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i

W, A3t QoA =W AE £ F 2

o
>
N
o
ot
i
¥
fl

S|
RS =

(Morse et al., 2014).

23 AT BEA s T B

o
2,

A& T AEA Ve MRaE Faety] S A Bt

T A HA AETIAA T AEA 7]s P B7l(biodiversity-ecosystem

¥ by )
10 A =1



functioning)ell st ¥4 o] Folx]a1 Qltk(Chapin et al., 1996; Hector and
Bagchi, 2007; Tilman et al., 2014). e A 7|52 AEA 7 A U A=
A aga vig=E4 e¥ W A B e O AMES v,
Aol Al AAHAR 58S T AHA AvlAaes olds A 752
Z 7}o] tH(Cardinale et al., 2012). ¥ B=THYAS o] AEA 75
FAY SR AR A A 9l Ok (Balvanera et al., 2006; Hector and
Bagchi, 2007), A=ufdst AuA 7 3 dAe FE AN
(productivity)2} QFA A (stability)E o2 A% 31 Sl thJohnson et al.,

1996; Cardinale et al., 2012, 2013; Loreau and de Mazancourt, 2013).
PAYge AE TH AUA Bk A9 St AR AR T

Aol AEA 7ss tiRist

Tilman et al., 1996). &REZA 02 AErpfAo] S71EFE AT Fo14

rlr
ol\
ko
>
=]
i
l-'O
1
i
P
-
o

=
&

o

=

[}
=N
=
O
=

+Hl(Duffy et al,, 2017), FETFFo] A S Fol= 71Fe® A9 4
X @ YH(niche complementarity effect)®} A€ & F(selection effect =+
sampling effect)”} €2 &e1x Sl (Fargione etal., 2007). A $ X & I}
2] ¢l (niche)e] #2] 9} =X ZE(facilitation)o] 2l £ 7+ AAo] Fol&s

WA #gE ANE EEHOR olgste] Aol okt ERE %

r]

St} (van Ruijven and Berendse, 2005). RFH, A8 § 3= A Erpekido] =of
7hs/do] wotbA ol o8 A

AA o] Aabdo] dAE = a3E Sostth(Aarssen, 1997; Loreau and Hector,

fo13

A52 Yol xS FEL £Y

o
ke
e

2001).



st F FHste S He Ao® deA Qlth(Liang et al, 2016;
Schnabel et al., 2019). UM = A &
vk el Ade mavr gle vk oy AbY 23 s thdew s

A= F=3E Ho|Y(Chun et al., 2020).

S AEA 7lso]l dubd A FAIEEA Ee d AHE
HEolx 4 EAd g 8€& o v SH(Grimm and Wissel, 1997;

McCann, 2000). FEA> A FE 2] A (dynamics stability) 2} 3] &

A 2 AFA 9F A (resilience and resistance stability) 0.2 - E =] Al

Ao ofet B3 1= M]3 3 (equilibrium - nonequilibrium dynamics) 7}7

of wat ohA]l ofe] Aeo]ZE AlE-3E th(McCann, 2000). 7573l tist =

t} gutAlel A o] Grimm and Wissel (1997)014 &¢18 = gl=H], o=
3]

bg/del et 163700 v HoE cuw olF B AHE HE

Mo

ole= AEEHEHAY, ‘wde AFst= A=ATA) & 7 15°

of dist Wast Aoyl Q¥ t(Johnson et al, 1996; Ives and Carpenter,
2007). A= TR AeEvtd s A s 1 #AA ATl e F

ARl A mpol o] Ay o o) AIRHY WolR 34

!

i

o] 7}& 3%t variability7} FZAY 2ER &8&¥ 3 QUK(Tilman, 1999;

Craven et al., 2018; Valencia et al., 2020).

AETI T - o+gAd 7F BAle] et 11912 MacArthur (1955)
o k-t gd THeA A FATE F e, I HolakEd F



ofett F5o] Tolds=: oux 8o Al ARt WolA 7 AT
o FEsh PgEA SARTE BTk o) thepg-atgy Hdel o

g olel A%H ATES FUUHl ¥255 FAY kel Fohe

o

+ A S 1533 th(MceNaughton, 1968; Hurd et al., 1971; Tilman and
Downing, 1994). |2} &/ AEvheFA el b3t aael st ofe] 7
0] (¢, portfolio effect, compensatory dynamics, insurance hypothesis) A 2+% 31
o oz WEgk o]E9 AL ofFHAA &2 A&o|th(Doak et al,
1998; Yachi and Loreau, 1999; Gonzalez and Loreau, 2009; Loreau and de
Mazancourt, 2013). #H 5°] Tohdd ¥ 9 ofe} Vs veFd € A
€ e w3 AEuAdol AEA Vs S T8k 71F

of st A7 &s] 3 E 1 QA TH(Hallett et al., 2014; Dolezal et al.,

oX

Al 7t

o -

2020; Valencia et al., 2020) = U] A & £ AZvpekd 3 9k

A diad G v gl
24 ABYEN T 7H ¥4 712

dntA oz HE TR FAole AYE2 77 (deterministic process)
¥ gEE74 I (stochastic process)®] TAAst= HowE LA At

(Chase and Myers, 2011). WA, A 27 #Ao gt 5 W £

ﬂa{_';

=
> F S S £ 87 o3 a I (environmental filtering) 2] A 7}o]

H, 73 U FESE TS FoR AEF e vAdEd 27 &S
st =52 A $H¥ ti(Diamond, 1975; Sommer et al., 2014). 53] & I+ 45
2bg- % A digk el o] A4 B 2 U 50l A

o] #2|(niche differentiation)s T3 Tt HUF4 A9 ©|E(niche
theory)= W& O %2 3SFTh(Hutchinson, 1959; Connell, 1978). #| $] o]&ol uw}=

H A2 Ade e ske T2 A4 AR A 3= 5 QU

3 o )
13 A =1



ol FE52> AYE Y &S FtH(Chesson, 2000). 747 o] A3} g}
v W E VS 210 9 EY USRS 22 8 oy a9E AR F

tr

7]

ofr

FA E= BEAE FARRE F7)

iy
rlo

& £35} ™ (Diaz et al., 1998;

g
Grime, 2006), 7 ZEds] ofs) 5w WS 4 FER wob 7

N

A& FA A oh(Kraft et al., 2015).

