeron annuus 0.144 0.203 0.282
Ipomoea hederacea 0 - -
Medicago lupulina - 0 -
Melilotus alba - - 0.207
Oenothera biennis 0.027 0.020 0.038
Potentilla supina 0.025 - -
Taraxacum officinale 0.040 0.001 0.026
Trifolium repens 0.099 - -
Total 0.441 0.467 0.671
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Appendix 6. Specialization (d’) of native and invasive plants in three coastal sand dunes
[Lathyrus japonica, Ipomoea hederacea, and Medicago lupulina were excluded in the list
because degrees (number of interaction partners) of those species were all zero] (YN =

Yangyang—gun Namae beach, DN = Donghae-si Nobong beach, SM = Samcheok-si

Maengbang beach).

e L. . d’
Classification Species name YN DN M
Native plants Aster yomena - - 0.523
Calystegia soldanella 0.421 0.345 0.327
Crepidiastrum sonchifolium 0.724 - 0.746
Galium verum var. asiaticum - 0.742 -
Glehnia littoralis 0.572 0.823 0.781
Ixeris repens 0.606 - -
Lathyrus japonicus - - -
Lespedeza tomentosa - - 0.533
Lonicera japonica - - 0.008
Pimpinella brachycarpa 0.690 - -
Potentilla chinensis - 0.547 -
Rosa rugosa - - 0.667
Scutellaria strigillosa - 0.757 0.518
Vitex rotundifolia - 0.553 0.647
Median 0.606 0.648 0.533
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Appendix 6. Continued.

. oL . d’

Classification Species name YN DN M

Invasive plants Amorpha fruticosa 0.306 0.421 -
Commelina communis - - -
Coreopsis lanceolata 0.386 0.345 0.777
Cuscuta pentagona - 0.622 0.541
Diodia teres - 0.495 -
Erigeron annuus 0.519 0.715 0.713
Ipomoea hederacea - - -
Medicago lupulina - - -
Melilotus alba - 0.587
Oenothera biennis 1 0.846 0.653
Potentilla supina 0.518 - -
Taraxacum officinale 0.509 0.464 0.317
Trifolium repens 0.378 - -
Total 0.509 0.495 0.620
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Appendix 7. Degree, species strength, and specialization (d’) of
pollinators in YN site. Numbers in ID column corresponds to numbers

present in columns of Appendix 1 (YN = Yangyang-gun Namae beach).

Species name 1D Species strength Degree d’
Agrius convolvuli 17 0.014851485 1 0.843865
Apis cerana 4 0.059405941 5 0.407858
Apis mellifera 1 0.222772277 9 0.498142
Camponotus japonicus 43 0.002475248 1 0
Campsomeris sp. 1 9 0.037128713 4 0.202904
Coleoptera sp. 1 13 0.01980198 3 0.595836
Colias erate 11 0.02970297 4 0.640031
Ctenoplusia albostriata 31 0.004950495 1 0.618439
Ducetia japonica 27 0.007425743 1 0.69185
Ephydridae sp. 1 15 0.017326733 2 0.44892
Ephydridae sp. 4 7 0.044554455 1 0.343634
Eristalis arbustorum 34 0.002475248 1 0.167122
Eumeninae sp. 1 22 0.00990099 3 0.013751
Fuveres argiades 33 0.004950495 1 0.329487
Exhylanthrax afer 10 0.037128713 3 0.233745
Geocoris pallidipennis 26 0.007425743 1 0.104311
Halictidae sp. 1 36 0.002475248 1 0.167122
Halictidae sp. 2 44 0.002475248 1 0.295621
Harpocera choii 21 0.012376238 1 0.176436
Hylaeus sp. 1 40 0.002475248 1 0
Kateretidae sp. 1 12 0.024752475 4 0.236405
Lucilia illustris 28 0.004950495 2 0.235306
Lycaena dispar 23 0.00990099 3 0.119703
Lycaena phlaeas 16 0.014851485 4 0.094561
Lygaeidae sp. 1 29 0.004950495 1 0.063962
Lygaeus equestris 18 0.012376238 2 0.27445
Meguachile sp. 1 24 0.00990099 3 0.276311
Mordella aculeata 30 0.004950495 1 0.379431
Parnara guttatus 32 0.004950495 2 0.276888
Pieris rapae 8 0.037128713 5 0.39821
Pieris melete 46 0.002475248 1 0.431287
Pristomyrmex pungens 6 0.04950495 1 0.361874
Sciaridae sp. 1 14 0.01980198 1 0.246741
Scythrididae sp. 1 3 0.071782178 5 0.186721
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Appendix 7. Continued.

Species name 1D Species strength Degree d’
Scythris sinensis 35 0.002475248 1 0.167122
Sphaerophoria menthastri 2 0.076732673 8 0.246256
Sphecidae sp. 1 19 0.012376238 2 0.122933
Stictopleurus crassicornis 5 0.056930693 1 0.673416
Syritta pipiens 39 0.002475248 1 0.527694
Tachinidae sp. 1 41 0.002475248 1 0
Tachinidae sp. 10 42 0.002475248 1 0
Tachinidae sp. 11 38 0.002475248 1 0.167122
Tachinidae sp. 12 47 0.002475248 1 0.527694
Tachinidae sp. 7 45 0.002475248 1 0.431287
Tachinidae sp. 8 20 0.012376238 1 0.176436
Tachinidae sp. 9 37 0.002475248 1 0.167122
Villa sp. 2 25 0.007425743 3 0.21336
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Appendix 8. Degree, species strength, and specialization (d’) of

pollinators in DN site. Numbers in ID column correspond to numbers

present in columns of Appendix 2 (DN = Donghae-si Nobong beach).