Hhd, wo] gEEY e wEA Hd 7 9 FES X
=9, & Z(species pool), YEIA F& 5 Lo Aol o FEET)
(Mi et al., 2016; Gilbert and Levine, 2017). ©]i= &% ©]&(neutral theory)?}
At Az, FE2 7o FAAEAE AtReE A 73 93|
FE3haL 8k 4= Qltk(Hubbell, 2005). A $] o]E3 FH o]Fo LA
T FAA VFAES oW 7| =42 tide] Ho £k ™(Connor and
Simberloff, 1979; Fox and Brown, 1993; Chase and Myers, 2011), &+ - 4]
v A4EA I SFEEA Aol Aletel wE Ao w i &
el 7]1odstthi= AlZbo] & X X]E A3l Q) tH(Farnon Ellwood et al., 2009;
Pandit et al., 2009; Méren et al., 2018). ©]2]3t 3 A 7|22 AJhd A
T o, B gAY, 24, ws dol dAlel wet AolstAl e

W UH(Chai et al., 2016; Swenson et al., 2012; Mi et al., 2016; Maren et al., 2018).

N

b 28 O A= we, dol v, 24 So] TS v
Ul(Nishizawa et al., 2016; Liu et al., 2018). A wgol] 23t &5 JA2
SEEA FAHor 28 7Y FAES olned £59 U £5A4 F
B ATeM= £59 A7 2 FAY AFEYE g5 THY F &
(species pool)} AFE FEo] 2 Fo =dS AAstoha s THQin et
al,, 2011). AHE2 BlF 22 U 29 wdss 23 7 JA A4 4

4]

9l S WX Aow o

7 : a2
14 A =1



U}(Hillebrand et al., 2007; Méren et

2

QEFS v

| Aol e

’d ol

3

(€]

= A

N

~
file)

el
ol
Br

)
)
HH

Srol X th(Nishizawa et al., 2016).

1= Alztel w2 23 ¥

;;ﬂo

wpA O 2

—

TH(Mi et al., 2016). 2

o) 2]

A

24 #gol 87 o3 w97} Fo

i
o

o|J

‘_lryl
H

Nfo
=

Jo

71ell= Aol kst

dol ¥

Z

W (Liu et al., 2018; Chai et al., 2016),

)

Aoz 4 A SQlth(Purschke et al., 2013; Chun and Lee 2019; Fang et al., 2019).

A FUYME AE FH9

)

A

I

sl

7

gt

1t} Kim and Ohr (2020)= =

o
A

A A= TN FAA RN AA

1T}, Chun and Lee (2019)= 715 Tk 3}

o
)

=)

g

AE A A, e

| —
L.

T3 (Jung et al., 2021) A -] A]

=

Clacy

% (Cho et al., 2020)3}

o

Jvmo
=
X

)

JvNO

o]

ES A=
g A

A deb=, =l

2 =]
ﬁtgo

ol

3

o]

A7}

STl

T—
T

Az Agy

SEEIR

)
A

GEE
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A7re] FEoll o3 15 Wgh, A why] S A AH

[e)
o
A U AEGSFTS AAA71E T YAo] il It (Thomas et al., 2004;

nE
i
s
N

Morris, 2010; Wiens, 2016). A=tttk Hdo] AefA #& o Qlo] T3t

#7 A% F vz A4HE hed, BUHRS wEow @ Azt

o
=
.
ﬂ?
bt
o
tlo
riN
+

Sl Th(Pereira and Cooper, 2006; Schmeller, 2008).

k)
T
2
)
(Gl
Ev)
o
o
e
2
2
18
Mlo
ol
N

N

49 RUHPS Yo £94

o7t lom olF Ssid AAA AL F A FH o K-t

rlr
o
(G
)
o2
o,
Y
bt
1o
2
o,
o
-
2,
fz
)
H‘I

Z 2.3} H(Glowka et al., 1994;

ZHdtal Q= Ao 2 UERGTHIPBES, 2019; WWE, 2020). 3F4 %+ Hl e}l
OJHE o] &3 U AFES AE TH FTITHES) oA T

Ha ZAgo] YA detha BHaske] AEoekA WSt Aol o
& o] 2] ok& 4 Q1S H $th(Vellend et al., 2017; Crossley et al., 2020). T

HAa A= 2l A9 S (local-level) ol A =
A7 YeuA oAy 3]y Srtete 5 W 3o qrEel wet
5O AR gl AoletAl YEtA Ao AEverd H7kel

3
Falo] oJyws S7HA171aL Sl th(Sax and Gaines, 2003; Thomas, 2013;

0!

Vellend et al., 2013; Pandolfi and Lovelock, 2014; Suggitt et al., 2019).
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oX
(e
oty
=2
=
o
r o)
juta)
o
Hir
o
2
>
\11
_\1

(Caley et al., 2014; Dornelas et al., 2014;
Hillebrand et al., 2018). A|ZH2] =2 332 zfolo] wh& wE} thefid o=
dE= T A Hge 3A W FY =8 oY 9 s WHIlE F

Al H71e 4= itk Aol Slth(Anderson et al., 2011; Socolar et al.,

I

2016). A @2 Dornelas et al. (2014)= F Al Alolo] & ZA W3kl A
724 e R B3 A
sk o 2 Wt 9SS uks]

8 29aA Jerdoa s,

o
1o
o\
F
>
s
B=)
A
o
)
i

2 ol

dlo

A=A o2 3H(biotic homogenization)= & X4 W3lolA EF1E = A
A

BEPY Wakel EAQ AE, ol Bl UE

N
i

of\

Z/dol Agre] wElt ME FAMEIA = dAS 2 etk (MceKinney and
Lockwood, 1999; IPBES, 2019). °o|&{3t & A9 FAM 57 +
o] &soll o8 yehsd, &3] A9 HolZl AAAFL Fojt=e= Rl
HWoOUNkE e HAYFol FUteke S E<ITtH(McKinney and
Lockwood, 1999; Smart et al., 2006). 1914 Q%1 9] 7|2 E

3 2719 WstE AWk (common species)d X WHHE FHAA
A F 2 AolE Fole AR d#A Th(Naaf and Wulf, 2010;
Biihler and Roth, 2011; Davey et al., 2013; Heinrichs and Schmidt, 2017). IPBES
2019)= A7) Fgow Qs Ae LA F A4 dHdst 3H
leHAl vebua les el AEA MuElAe] Asi7E verd = SlE

s Anstgrh. FARE A THE ¢ F 240 MEAAE 7

mln

o] 7 & 7|e4 wWol7} Fo]=A ] i(Smart et al., 2006; Villéger et al.,

3 4 )
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eERE

S|
S

s

3k A

TH(Rogers, 1982; Kim et al., 2015; Augspurger and Salk, 2017).

L

do] =olzlth(van der Plas et al., 2016).

A
[}

245 7z

7}

2014; Saladin et al., 2020), ©]+&= A= AdkA <l A 7|59 7
=<

2 ¢ A Sl th(Bratton, 1976; Carroll et al., 2011). ©] &

2
5

ol

Mo

g

Iy

=3

S
=

2] storage effect

o A

F7 ¥ th(Chesson, 2000; Kelly and

°©

Al 715 ¢ "utgo] il 3)th(Muller and Bormann, 1976; Blank et al.,

d
1980; Tessier and Raynal, 2003).

A A

Bowler, 2002). &3t Aldo| o}
2]

il

)
il

—

<

/)
0

!

b )5 st o

)

L%

o

ol
o0

} & 31 Q) o] (Murphy and McCarthy, 2014; Augspurger and Zaya, 2020) 37|

A
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|
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o
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32 AE 9 44y

321 947 AR 2 AT EA

2 AT AdE BAT A5 g st 7k $ak(1,561 m)
2o Y BH 41 (37°27-28'N, 128°31-32'E)ll A =38 3} th(Figure 3.1). ©]
A9S $dLddrd JgdEado] ddste Yo B A4l £
&HCh(Yim and Kira, 1975; 71783 4341, 2000). A+ o= e 714 717}

AT FAT U8 (37.54548°N, 128.44108°E, 562 m)ol A At 204

Mo

(2001 -2020) EoF S AP 7|22 8.6°C=E, 3+l 193 FHt
49l 8€9 HA 7128 77 -6.7°Ce} 22.1°Co|t}t. e 71 =49 A
Hi ZFEHS 1,294 mmol T4, 2021). ©] %918 EFS inceptisols

of &etv], =g HES BEAS w7t F2 vARd R 5

78+, 2016).

A A A Aol wEh F3o] ety siEal: 500 -
700 me] A% A Aol = AUF(Pinus densiflora Siebold & Zucc.), S
(Pinus koraiensis Siebold & Zucc.), A=AV (Larix kaempferi (Lamb.)
Carricre)?] 14 A7} 2AH Ut} FTITE 700 m ]l W
< G9gdrdel wA LEeH, AL 1,000 m o] dell= oFarat
o

% 1,000 m F APAAl= A2 (Quercus mongolica Fisch. ex Ledeb.),

il

Agdo] AN THEFAEAE A, 2009). 2 A7) SR &)

R

AL 22U (Acer pictum subsp. mono (Maxim.) Ohashi), = F 8| U (Fraxinus
rhynchophylla Hance), &8 Y- (Acer pseudosieboldianum (Pax) Kom.) &
FEAT7F FAHTTRCEFALATEA, 2009). 7H A A GolA Fld

B e oF 570 o FORMAY] B, 1998 WEV] F, 2013), o] F

¥ by )
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of\
1o,
P
re
1>
it
o
2L

ST 1,000 m A A F-Zoli= oF 140 o

et oz delAd Aok 3, 2010).

2012\, SEIE 900 - 1,200 m - Al ARl v 2 UL -5
© AMEE 348 E 4 S A ite) = A S tH(Table 3.1). A
A AR = U3 FZ (nested sampling design)= ©]-&3F%] 20 m x 20
m =719 WA F(ployE 370 AAE v 24 WET kol Imx1m &

HE L(subplot) 5 NS 7k mAE| s} Foko] s wlA st £ 6070

o] AWPEFE HAAER o, o] T AAIFH AT FAA] 2 (site 2)
o] AT s/E AL 55700 AP T AN 22 I AR
= Ao AFE-EFA T

2 A7 FE GG A 199792 2008+ 2|

AAY AF DS A vk Qlor], AF JFOR HF 26%8 23%

o A% FES A4 dAG vk ATk A, 1998; F A A A, 2009).