Species name 1D Species strength Degree d’
Agrilus planipennis 5 0.044096728 2 0.719581
Agrius convolvuli 49 0.001422475 1 0.508614
Andrenidae sp. 1 50 0.001422475 1 0

Apis cerana 7 0.035561878 5 0.228395
Apis mellifera 2 0.149359886 7 0.352478
Blitopertha orientalis 58 0.001422475 1 0.271591
Bombus hypocrita sapporoensis 54 0.001422475 1 0.159161
Bombus ignitus 35 0.00284495 2 0
Camponotus japonicus 9 0.029871977 3 0.233507
Campsomeris sp. 1 3 0.110953058 4 0.338576
Campsomeris sp. 2 16 0.018492176 3 0.18936
Ceratina sp. 1 12 0.025604552 3 0.676522
Cerceris sp. 1 31 0.004267425 1 0.145419
Cerceris sp. 2 27 0.0056899 2 0.195628
Coccinellidae sp. 1 45 0.001422475 1 0.07593
Colias erate 11 0.025604552 5 0.226732
Crabronidae sp. 1 28 0.0056899 1 0.162173
Ctenoplusia albostriata 19 0.009957326 1 0.840928
Cupido argiades 29 0.004267425 3 0.234969
Cylindromyia brassicaria 34 0.00284495 2 0.028974
Ducetia japonica 36 0.00284495 1 0.623378
Eristalis arbustrorum 26 0.0056899 3 0.058927
Eristalis tenax 33 0.00284495 1 0.231568
FEumenes fraterculus 48 0.001422475 1 0.131679
Eumeninae sp. 1 46 0.001422475 1 0.07593
Exhylanthrax afer 4 0.065433855 4 0.315605
Geocoris pallidipennis 14 0.019914651 4 0.561479
Halictidae sp. 1 6 0.036984353 8 0.205077
Halictidae sp. 2 52 0.001422475 1 0
Halictus aerarius 43 0.00284495 1 0.355067
Hylaeus sp. 1 37 0.00284495 1 0.094692
Kateretidae sp. 1 13 0.021337127 3 0.118865
Lucilia illustris 30 0.004267425 2 0.139595
Lycaena phlaeas 41 0.00284495 1 0.094692
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Appendix 8. Continued.

Species name 1D Species strength Degree d’
Macroglossum stellaparum 32 0.004267425 1 0.414532
Megachile rixator 17 0.017069701 3 0.334428
Megachile sp. 1 25 0.0056899 3 0.039333
Melanotus cete 55 0.001422475 1 0.332757
Narathura japonica 53 0.001422475 1 0
Oedemera sp. 1 42 0.00284495 1 0.094692
Parnara guttatus 15 0.018492176 4 0.378125
Philanthus triangulum 18 0.011379801 4 0.10377
Pieris rapae 24 0.007112376 2 0.214512
Pompilidae sp. 2 38 0.00284495 1 0.094692
Prionyx sp. 1 51 0.001422475 1 0
Rutelidae sp. 1 56 0.001422475 1 0.332757
Sphaerophoria menthastri 23 0.007112376 3 0.032521
Sphecidae sp. 1 44 0.001422475 1 0.07593
Stictopleurus crassicornis 1 0.170697013 2 0.80961
Stomorhina obsoleta 47 0.001422475 1 0.131679
Syritta pipiens 22 0.008534851 2 0.21035
Syrphidae sp. 1 21 0.008534851 4 0.150288
Tachinidae sp. 1 10 0.025604552 5 0.480228
Tachinidae sp. 8 40 0.00284495 1 0.094692
Tetramorium tsushimae 8 0.029871977 2 0.663154
Villa sp. 1 39 0.00284495 1 0.094692
Xylocopa appendiculata circumvolans 20 0.009957326 1 0.522785
Zizina otis 57 0.001422475 1 0.537316
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Appendix 9. Degree, species strength, and specialization (d’) of

pollinators in SM site. Numbers in ID column correspond to numbers

present in columns of Appendix 3 (SM = Samcheok-si Maengbang

beach).

Species name ID Species strength Degree d’
Agrilus planipennis 11 0.022776573 3 0.401115
Agrius convolvuli 42 0.004338395 1 0.576471
Apis cerana 15 0.020607375 2 0.342102
Apis mellifera 2 0.132321041 10 0.267419
Bombus ignitus 8 0.026030369 4 0.378891
Bombus ussurensis 10 0.023861171 3 0.413131
Calliphoridae sp. 1 25 0.009761388 3 0.17248
Camponotus japonicus 70 0.001084599 1 0.179175
Campsomeris sp. 1 4 0.039045553 2 0.357792
Campsomeris sp. 2 13 0.021691974 3 0.275048
Ceratina sp. 1 28 0.007592191 4 0.567056
Coccinellidae sp. 1 23 0.009761388 3 0.222688
Colias erate 9 0.023861171 9 0.383419
Crabronidae sp. 1 47 0.003253796 1 0.813807
Ctenoplusia albostriata 32 0.006507592 1 0.63792
Cupido argiades 40 0.004338395 2 0.120273
Cylindromyia brassicaria 33 0.005422993 2 0.250416
Ducetia japonica 68 0.001084599 1 0.360627
Ephydridae sp. 2 27 0.00867679 1 0.433295
Ephydridae sp. 3 53 0.002169197 2 0.248528
Ephydridae sp. 4 18 0.015184382 2 0.289955
Episyrphus balteatus 64 0.001084599 1 0
Eristalinus tarsalis 39 0.004338395 3 0.107003
Eristalis arbustrorum 22 0.010845987 2 0.224622
Eristalis tenax 43 0.003253796 3 0
Fumenes fraterculus 30 0.007592191 3 0.104897
Exhylanthrax afer 19 0.014099783 4 0.309286
Gametis jucunda 46 0.003253796 2 0.071153
Geocoris pallidipennis 45 0.003253796 2 0.087715
Gymnosoma rotundatum 61 0.002169197 2 0.116358
Halictidae sp. 1 16 0.018438178 6 0.17433
Halictidae sp. 2 62 0.002169197 1 0.156729
Halictidae sp. 3 71 0.001084599 1 0.428478
Halictus aerarius 50 0.002169197 2 0
Hemaris affinis 20 0.013015184 3 0.252052
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Appendix 9. Continued.

Species name 1D Species strength Degree d’
Hemiptera sp. 1 52 0.002169197 1 0.099685
Hylaeus sp. 1 36 0.005422993 3 0.624303
Ichneumonidae sp. 1 63 0.001084599 1 0
Kateretidae sp. 1 49 0.002169197 1 0.099685
Lucilia illustris 44 0.003253796 3 0.063039
Lygaeus equestris 12 0.021691974 3 0.37878
Macroglossum stellaparum 48 0.003253796 2 0.123805
Meguachile rixator 17 0.01626898 3 0.301118
Megachile sp. 1 26 0.009761388 2 0.780038
Megachile sp. 2 73 0.001084599 1 0.626046
Melanotus cete 69 0.001084599 1 0.179175
Menida musiva 67 0.001084599 1 0.157993
Mesembrius flaviceps 38 0.004338395 3 0.052622
Miridae sp. 1 57 0.002169197 1 0.262184
Mordella aculeata 21 0.011930586 1 0.468148
Papilio xuthus 55 0.002169197 2 0.467993
Paragus haemorrhous 58 0.002169197 2 0.513778
Parnara guttatus 3 0.043383948 2 0.486515
Philanthus triangulum 6 0.034707158 4 0.35737
Pieris rapae 35 0.005422993 2 0.169907
Scolia discolia oculata 41 0.004338395 2 0.372149
Scythrididae sp. 1 56 0.002169197 1 0.262184
Scythris sinensis 54 0.002169197 2 0.732694
Sphaerophoria menthastri 5 0.036876356 6 0.173581
Stictopleurus crassicornis 1 0.206073753 3 0.746025
Stomorhina obsoleta 31 0.006507592 3 0.084309
Syritta pipiens 24 0.009761388 3 0.223843
Tachinidae sp. 1 7 0.032537961 3 0.364595
Tachinidae sp. 2 74 0.001084599 1 0.055462
Tachinidae sp. 3 65 0.001084599 1 0.157993
Tachinidae sp. 4 51 0.002169197 2 0
Tachinidae sp. 5 60 0.002169197 2 0.092143
Tachinidae sp. 6 37 0.004338395 1 0.18491
Tachinidae sp. 8 66 0.001084599 1 0.157993
Tetramorium tsushimae 14 0.020607375 1 0.542755
Theretra oldenlandiae 34 0.005422993 1 0.611593
Vanessa cardui 72 0.001084599 1 0.10255
Villa sp. 1 29 0.007592191 3 0.077408
Zizina otis 59 0.002169197 2 0.478885
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Appendix 10. Among-module connectivity (c¢) and within-module degree

(z) of plants in three coastal sand dunes (YN = Yangyang-gun Namae

beach, DN = Donghae-si Nobong beach, SM = Samcheok-si Maengbang

beach). ¢ and z values of species with zero degree were not present in

this table.

Species name

»
=

Amorpha fruticosa”
Aster yomena
Calystegia soldanella
Commelina communis”
Coreopsis lanceolata”

Crepidiastrum sonchifolium

Cuscuta pentagona”
Diodia teres”
Erigeron annuus”

Galium verum var. asiaticum

Glehnia littoralis
Ipomoea hederaced”
Ixeris repens
Lathyrus japonicus
Lespedeza tomentosa
Lonicera japonica
Medicago lupulina
Melilotus alba*
Oenothera biennis*
Pimpinella brachycarpa
Potentilla chinensis
Potentilla supina”
Rosa rugosa
Scutellaria strigillosa
Taraxacum dofficinale”
Trifolium repens”
Vitex rotundifolia

o 1 ola

o ol ooco | oo | N
o o1
w co

-0.71
-0.58

1.15
1.26

0.71
-1.26
-0.63

invasive plant

- 160 -



Appendix 11. Among module connectivity (c¢) and within-module degree

(z) of pollinators in YN site (YN = Yangyang-gun Namae beach).

Species name C Z
Agrius convolvuli 0 0
Apis cerana 0.32 1.06
Apis mellifera 0.5 1.06
Camponotus japonicus 0 0
Campsomeris sp. 1 0.75 -0.45
Coleoptera sp. 1 0.67 0
Colias erate 0.63 1.79
Ctenoplusia albostriata 0 0
Ducetia japonica 0 0
Ephydridae sp. 1 0.5 -0.45
Ephydridae sp. 4 0 0
Eristalis arbustorum 0 0
Eumeninae sp. 1 0.67 0
Fuveres argiades 0 -0.92
Exhylanthrax afer 0.67 0
Geocoris pallidipennis 0 0
Halictidae sp. 1 0 0
Halictidae sp. 2 0 -0.45
Harpocera choii 0 0
Hylaeus sp. 1 0 0
Kateretidae sp. 1 0.75 0
Lucilia illustris 0.5 -0.59
Lycaena dispar 0.67 0
Lycaena phlaeas 0.75 0
Lygaeidae sp. 1 0 0
Lygaeus equestris 0.5 0
Megachile sp. 1 0.44 -0.26
Mordella aculeata 0 -0.92
Parnara guttatus 0.5 -0.59
Pieris melete 0 -0.59
Pieris rapae 0.72 -0.45
Pristomyrmex pungens 0 0
Sciaridae sp. 1 0 0
Scythrididae sp. 1 0.72 0
Scythris sinensis 0 0
Sphaerophoria menthastri 0.81 1.46
Sphecidae sp. 1 0.5 0
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Appendix 11. Continued.

Species name

Stictopleurus crassicornis
Syritta pipiens
Tachinidae sp. 1
Tachinidae sp. 10
Tachinidae sp. 11
Tachinidae sp. 12
Tachinidae sp. 7
Tachinidae sp. 8
Tachinidae sp. 9
Villa sp. 2

eleoleoleolBeoleoleololeolslie
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Appendix 12. Among-module connectivity (¢) and within-module degree

(z) of pollinators in DN site (DN = Donghae-si Nobong beach).

Species name C z

Agrilus planipennis 0.5 -0.73
Agrius convolvuli 0 0

Andrenidae sp. 1 0 -0.52
Apis cerana 0.56 -0.71
Apis mellifera 0.69 2.82
Blitopertha orientalis 0 -0.73
Bombus hypocrita sapporoensis 0 -0.52
Bombus ignitus 05 -0.71
Camponotus japonicus 0.44 1.86
Campsomeris sp. 1 0.63 1.86
Campsomeris sp. 2 0.44 1.86
Ceratina sp. 1 0.44 0.71
Cerceris sp. 1 0 -0.52
Cerceris sp. 2 0.5 -0.52
Coccinellidae sp. 1 0 0

Colias erate 0.64 1.21
Crabronidae sp. 1 0 -0.52
Ctenoplusia albostriata 0 0

Cupido argiades 0.44 0.71
Cylindromyia brassicaria 05 -0.40
Ducetia japonica 0 0

Eristalis arbustrorum 0.44 1.86
Eristalis tenax 0 -0.40
FEumenes fraterculus 0 -0.40
Eumeninae sp. 1 0 0

Exhylanthrax.afer 0.75 -0.52
Geocoris pallidipennis 0.63 1.10
Halictidae sp. 1 0.78 2.12
Halictidae sp. 2 0 -0.52
Halictus aerarius 0 -0.71
Hylaeus sp. 1 0 -0.52
Kateretidae sp. 1 0.67 -0.40
Lucilia illustris 05 -0.40
Lycaena phlaeas 0 -0.52
Macroglossum stellaparum 0 -0.71
Megachile rixator 0.44 -0.40
Megachile sp. 1 0.67 -0.40
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Appendix 12. Continued.