A 200084 o F Y G BAREL AP RAAAR T O
]_

Qom, AT 71711 2012 - 2019 o= A

21 A= ‘_'-]i =1
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Figure 3.1. Location of study sites. a) Mt. Gariwang area in the Korean peninsula, b)
study area in the Mt. Gariwang area, and c¢) locations of study sites in the Mt.

Gariwang area. Black dots indicate survey plots in each study site.
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Table 3.1. Description of study sites in the Mt. Gariwang area.

Site 1 Site 2 Site 3 Site 4

Number

Plot 3 3 3 3
Subplot 15 15 15 15
Topography

Elevation (m) 1,165-1,203  1,178-1,211  1,124-1,158 968-997
Slope (%) 36-56 25-65 30-40 53-65
Aspect ENE NE NE NNE

Canopy layer

Species richness
(number of plant species 13 19 19 24
with DBH = 2.5cm)

Basal area (m?) 341146 25.8+3.3 246 £8.1 249+0.4
Mean DBH (cm) 150+ 1.3 13.0+3.8 17.3+3.2 126+ 1.0
Mean height (m) 10.1+0.6 10.2+2.0 10.3+0.8 8.8 0.7

Abbreviation: DBH, diameter at breast height of 1.3 m above the ground
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322 & I3 FAF

2012FE 201997bA4] wid 43]e] AAH 22 ZF 2ARE AASH
o 22 7 AR AS IS o e HFoE U 5EHAEY),
9 5462), d5H68Y), 7FH02)ol AA AT A AR (day of

year, DOY)°ll W& & T & £49Y AolE =°7] fal vid vl

<L

A Aol FAFS A tH(Table 3.2). B2 FA= DOY 116 - 125, %97
S ZA= DOY 148 - 156 (201433 A 2]), oI5 ZA= DOY 210 - 220
a8 3 A 7b2E ZAME DOY 273 - 2840 ZhzE A AlEkiTh w2014

W 254 A= 7€ X(DOY 185)°] 33kt

i
7153k A8 AE Ao 233 Z 3 (Sasa borealis (Hack.) Makino)

B AR 5019 AME wEt BE AEE 7hFate] EAdA A9

24 A= ‘_'-]i =1



Table 3.2. Day of year (DOY) of each survey event.

Spring Early summer Summer Fall
Year

Date  DOY Date DOY  Date DOY Date  DOY
2012 28 Apr 119 1 Jun 153 3 Aug 216 50ct 279
2013 27 Apr 117 1 Jun 152 4 Aug 216 30ct 276
2014 5May 125 4Jul 185 1 Aug 213 50ct 278
2015 26 Apr 116 5Jun 156 29 Jul 210 110ct 284
2016 29 Apr 120 27 May 148 3 Aug 216 30Sep 274
2017 30 Apr 120 2 Jun 153 29 Jul 210 30 Sep 273
2018 27 Apr 117 2Jun 153 2 Aug 214 40ct 277
2019 27 Apr 117 30May 151 8 Aug 220 90ct 282

25



201278 2019704 AR W & el tisk 2AME AAls)
o ZARA Ak & 3o WE el ho] YASA AnlE AXAstka, Y
(air temperature, T), At <5 %=(relative humidity, RH), 3% Fa& ZAF

(photosynthetically activation radiation, PAR), E%F <& (mean soil temperature,

H

Tooil), B G- &5 (soil water content, SWC)= A3t FAA] U
od ZHE B QASE olHNE AAT ¥ A, ALY, Aw 7

b -

Fake TIAT AE BT 2 AP GAR TR HESA

71 20T A FE(%)E= AHWOERE 1.2 m 0|9 HOBO Pro v2

U23-001 =7 (Onset Computer Corporation, MA, USA)E A %] 3}of 307 71

_I

0% ZHIA P FE B 1L Y Eolg AW kol

PAR 414 (S-LIA-M003, Onset Computer Corporation, MA, USA)S A %] 3} 1L

rlr

9 A}4: 7 = (photon flux density, umol/m?/s)E =7t FIA&EL =
o 30&wit ZA35e]  Hlo]E ZA(HOBO H21-002, Onset Computer

Corporation, MA, USA)°l| 7]5 3} t}.

fo

B 2509 BEY 8 FFmYmd)S AX ol 10 cmo] Ek

=

% Al A (S-TMB-002, Onset Computer Corporation, MA, USA)$} EF S5

(o
[
4

2J(S-SMC-MO005, Onset Computer Corporation, MA, USA)E Z+Z} wj

303 (HAC R SAste] dHoly 27 e 7533t

o\

} % (precipitation, P)> A7~ thdA &} 7 7Pk ARE BAT

3} (37.54548°N, 128.44108°E, 1% 562 m)oll AA ¥ A57| 4S5

o>
|\

(S

ko] 7

o

O

(Automatic Weather System, AWS)ol| A A 7]3F &<t S35

T AS(mm)E AFESEFATHIIE, 2021).
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49 4 HAx 7i2n d HA VI2s oldste] A=Y (growing

=

it
)
i)
iy
B
oX,
o

5CE Ve 2%

(Prentice et al., 1992; Diekmann, 1996)

t
T + T
GDD, =z< max . mm_Tbase)
1

Tmaxﬂ‘ Tmin% 7"117"1L ?:_]r ﬁ-ﬂ 7]%?4’ ?z] ﬁxi 7]%011—#, Tbasewlf 7]%

2L(5°0)2 9w|3tt}. DD, DOY 193E DOY & 74419 F2 A%

= (°C-days)©| t}.
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=2} Shannon AFE AFE3F}F oM

<
Shannon A|=+= o} o] 2] © 7 53} th(Shannon, 1948).
Shannon index = —Z p; Inp;
i=1