Species name C z

Melanotus cete 0 -0.52
Narathura japonica 0 -0.52
Oedemera sp. 1 0 -0.52
Parnara guttatus 0.63 0.71
Philanthus.triangulum 0.75 -0.52
Pieris rapae 0.5 -0.40
Pompilidae sp. 2 0 -0.52
Prionyx sp. 1 0 -0.52
Rutelidae sp. 1 0 -0.52
Sphaerophoria menthastri 0.67 -0.40
Sphecidae sp. 1 0 0

Stictopleurus.crassicornis 0.5 0

Stomorhina obsoleta 0 -0.40
Syritta pipiens 0.5 -0.73
Syrphidae sp. 1 0.75 0

Tachinidae sp. 1 0.72 1.86
Tachinidae sp. 8 0 -0.52
Tetramorium tsushimae 0 1.10
Villa sp. 1 0 -0.52
Xylocopa appendiculata circumvolans 0 -0.71
Zizina otis 0 -0.71
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Appendix 13. Among-module connectivity (c¢) and within-module degree

(z) of pollinators in SM site (SM = Samcheok-si Maengbang beach).

Species name C z
Agrilus planipennis 0.67 0
Agrius convolvuli 0 -0.57
Apis cerana 0.5 -0.29
Apis mellifera 0.78 3.18
Bombus ignitus 0.63 -0.29
Bombus ussurensis 0.67 0
Calliphoridae sp. 1 0.67 0
Camponotus japonicus 0 0
Campsomeris sp. 1 0.5 0
Campsomeris sp. 2 0.67 0
Ceratina sp. 1 0.38 2.08
Coccinellidae sp. 1 0.67 0
Colias erate 0.79 2.08
Crabronidae sp. 1 0 -0.57
Ctenoplusia albostriata 0 -0.57
Cupido argiades 0.5 -0.29
Cylindromyia brassicaria 0.5 0
Ducetia japonica 0 -0.57
Ephydridae sp. 2 0 0
Ephydridae sp. 3 0.5 -0.57
Ephydridae sp. 4 05 0
Episyrphus balteatus 0 0
Eristalinustarsalis 0.67 0
Eristalis arbustrorum 0.5 0
Eristalis tenax 0.67 0
FEumenes fraterculus 0.67 -0.29
Exhylanthrax afer 0.75 -0.57
Gametis jucunda 0.5 -0.29
Geocoris pallidipennis 0.5 0
Gymnosoma rotundatum 0.5 0
Halictidae sp. 1 0.78 0
Halictidae sp. 2 0 -0.29
Halictidae sp. 3 0 -0.57
Halictus aerarius 0.5 -0.29
Hemaris affinis 0.67 0
Hemiptera sp. 1 0 0
Hylaeus sp. 1 0.67 -0.71
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Appendix 13. Continued.

Species name C z
Ichneumonidae sp. 1 0 0
Kateretidae sp. 1 0 0
Lucilia illustris 0.67 0
Lygaeus equestris 0.67 0
Macroglossum stellaparum 0.5 0
Megachile rixator 0.67 0
Megachile sp. 1 05 0
Megachile sp. 2 0 -0.57
Melanotus cete 0 0
Menida musiva 0 0
Mesembriusflaviceps 0.67 0
Miridae sp. 1 0 0
Mordella aculeata 0 0
Papilio xuthus 0.5 -0.57
Paragus haemorrhous 0 0.76
Parnara guttatus 0.5 0
Philanthus triangulum 0.75 -0.29
Pieris rapae 0.5 0
Scolia discolia oculata 05 0
Scythrididae sp. 1 0 0
Scythris sinensis 0 0.71
Sphaerophoria menthastri 0.78 0
Stictopleurus crassicornis 0.44 0
Stomorhina obsoleta 0.67 -0.29
Syritta pipiens 0.67 0
Tachinidae sp. 1 0.67 0
Tachinidae sp. 2 0 -0.29
Tachinidae sp. 3 0 0
Tachinidae sp. 4 05 -0.29
Tachinidae sp. 5 0.5 0
Tachinidae sp. 6 0 0
Tachinidae sp. 8 0 0
Tetramorium tsushimae 0 0
Theretra oldenlandiae 0 -0.57
Vanessa cardui 0 0
Villa sp. 1 0.67 0
Zizina otis 0 0.76
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Appendix 14. Betweenness centrality (BC) and closeness centrality (CC)
of plants in three coastal sand dunes (YN = Yangyang-gun Namae
beach, DN = Donghae-si Nobong beach, SM = Samcheok-si Maengbang

beach). BC and CC of species with zero degree were not present in this

table.
Species name YN DN SM
BC CcC BC CcC BC CcC

Amorpha fruticosa 0 0.09 0 0.070 - -
Aster yomena - - - - 0.038  0.065
Calystegia soldanella 0.060 0.095 O 0.070  0.090  0.071
Commelina communis 0 0 - - - -
Coreopsis lanceolata 0.213 0.085 0.291 0.093 0.026  0.063
Crepidiastrum sonchifolium 0.053  0.09 - - 0.032  0.063
Cuscuta pentagona - - 0 0.066 0.070  0.068
Diodia teres - - 0.044  0.081 - -
Erigeron annuus 0.213 0. 0.291 0.093 0136 0.073
Galium verum var. asiaticum - - 0.074  0.081 - -
Glehnia littoralis 0213 0.1 0 0.066  0.032  0.065
Ipomoea hederacea - - - - - -
Ixeris repens 0.084 0.1 - - - -
Lathyrus japonicus - - - - - -
Lespedeza tomentosa - - - - 0.030  0.060
Lonicera japonica - - - - 0 0.060
Medicago lupulina - - - - - -
Melilotus alba - - - - 0.136  0.073
Oenothera biennis 0 0075 0 0.074  0.048  0.065
Pimpinella brachycarpa 0 0.085 - - - -
Potentilla chinensis - - 0168 0.08 - -
Potentilla supina 0.031 0 - - - -
Rosa rugosa - - - - 0.020  0.058
Scutellaria strigillosa - - 0 0.074  0.068  0.068
Taraxacum officinale 0.031  0.09 0 0.068 0136 0.073

Trifolium repens 0.103
Vitex rotundifolia -

Lo
()
O

|

|

|

|

0131 0.085 0136  0.073
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Appendix 15. Betweenness centrality (BC) and closeness centrality (CC)

of pollinators in YN site (YN = Yangyang-gun Namae beach).