AZIM pi= iF A YEE uisd, s LAWY W Edd A

A F 5 usit

EEVEG Shamon A5 Arel B W3 ATE AFEFEY
(linear mixed model)E ©]&3l &RIstqltt 2t APEFEFoll= 14 &

=

el Amsh S YE T2 2AY FITE Qe Az TS

i FoFd e AA Wstels Ar] Aol A7) el

2

(Dornelas et al., 2013), ¥ AT = AFEFR Ar|s]|ARD Fx
(autoregressive model of order 1)& ¥o] AXe] W& 27| F#HS ozt
Sk AFERRGS] AHS R L2 I8 nime 74 F o St

(Pinheiro et al., 2021).
325 F &4 W3t ¥4

Ax, A, A 2 F 249 AelE Blust’] #18 permutational

multivariate analyses of variance (PERMANOVA) 212 1 A] 3} %] Th(Anderson,

2001). Ag HxE F9 AW YEZ Bray-Curtis B]FAEZ 3510

AF-8-3F9 © W (Bray and Curtis, 1957), 27 ®H42E A%, AlA, A 1

w7 asEe AE e 2Ee TR 99 EdRE A4
S

= Wl ojgk I AREE ARS
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Figure 3.2. Daily mean values of environmental variables at the study sites during
the period of 2012-2019. Daily measurements of environmental variables were
conducted in four sites, then averaged into one mean values for each day and each
year. Mean air temperature (Tmean), Maximum air temperature (Tma), Minimum air
temperature (Tmin), relative humidity (RH) and photosynthetically activation
radiation (PAR) were measured at the 1.2 m above the soil surface, while mean soil
temperature (Tsi) and soil water content (SWC) were recorded at the same locations
in the depth of 10 cm below the soil surface. Precipitation (P) was measured at the
nearest weather station 14 km away from the study area during the same period.

Growing degree days (GDD) above 5°C base was calculated using Tmax and T min.
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Figure 3.3. Annual mean values of environmental variables at the study sites during
the period 0of 2012-2019. Simple linear regression lines and 95% confidence intervals
were added to show temporal trends of environmental variables. Abbreviation: Trmean,
mean air temperature; Tma, maximum air temperature; Tmin, minimum air
temperature; GDD, growing degree days above 5°C base; RH, relative humidity;

PAR, photosynthetically activation radiation; P: precipitation; T, mean soil
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Figure 3.4. Number of shared species between seasons in the perennial herbaceous
plant community. Spring: April, early summer: June, summer: August, and fall:

October.
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Figure 3.5. Annual trends of species richness in each season during the period of

2012-2019. Circles indicate species richness of each subplot within all sites. Red

lines are the fits of linear mixed models, and red bands show 95% confidence

intervals. Spring: April, early summer: June, summer: August, and fall: October.
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Figure 3.6. Annual trends of Shannon index in each season during the period of 2012-
2019. Circles indicate Shannon index of each subplot within all sites. Red lines are
the fits of linear mixed models, and red bands show 95% confidence intervals. Spring:

April, early summer: June, summer: August, and fall: October.
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Table 3.3. Nested PERMANOVA results for variances of the perennial herbaceous
plant community compositions among year, season and site groups. Pseudo-F
statistics were calculated using Bray-Curtis dissimilarity matrix with 1,000
permutations. Significant numbers are in bold (p < 0.05). Asterisk indicates that the

groups are not homogeneous. Abbreviation: df, degree of freedom; SS, sum of

squares.

Source df SS R’ F p-value
Year 7 5.64 0.01 2.96 0.001
Season 3 35.48 0.07 43.46 0.001
Site* 3 76.44 0.15 93.63 0.001
Year % Season 21 7.73 0.02 1.35 0.001
Year x Site 21 6.19 0.01 1.08 0.131
Season x Site 9 18.15 0.04 7.41 0.001
Year x Season x Site 63 8.32 0.02 0.49 1.000
Residual 1287 350.25 0.69
Total 1414 508.19 1.00
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Figure 3.7. NMDS ordination of the perennial herbaceous plant community
compositions based on the relative coverage data according to season and site.
Circles represent centroids of each season X site group. Spring: April, early summer:

June, summer: August, and fall: October.
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Table 3.4. Nested PERMANOVA results for variances of seasonal compositions of
perennial herbaceous plant community. Pseudo-F statistics were calculated using
Bray-Curtis dissimilarity matrix with 1,000 permutations. Significant numbers are
in bold (p < 0.05). Asterisks beside group name indicate that the groups are not

homogeneity. Abbreviation: df, degree of freedom; SS, sum of squares.

Source df SS R F P
Spring
Year 7 2.95 0.02 1.62 0.004
Site* 3 29.63 0.25 38.1 0.001
Year x Site 21 5.00 0.04 0.92 0.797
Residual 319 82.66 0.69

Early summer

Year 7 1.56 0.01 0.72 0.988
Site* 3 21.86 0.17 23.70 0.001
Year x Site 21 3.09 0.02 0.48 1.000
Residual 329 101.18 0.79

Summer
Year 7 1.28 0.01 0.58 1.000
Site 3 22.90 0.18 24.27 0.001
Year x Site 21 2.58 0.02 0.39 1.000
Residual 322 101.24 0.79

Fall
Year 7 1.38 0.01 0.66 0.994
Site 3 20.35 0.17 22.56 0.001
Year x Site 21 3.55 0.03 0.56 1.000
Residual 317 95.29 0.79
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Figure 3.8. Seasonal NMDS ordination of the perennial herbaceous plant community
compositions based on the relative coverage by year. Spring: April, early summer:

June, summer: August, and fall: October.
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Figure 3.9. Seasonal NMDS ordination of the perennial herbaceous plant community
composition based on annual average relative coverage data by year. Points represent
annual average composition of all subplots. Arrows indicate the significantly
correlated environmental variables (p < 0.05) at surveyed day with a length
proportional to the correlation. Spring: April, early summer: June, summer: August,
and fall: October. Abbreviation: Tmean, mean air temperature; Tmin, Mminimum air
temperature; GDD, growing degree days above 5°C base; RH, relative humidity; Tsoit

mean soil temperature.
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Figure 3.10. Temporal beta-diversity indices (TBI) between the two consecutive
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temporal trends.
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Figure 3.11. Spearman's rank correlation coefficients between spring - early summer
mean temporal beta-diversity index (TBI) and monthly mean of environmental
variables from January to June of current year. Asterisks indicate significance at p <
0.05. Abbreviation: Tmean, mean air temperature; Tma, maximum air temperature;
Tmin, minimum air temperature; GDD, growing degree day above 5°C base; RH,
relative humidity; PAR, photosynthetically activation radiation; P, precipitation; T,

mean soil temperature; SWC, soil water content.
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A4 AE 22 T AT

A Qbg ol

l>

2B 79 AR ol o)
3

4.1 A&

Aotz e 715 3F B7(biodiversity-ecosystem functioning) &
olgfet= A= AETFA HA7E AEAlel oAwdt dFS vA=A]
S3h-d =22 & 4 S th(Schwartz et al., 2000; Maestre et al., 2012; Duffy
etal,2017). YHtd o2 AETFFAT S thekst AEA 753 Aol lo
W, 52> A=uddS AEA Vles SXleke AexE deEA Qv

(Hooper et al., 2005; Hector and Bagchi, 2007).

AeAQ AEvdd s AuA 71s ke dAe dE A= F2 £

A A A NA A vpolem AR diRliEE YATS AFE B

ojr

TRy L AE T ARES o gatel PuTheel WY

ol 71l dist HAFo] &ds] 3 H L lth(Cadotte et al., 2008;

=

=2 #Ale vlEl, i e Ves HFEHA FAATI= AET
Aol kA el thalA oA 7kA] ure X uprp Wx] ¢krh(Cardinale

et al. 2013; Loreau and de Mazancourt, 2013).

0%

Fe

AP AEA Tlso] AHH e ® duty dAEA A HETHE

&Fsk 7l'd © % (Grimm and Wissel, 1997), dRIH 02 =2 AETIAAS A

3 o _17
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Al 7159 S SRS Ao E deA Qlth(Hallett et al., 2014;
Schnabel et al.,, 2019). A=ThFAF o] FAS FH38H= 712 S & portfolio
effect, compensatory dynamics, insurance hypothesis 5 ©| #|FE H} Q1O
(Doak et al., 1998; Yachi and Loreau, 1999; Gonzalez and Loreau, 2009; Loreau and

de Mazancourt, 2013), ©|] & compensatory dynamics¥} insurance hypothesisi
5

o3 W WA= A

AA WEe TS FFstH(Yachi and

Loreau, 1999; Valencia et al., 2020). > Sol AEved e A8 &
5 Assta oy ofd7EA S b BEAE dde® 3 AT
=3 Holth 3F Hallett et al. (2014)2] A3 74 Fajol] whet oF

A 22 Al Aol tid A 5] BidiRA A A Aol EA
Sk} (McKenzie et al., 2000; Erdés et al., 2019). o] = <Q1&) At 2252 57
A 34 9 Ao oekge BE dgE Adg o) gsk FES
(Shmida and Ellner, 1984). 53] 2o S5 elA A4 A4d A
of mel Yel= Al A 99 8= storage effects 3l oA Wl F
o ¥EL <HAHA LERE(Chesson, 2000) Ao wE A EThokAl 9}
AEA 7l6S S8 93835 3FtH(Chesson, 2000; Carroll et al., 2011). &}

ARk 715 W ske] ofgh At 2o tfdet T 24 wes e <

A73S A3l 3kl (Doveiak and Halpern, 2010; Ma et al., 2017; Bowker et al., 2021),
Tﬂ
B

2002; Gallagher et al., 2013; Fei et al., 2018). w2} 2t 22 F39] A&}
Fg e Wgte] wE BEA 7lse WskE dSsta oivlstr] fsid A
Tt - wAloll gk o7t REEA] A3 s ojof ghr)

it

¥ by )
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AEA 715S ASAIZA 271 Sl tH(Lavorel and Garnier,
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B AT 343 U AT dHelA Fason, 2B 74

FN

ALS] W& 33 F st 20120 % 20193744 vid 49 (spring),

62 F(early summer), 82 Z(summer), 108 Z(fal)°] 1 m x 1m AW

U Edste 28 T899 A5 %) MAE 23(emE SHsEATH T
Ee A FY F ddFe] ANET Wl AR d5Ede AEE
1E%) S92 FHa0L, 21 8 9718 T2 44799 =
ol& 33| o]} =43t V=8t

422715 94 54

P

2

of\

H 75 A2 94 A H](SLA: specific leaf area, cm?/g), 37 =%
(LDMC: leaf dry matter content, mg/g), 3™ %] (LA: leaf area, cm?) 12|31 31
0] (Hmax: maximum height, cm)Z 438}t A4 H 7|5 A= F
A AEH 2| s AEE5e] A AH A d=ks th¥sk (Pierce et al.,

2017), AE FHO AW Aol AL A Ow AHA YrkZhu et al,

2016).
H1 Eo)(Hmax)s ZE 74 ZAMA =A4® A2E o|gstgon
U= 7 FAESS 2020 425E 9971A] AT A oA A H S