Species name BC CC

Agrius convolvuli 0 0.001368301
Apis cerana 0.024525379 0.022919042
Apis mellifera 0.085351078 0.027708096
Camponotus japonicus 0 0.022576967
Campsomeris sp. 1 0.072221663 0.027708096
Coleoptera sp. 1 0.056659321 0.02668187
Colias erate 0.017209411 0.022919042
Ctenoplusia albostriata 0 0.001368301
Ducetia japonica 0 0.001368301
Ephydridae sp. 1 0.011901409 0.023603193
Ephydridae sp. 4 0 0.022576967
Eristalis arbustorum 0 0.021550741
Eumeninae sp. 1 0.048737806 0.027023945
Fveres argiades 0 0.017331813
Exhylanthrax afer 0.056659321 0.02668187
Geocoris pallidipennis 0 0.022576967
Halictidae sp. 1 0 0.021550741
Halictidae sp. 2 0 0.017103763
Harpocera choii 0 0.022576967
Hylaeus sp. 1 0 0.022576967
Kateretidae sp. 1 0.097583982 0.028050171
Lucilia illustris 0.013589576 0.022919042
Lycaena dispar 0.058300992 0.027366021
Lycaena phlaeas 0.072002489 0.027366021
Lygaeidae sp. 1 0 0.022576967
Lygaeus equestris 0.006371298 0.022234892
Megachile sp. 1 0.000915332 0.017103763
Mordella aculeata 0 0.016419612
Parnara guttatus 0.008151936 0.02018244
Pieris melete 0 0.017787913
Pieris rapae 0.054819761 0.024629418
Pristomyrmex pungens 0 0.022576967
Sciaridae sp. 1 0 0.022576967
Scythrididae sp. 1 0.077761452 0.027708096
Scythris sinensis 0 0.021550741
Sphaerophoria menthastri 0.18518193 0.029076397
Sphecidae sp. 1 0.011901409 0.023603193
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Appendix 15. Continued.

Species name BC CC

Stictopleurus crassicornis 0 0.021550741
Syritta pipiens 0 0.016077537
Tachinidae sp. 1 0 0.022576967
Tachinidae sp. 10 0 0.022576967
Tachinidae sp. 11 0 0.021550741
Tachinidae sp. 12 0 0.015621437
Tachinidae sp. 7 0 0.017787913
Tachinidae sp. 8 0 0.022576967
Tachinidae sp. 9 0 0.021550741
Villa sp. 2 0.040154455 0.024629418
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Appendix 16. Betweenness centrality (BC) and closeness centrality (CC)

of pollinators in DN site (DN = Donghae-si Nobong beach).

Species name BC CC

Agrilus planipennis 0.013002981 0.017101949
Agrius convolvuli 0 0.012196739
Andrenidae sp. 1 0 0.017499669
Apis cerana 0.036679838 0.020482567
Apis mellifera 0.060821505 0.021278006
Blitopertha orientalis 0 0.012727032
Bombus hypocrita sapporoensis 0 0.017499669
Bombus ignitus 0.007163331 0.016903089
Camponotus japonicus 0.03302734 0.018493968
Campsomeris sp. 1 0.054066927 0.020830286
Campsomeris sp. 2 0.040282164 0.020084847
Ceratina sp. 1 0.007163331 0.016903089
Cerceris sp. 1 0 0.017499669
Cerceris sp. 2 0.010755069 0.018096248
Coccinellidae sp. 1 0 0.01491449
Colias erate 0.048208696 0.020681426
Crabronidae sp. 1 0 0.017499669
Ctenoplusia albostriata 0 0.012196739
Cupido argiades 0.017491847 0.017101949
Cylindromyia brassicaria 0.015061579 0.019687127
Ducetia japonica 0 0.012196739
Eristalis arbustrorum 0.035471662 0.019488267
Eristalis tenax 0 0.016107649
FEumenes fraterculus 0 0.016107649
Eumeninae sp. 1 0 0.01491449
Exhylanthrax.afer 0.046063597 0.020880286
Geocoris pallidipennis 0.030774341 0.019687127
Halictidae sp. 1 0.167783986 0.022272305
Halictidae sp. 2 0 0.017499669
Halictus aerarius 0 0.013588758
Hylaeus sp. 1 0 0.017499669
Kateretidae sp. 1 0.025238438 0.020482567
Lucilia illustris 0.004351832 0.017300809
Lycaena phlaeas 0 0.017499669
Macroglossum stellaparum 0 0.013588758
Megachile rixator 0.014606675 0.017300809
Megachile sp. 1 0.025238438 0.020482567
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Appendix 16. Continued.

Species name BC CC

Melanotus cete 0 0.012064165
Narathura japonica 0 0.017499669
Oedemera sp. 1 0 0.017499669
Parnara guttatus 0.015203902 0.017897388
Philanthus.triangulum 0.095980712 0.021079146
Pieris rapae 0.004351832 0.017300809
Pompilidae sp. 2 0 0.017499669
Prionyx sp. 1 0 0.017499669
Rutelidae sp. 1 0 0.012064165
Sphaerophoria menthastri 0.025238438 0.020482567
Sphecidae sp. 1 0 0.01491449
Stictopleurus.crassicornis 0.004351832 0.017300809
Stomorhina obsoleta 0 0.016107649
Syritta pipiens 0.012378901 0.018096248
Syrphidae sp. 1 0.084539311 0.021079146
Tachinidae sp. 1 0.064518148 0.021079146
Tachinidae sp. 8 0 0.017499669
Tetramorium tsushimae 0.000178348 0.012925892
Villa sp. 1 0 0.017499669
Xylocopa appendiculata circumvolans 0 0.013588758
Zizina otis 0 0.012395599

- 171 -



Appendix 17. Betweenness centrality (BC) and closeness centrality (CC)

of pollinators in SM site (SM = Samcheok-si Maengbang beach).