ARE olgste] SAsIAH. A5 A= FTEH Aol Hid dete
N7 - 88)ell A4 MAS FHE 5/0A o)A AMAFs A o, &
T s MAE ZA st vt U (4Angelica decursiva (Miq.) Franch. &

Sav.), ©°7] A (Symplocarpus  nipponicus Makino), e A ¥ L (Viola

3 o _17
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keiskei Miq.), ZT-&%50°] 452 1 - 27hAWS AHAEAT. = 915 58770
Ao A ARE AP, Am AY A T AAL v AHE
271 918 A KA 10 m ol ARE FATE AlmE A 7]
W A APl en, xE vy dal AP FAlel AW
Tt AR &3 AlEE Y B #5E ko] Vs 34

A 72 AL (5Tl A BaldT).

o

= 4

oft

|\
o,

e BHES SAs] A8 AW AR AYE 7] ST FEOlA
Jshn AAE oS AAEE 1 - 58% 259 thDalke et al., 2018).
BEF(> dd4d= S48 A 718 & Algel g8 0.001g G =
SA3ET dHEA (LA G (petiole)=> ALt PA1e] WAooz JhE
Auity SN0, HHY A-fole 29 (petiolule) F FH (rachis)
S Aol XS th(Pérez-Harguindeguy et al., 2013). & o] A 7|7} 2F
Z2 LI-3000C &Ful$ 99W 3 =4 7](LI-COR Inc., Lincoln, USA)E ©] &3}
of fdHAS FAArE Wz Qo] & F Afele B
(Epson expression 10000XL %-:= CanoScan LiDE 120)= &8 A 7H3&}o] o]n]

A 3t A(TIFF 3}Y)= W3S ] Imagel ver 1.53a (National Institutes of Health,
UsA)= ol g3t fdu4s SAsNH AS5H duds 25 549
A MBS DF AXR7IHB-502, FHizpshe] War 70TelA 72413 ©]

d AEAZ B 0.00lg D2 AFH(eS 5793 th(Hulshof and

GO Mo} BAlol ALglth AU, o ARE SYsn de A



4.23.1 FUIFE AF

TS A2 5555 (species richness), 75 = (evenness, Pielou, 1966),
Shannon #]<*(Shannon, 1948), Simpson | =(Simpson, 1949)% 1l FA} A]7]

vivh 29 TEE AESA

Shannon index = — z p;Inp;

i=1

Simpson index =1 — Zpiz

i=1

H

H
Evenness = "o = m

i
o
(S
2

A7 pie iF Aol AEg vishd, se 23FT

A F Frolal, H= AWE oA =74 ¥ Shannon A|S=¢]T}.

4.2.3.2 715 O A

M

N B B ST 409 s JAES olgsle]

ojr

@,(principal coordinate analysis) ©. % ok 33k 23Sk F o functional
richness (FRic), functional evenness (FEve), functional divergence (FDiv),

functional dispersion (FDis) 2. % ?ﬁ}ﬁq(Villéger et al., 2008; Laliberté and

1 )
62 A=



Legendre, 2010). FRic> T FitelA FEo] AAsteE AA 99

(convex hull volume)= 2|73}, FEver ThxF &3t FE°] dupy

<y
ol

A BEEst=71E 2o n|3it). FDive thald 33 A =407 HE F
o] Al o] Ql=7tE UERH, FDise 217t FE5o] 7% A =9

F(centroid) .2 H-E Holxl F AgE v grh(Laliberté and Legendre,

iy

2010).

H AFoAE 7s thFA S A= E functional dominance A FE F7
sttt kA gt FRelA sk Aol B Aol wl A

W, functional dominance A<+ T W 4

-

1

rir

75

ot

i)
&
o
1o
fol
:\_1‘
i
fol
5
CLU
o

HojFEtha 3 4 9 tH(Zhang et al, 2017a).
Functional dominance #| = 7] ¥ 22 community-weighted mean (CWM)
o7 ArEsiglom, ofgf Ay o] FTH YT FH Fhel THEH Ad I

5 7FARE Foste] 7} Ve FAEE 35S tH(Lavorel et al., 2008).

CWM =Zpi><ti

i=1

o

715 dA9 CWMSE} vz 7FA] 2 FEve, FDiv, FDisS A= wf £ Abr)
T2 JtEAE Folaglth. dxE, A& FRic, FEve, FDiv, FDis, CWM
SLA, CWM LDMC, CWM LA, CWM Hmax+ R Z& 739 FD #|7] A& o]

4-35to] -3} th(Laliberté and Legendre, 2010).
4.2.33 A% O¥E AF

A dd A AES A3 R ZE=23HS] V.PhyloMaker 37| A&
o] g3to] A Ao F3HI ZE FEo g A% (phylogenetic

¥ by )
63 A =1
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tree)E 2H/d 513 TH(Qian and Jin, 2016). A&+ Aol AFE-¥ V.PhyloMaker
#]7) A= The Plant List (TPL)2] 3t & 715308 A H oF 74,000 o] F <]
& 2l FZof ot megaphylogeny tree (GBOTB.extended.tre) 9} #5521 & 1]
BE F(family)oll oist JRE xSt Qlo] A 2o AdT 24
of ¥e] &85 1 9vh(Jin and Qian, 2019). A 91%F F megaphylogeny
treed] EZ3E O] AA] F 24F (A 26.3%) scenario 3 WA O Z
o]l A FATHQian and Jin, 2016). vhA B R A% ) A=
polytomy5-> R Z 2 7% ape 7149 multi2di $+= Eal aldaetdt

(Paradis et al., 2004).