Species name BC CC

Agrilus planipennis 0.025061866 0.015359228
Agrius convolvuli 0 0.010535669
Apis cerana 0.002114428 0.013709063
Apis mellifera 0.195724421 0.018278751
Bombus ignitus 0.032450284 0.014089871
Bombus ussurensis 0.00853348 0.013962935
Calliphoridae sp. 1 0.04727112 0.015740036
Camponotus japonicus 0 0.011635779
Campsomeris sp. 1 0.005072739 0.014343742
Campsomeris sp. 2 0.036448795 0.015105357
Ceratina sp. 1 0.025351375 0.014216806
Coccinellidae sp. 1 0.012993947 0.015486164
Colias erate 0.073215879 0.016628586
Crabronidae sp. 1 0 0.009477871
Ctenoplusia albostriata 0 0.010535669
Cupido argiades 0.009766527 0.015359228
Cylindromyia brassicaria 0.012984929 0.013709063
Ducetia japonica 0 0.010535669
Ephydridae sp. 2 0 0.011339595
Ephydridae sp. 3 0 0.013328256
Ephydridae sp. 4 0.016625597 0.014597614
FEpisyrphus balteatus 0 0.013328256
Eristalinustarsalis 0.012993947 0.015486164
Eristalis arbustrorum 0.016625597 0.014597614
Eristalis tenax 0.014494116 0.015866971
FEumenes fraterculus 0.014494116 0.015866971
Exhylanthrax afer 0.025061866 0.015359228
Gametis jucunda 0.009766527 0.015359228
Geocoris pallidipennis 0.016625597 0.014597614
Gymnosoma rotundatum 0.003637654 0.013455192
Halictidae sp. 1 0.093600218 0.016882457
Halictidae sp. 2 0 0.012820513
Halictidae sp. 3 0 0.010281797
Halictus aerarius 0.009766527 0.015359228
Hemaris affinis 0.027337457 0.014470678
Hemiptera sp. 1 0 0.013328256
Hylaeus sp. 1 0.008839886 0.013328256
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Appendix 17. Continued.

Species name BC CC

Ichneumonidae sp. 1 0 0.013328256
Kateretidae sp. 1 0 0.013328256
Lucilia illustris 0.025061866 0.015359228
Lygaeus equestris 0.010640545 0.014597614
Macroglossum stellaparum 0.002114428 0.013709063
Meguachile rixator 0.007564522 0.013835999
Meguachile sp. 1 0.000439531 0.011931962
Megachile sp. 2 0 0.00990099
Melanotus cete 0 0.011635779
Menida musiva 0 0.011339595
Mesembriusflaviceps 0.014494116 0.015866971
Miridae sp. 1 0 0.011339595
Mordella aculeata 0 0.011339595
Papilio xuthus 0.000387409 0.010662605
Paragushaemorrhous 0.002518791 0.01078954
Parnara guttatus 0.002114428 0.013709063
Philanthus triangulum 0.025016749 0.016120843
Pieris rapae 0.002114428 0.013709063
Scolia discolia oculata 0.000914931 0.013074384
Scythrididae sp. 1 0 0.011339595
Scythris sinensis 0 0.009562495
Sphaerophoria menthastri 0.043776283 0.015866971
Stictopleurus crassicornis 0.004301856 0.013582127
Stomorhina obsoleta 0.014670018 0.015866971
Syritta pipiens 0.014670018 0.015866971
Tachinidae sp. 1 0.034596041 0.014851485
Tachinidae sp. 2 0 0.012820513
Tachinidae sp. 3 0 0.011339595
Tachinidae sp. 4 0.009766527 0.015359228
Tachinidae sp. 5 0.005072739 0.014343742
Tachinidae sp. 6 0 0.013328256
Tachinidae sp. 8 0 0.011339595
Tetramorium tsushimae 0 0.011339595
Theretra oldenlandiae 0 0.010535669
Vanessa cardui 0 0.011678091
Villa sp. 1 0.014494116 0.015866971
Zizina otis 0.008361758 0.011170348
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Appendix 18. Relative interaction frequency of pollinator species to native
plants in three invaded coastal sand dunes (YN = Yangyang-gun Namae

beach, DN = Donghae-si Nobong beach, SM = Samcheok-si Maengbang

beach)..

Relative interaction frequency

Species name Order to native plants

YN DN SM
Agrilus planipennis Coleoptera - 90.3 85.7
Agrius convolvuli Lepidoptera 0.0 0.0 0.0
Andrenidae sp. 1 Hymenoptera - 100.0 -
Apis cerana Hymenoptera 16.7 88 5.3
Apis mellifera Hymenoptera 444 429 41.0
Blitopertha orientalis Coleoptera - 100.0 -
Bombus hypocrita sapporoensis  Hymenoptera - 100.0 -
Bombus ignitus Hymenoptera - 50.0 8.3
Bombus ussurensis Hymenoptera - - 95.5
Calliphoridae sp. 1 Diptera - - 44.4
Camponotus japonicus Hymenoptera 100.0 95.2 0.0
Campsomeris sp. 1 Hymenoptera 80.0 71.8 0.0
Campsomeris sp. 2 Hymenoptera - 53.8 0.0
Ceratina sp. 1 Hymenoptera - 94.4 85.7
Cerceris sp. 1 Hymenoptera - 100.0 -
Cerceris sp. 2 Hymenoptera - 75.0 -
Coccinellidae sp. 1 Coleoptera - 0.0 11.1
Coleoptera sp. 1 Coleoptera 875 - -
Colias erate Lepidoptera 91.7 33.3 455
Crabronidae sp. 1 Hymenoptera - 100.0 100.0
Ctenoplusia albostriata Lepidoptera 0.0 0.0 0.0
Cupido argiades Lepidoptera - 33.3 0.0
Cylindromyia brassicaria Diptera - 50.0 20.0
Ducetia japonica Orthoptera 0.0 0.0 0.0
Ephydridae sp. 1 Diptera 100.0 - -
Ephydridae sp. 2 Diptera - - 100.0
Ephydridae sp. 3 Diptera - - 50.0
Ephydridae sp. 4 Diptera 100.0 - 71.4
Episyrphus balteatus Diptera - - 0.0
Eristalinus tarsalis Diptera - - 25.0
Eristalis arbustorum Diptera 0.0 50.0 60.0
Eristalis tenax Diptera - 0.0 33.3

- 174 -



Appendix 18. Continued.

Relative interaction frequency

Species name Order to native plants

YN DN SM
FEumenes fraterculus Hymenoptera - 0.0 28.6
Eumeninae sp. 1 Hymenoptera 50.0 0.0 -
FEveres argiades Lepidoptera 0.0 - -
Exhylanthrax afer Diptera 93.3 935 53.8
Gametis jucunda Coleoptera - - 0.0
Geocoris pallidipennis Hemiptera 100.0 92.9 33.3
Gymnosoma rotundatum Diptera - - 50.0
Halictidae sp. 1 Hymenoptera 0.0 65.4 47.1
Halictidae sp. 2 Hymenoptera 100.0 100.0 0.0
Halictidae sp. 3 Hymenoptera - - 0.0
Halictus aerarius Hymenoptera - 100.0 0.0
Harpocera choii Hemiptera 100.0 - -
Hemaris affinis Lepidoptera - - 75.0
Hemiptera sp. 1 Hemiptera - - 0
Hylaeus sp. 1 Hymenoptera 100.0 100.0 80.0
Ichneumonidae sp. 1 Hymenoptera - - 0.0
Kateretidae sp. 1 Coleoptera 10.0 26.7 0.0
Lucilia illustris Diptera 0.0 0.0 33.3
Lycaena dispar Lepidoptera 25.0 - -
Lycaena phlaeas Lepidoptera 33.3 100.0 -
Lygaeidae sp. 1 Hemiptera 100.0 - -
Lygaeus equestris Hemiptera 0.0 - 0.0
Macroglossum stellaparum  Lepidoptera - 100.0 66.7
Megachile rixator Hymenoptera - 25.0 80.0
Megachile sp. 1 Hymenoptera 50.0 25.0 11.1
Megachile sp. 2 Hymenoptera - - 100.0
Melanotus cete Coleoptera - 0.0 0.0
Menida musiva Hemiptera - - 100.0
Mesembrius flaviceps Diptera - - 50.0
Miridae sp. 1 Hemiptera - - 100.0
Mordella aculeata Coleoptera 0.0 - 100.0
Narathura japonica Lepidoptera - 100.0 -
Oedemera sp. 1 Coleoptera - 100.0 -
Papilio xuthus Lepidoptera - - 50.0
Paragus haemorrhous Diptera - - 50.0
Parnara guttatus Lepidoptera 0.0 61.5 92.5
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Appendix 18. Continued.

Relative interaction frequency

Species name Order to native plants

YN DN SM
Philanthus triangulum Hymenoptera - 62.5 0.0
Pieris melete Lepidoptera 0.0 - -
Pieris rapae Lepidoptera 53.3 0.0 60.0
Pompilidae sp. 1 Hymenoptera - 100.0 -
Prionyx sp. 1 Hymenoptera - 100.0 -
Pristomyrmex pungens Hymenoptera 100.0 - -
Rutelidae sp. 1 Coleoptera - 0.0 -
Sciaridae sp. 1 Diptera 100.0 - -
Scolia oculata Hymenoptera - - 0.0
Scythrididae sp. 1 Lepidoptera 89.7 - 100.0
Scythris sinensis Lepidoptera 0.0 - 100.0
Sphaerophoria menthastri Diptera 51.6 40.0 14.7
Sphecidae sp. 1 Hymenoptera 100.0 0.0 -
Stictopleurus crassicornis Hemiptera 0.0 0.0 05
Stomorhina obsoleta Diptera - 0.0 0.0
Syritta pipiens Diptera 0.0 100.0 0.0
Syrphidae sp. 1 Diptera - 33.3 -
Tachinidae sp. 1 Diptera 100.0 16.7 53.3
Tachinidae sp. 2 Diptera 100.0 - -
Tachinidae sp. 3 Diptera - - 100.0
Tachinidae sp. 4 Diptera - - 0.0
Tachinidae sp. 5 Diptera - - 0.0
Tachinidae sp. 6 Diptera - - 0.0
Tachinidae sp. 7 Diptera 0.0 - -
Tachinidae sp. 8 Diptera 100.0 100.0 100.0
Tachinidae sp. 9 Diptera 0.0 - -
Tachinidae sp. 10 Diptera 100.0 - -
Tachinidae sp. 11 Diptera 0.0 - -
Tachinidae sp. 12 Diptera 100.0 - -
Tetramorium tsushimae Hymenoptera - 100.0 100.0
Theretra oldenlandiae Lepidoptera - - 0.0
Vanessa cardui Lepidoptera - - 100.0
Villa sp. 1 Diptera - 100.0 429
Villa sp. 2 Diptera 33.3 - -
Xylocgm qpperdiaulatn aramdans Hymenoptera - 100.0 -
Zizina otis Lepidoptera - 0.0 50.0
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Abstract

Biodiversity conservation
based on ecological characteristics and

pollinator networks of Korean plants

Lee, Hakbong
Department of Biology
Graduate school of

Sungshin University

Pollination is a complex mechanism involving floral morphology, dichogamy,
flowering phenology, mating systems, pollinator diversity or behavior, and
mutualistic interaction at the community level; it thus reflects evolutionary
and ecological processes. In an era of global change, pollination not only
contributes to population persistence, but also maintains ecosystem function,
thus being a vitally important component of species or habitat conservation. I
investigated flowering phenology, mating systems, and pollinators of a rare
endemic plant, Megaleranthis saniculifolia, in a subalpine area of Sobaeksan
Mountain in Korea. I also examined a rare dichogamous flowering system in
a tropical tree, Toona sinensis (Meliaceae), the reproductive characteristics of
which have not been comprehensively studied. I studied plant-pollinator
interaction networks in invaded coastal sand dunes in Korea and analyzed
their structural characteristics to suggest conservation management measures

to maintaining ecosystem function and stability.
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I investigated the dichogamy, mating systems, and flowering characteristics
of M. saniculifolia populations [early and late snowmelt plots (ESP and LSP,
respectively)] in a subalpine area of Sobaeksan Mountain in Korea. In the
same population, diversity and abundance of pollinators visiting M.
saniculifolia at two different facing slope (NE and NW) during two different
times (early-flowering season Apr. 27-28 vs. mid-flowering season May 7-8)
were also investigated. M. saniculifolia exhibited incomplete protogyny in that
despite early maturation of pistils, maturation times of pistils and stamens
within flowers were partly overlapped. Control and hand-outcrossing
treatments produced significantly higher number of follicles (1.3, 2.8, and
5.3-fold) and seeds (1.7, 6.4, and 12.4-fold) per flower than autonomous and
hand-selfing treatments (P<0.001). Based on the aggregate fruit set, the
auto—fertility index (AI) and self-compatibility index (SI) were 0.33 and 0.50,
respectively. Snowmelt occurred 10 days earlier in ESP than in LSP, thereby
ESP and LSP showed distinct differences with regard to flowering longevity
and season, but showing only four days difference in peak flowering dates.
Twelve species belonging to four orders were observed in M. saniculifolia at
both sites during two different time periods. Most pollinators were flies (five
species) and bees (four species). Among total of 12 visitors nine species were
determined to be effective pollinators that transport pollen to stigma. Pollinator
diversity increased during mid-flowering season with high temperature (277C)
compared to early—flowering season at low temperature (15.8C)(mid vs. early
= 10 vs. 7) and visitation frequency increased by more than 4 times during
mid-flowering season (67 vs. 281). Dominant pollinators changed from flies
during early—flowering season to bees during mid-flowering season. Visitation
frequency of pollinators was proportional to temperature levels (P<0.001).

In order to determine if T. sinensis (Meliaceae) shows duodichogamous
flowering, I selected 48 individuals from 20 populations in Korea and
investigated their flower morphology, arrangement of flowers by sexual

condition within inflorescences, and flowering phases and duration of male and
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female flowers for five years (2011-2015). T. sinensis possessed functionally
unisexual flowers with rudimentary parts of the opposite sex. The floral
organs in male were larger than those in female, except for ovary length and
width. In dichasium, male flowers were observed on primary or lateral
branches, whereas female flowers were borne only on lateral branches.
Overall, the individuals flowered in the male—female—male sequence, thereby
male is blooming far longer than female flowers at the level of individual
trees (male vs. female = 17-20 days vs. 2-4 days).

In invaded coastal sand dunes (YN: Yangyang-gun Namae beach, DN:
Donghae-si Nobong beach, SM: Samcheok-si Maengbang beach) in the
Gangwon province of Korea, the structures of plant-pollinator interactions
networks were investigated. The floral abundance of invasive plants was
highest at the SM site and lowest at the YN site. I calculated metrics that
describe network structure and identify ecological roles in networks, and also
categorized the observed pollinators into three types (visiting both
native+invasive plants, native plants only, and invasive plants only) based on
the plant group with which they interacted. In the three invaded coastal sand
dunes, Hymenopteran species accounted for the highest percentage of total
interactions. Connectance (C) for the three networks ranged from 0.142 to
0.158, and all networks showed non-nested structure. Of the studied sites, the
SM site, at which the floral abundance of invasive plants was the highest,
had the lowest level of nestedness. In addition, the SM site had the highest
values for specialization (H:'; 0.626), modularity z-score (51.72), and the
number of modules (8). Invasive plants in all sites were identified overall as
connectors that contributed to connectivity among the modules in the
networks. Of the pollinator species, Sphaerophoria menthastri was identified as
a connector at the YN site, and Apis mellifera was identified as a network
hub at the DN and SM sites. Invasive plants in the networks were also
identified as keystone species, with the highest BC and CC scores, and in the
case of pollinators S. menthastri (YN), Halictidae sp. 1(DN), and A. mellifera
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(SM) as keystone species. Six species (Diptera: 2, Hymenoptera: 3,
Lepidoptera: 1) were observed at all three sites and visited both native and
invasive plants. Five pollinator species (Coleoptera: 1, Hymenoptera: 3, Diptera:
1) occurred at more than two sites and exclusively visited native plants.
Three insect species (Orthoptera: 1, Lepidoptera: 2) exclusively visited
invasive plants and were all exclusive pollinators of Oenothera biennis.

In conclusion, M. saniculifolia in a subalpine area of Sobaeksan Mountain is
an incomplete protogynous and largely outcrossing plant requiring pollinator
services. Temporal variation in snowmelt time and subsequent changes in
flowering characteristics under climate change may further threaten the
population persistence of M. saniculifolia, which has already been designated
as an endangered species in Korea. This study suggested that temperature is
one of the major factors affecting a transition in the pollinator assemblage of
M. saniculifolia from flies to bees at Sobaeksan Mountain. Warmer and drier
climates may negatively affect the survival of M. saniculifolia and flies and
thus the reproduction of M. saniculifolia. 1 reported for the first time a
duodichogamously flowering species, 1. sinensis, within Meliaceae. Several
flowering characteristics observed from 7. sinensis may be important clues to
identify other duodichogamous species in Meliaceae. Short flowering period
and relatively few female flowers, analogous to the reduced ovule numbers
observed in other duodichogamous species, may intensify male-male
competition in 7. sinensis. Geographic distribution and flowering time can
contribute narrowing down potential candidates of such species. The results of
the present study suggested that plant-pollinator networks of invaded coastal
sand dunes along East sea in Korea have structures vulnerable to extinction,
and the excessively dominant status of invasive plants can intensify
fragmentation of the mutualistic networks. Invasive plants widespread over
coastal sand dunes in Korea play central role in plant-pollinator networks. To
avoid collapse of the networks resulting from the eradication of such invasive

plants, a stepwise approach should be applied. Conservation of a keystone
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species such as A. mellifera is worthwhile for ecosystem functioning and
stability of coastal sand dunes in Korea. However, pollinators mainly or
exclusively visiting native plants, despite the low percentage of total
interactions in networks, should also be added to the list of species with
conservation needs, in consideration of the biodiversity of coastal sand dune

areas.

Key words: conservation management, endangered plant, plant mating system

and dichogamy, plant-pollinator network, pollination.
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