AE v AF= Y AES(Figure S2)5 v © 2 phylogenetic
species variability (PSV), phylogenetic species richness (PSR), phylogenetic species
evenness (PSE), phylogenetic species clustering (PSC)= AF& 3} 9 th(Helmus et
al., 2007; Ali and Yan, 2018). PSV 4 Ul 3% o] 7Fd4 s o|(star
phylogeny)2} &A1 AlE2 FADAREA AT+ A YeEly= HohE
Bl ek gho®, 004 1 Abele] Zteth 02 A Wl 24 3 5

A fAwAs 24 s, w2 16 ke $2 FEo] A=

X
)
AC)
3

A FABATE AT EE F FTHEY @ Zolth PSEE PSVY

PSVe} mERZFAZ 004 1 Aol
= zheth o] ol AXW AlEeA #d #AVE "
A EEFE sty wpx Bt o g2 PSCx AT wHy A E
§=s oufst=d], 004 1 Abele] @t= 7HAIH, & At

A7F AoAAG5 gho] 7 th(Helmus et al., 2007).
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424 AR vo] @E) A 27

id A 1ol AlE Aeta, FE AE AV7E Adoldh 23 AE
o 54 A, - A (productivity)> A vfo] euj Aol AYAE
(above-ground biomass production) ©. = A1} TH(Zhu et al., 2016). T'H ]

/;31—

P outol el aE 23] A A AP ARES A AFFH A
AR 1% A 2 Aol 09 FH4 L 4Tk Table 87). L T

2AF A7Ivk el S48 F9 9% ghend)l B4 Z3E F
W guRusLAg 95, 293 A48 8949 Ner@)E Fokol

F AR dol el ag v) A A7|vhd sl

AGB; = Coverage; X X i, i =species

1
SLA;

W SRl ool AR HuetA RE 4FEHIUE, o 1eke A,

JAM ZE, S7Eeohe ATH 7 AV Tk F50 Hd 7

425 AZAAFT FAA

e
L

TR0 QA (stability)> A 8 AAE 2 AR blo] @ Wi Ao o

B s A ZEExE o UE Ao AldEE ekt
(Tilman, 1999; Craven et al., 2018). $FH 9] A2 AETFSA] ¥ o}

et S olF = T JNAIT e S %(abundance) Abolel UEUE &

A]/d (synchrony)®ll &S W= F o2 & A Slth(Yachi and Loreau, 1999;

Valencia et al., 2020). = <1-o]| 4] = Loreau and de Mazancourt (2008)7} #|| A]
A

3 vl o gAMby i



ol 4E 7k wlmel golstrh Aol Atk T L thal A
ulo] @ w215 o] gto] ofel el Ax} ol xWHTH BAYL ek

o(xr)?

Synchrony = m
L¥YX;

N

xr(t) = Z x; ()

i=1

xi(DE At W iFe AR vpo]l e olm, xp(DE AZE Y o
A Fo] A vpo]l 2w iolt) g(x)?= i AR BAES <Jv]st
o, o(xp)?E A £ AIA BEARS o uldth(Hallett et al., 2016). =,

TAEE AA F] AN vol oA A4S AE T EAY gow
o #ho® 03t 1 Abele] EEdhd @& v Aol odll Tk
= 7 Ul A=l vlsA1E AdEl(asynchrony) Y= K3, 1o 7F

ThErE A F A2 AFH (perfect synchrony) ol a2 2] 7] 3Fch(Loreau

N

and de Mazancourt, 2008). T3] A R ZZ 13 codyn 7] A & ©]

g3lo] Awe Fult; AR E 819 Ch(Hallett et al., 2016).
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v}t Gaussian FENC] A7) AT FFE(corGaus)E ¥ Fl Akaike

.

information criterion (AIC)E ©]-&3slo] 33+ 7| A3 F+x271 gl 24

dl(structural equation model, SEM)S ©]
:I.L
multi-model inference test (Burnham and Anderson, 2004)= ©]-835}o] FUhFA,

%5 R, A%ty B @ he AF Y WsE s

WA mee] By EFANL Folv] 98 HIEFE Y

EN

THChun et al., 2020).

174 33 © ™ (Wagenmakers and Farrell, 2004), ©] 24 R dof 3t 2|
< XT38 Al 7PE 2 sde AgE g A 2l HF

W W E A4S TH(Chun et al., 2020). AETHSFY IF5H AFEFR

mln

o4

of 29
VIF)= ©o]&3te] galstglon, Tudd Asss A yrA A

59 VIF7} 10 ©]3at9lS &<lat th(Table 4.1). 3HH, thEF A o] =4

ol
ot
N

e

|59 tsa A A 747 (variance inflation factor,



et Friky AGelAs FERES FEEWE EA ol g3

(Barton, 2020).

AdE AW WgEs ol 72 U Rds AFdER s
=

2 TH(Table S8). T

J
ko
e
u
oX,
flo
=
[k
Hl
[
juic]
Ao
g
o
S
2
&
w2
g9l
<
H

71X & o]-&3F% th(Lefcheck, 2020). Piecewise SEM-2 H] A 7F #E&-7 Uj
ZE AR AREo] Thsakd, theket vy wAe o adE 1
sk 4= Qlth= o] 3l tk(Shipley, 2009; Lefcheck, 2016). -3 W42 2 d

AdE fd AR ATeld Sld BEavdd AsrE

J

A Aol 9
ARES vgo® 7pdZz <93} 2 d(conceptual model)= A3 0™
(Figure 4.1) QP ol tish FaFo] &8 AT A4F vpo] QufAE
Tl F7}8F tHFlynn et al., 2011; Craven et al., 2018; Valencia et al., 2020).

o, A0 091 2T BAdA Adsigion, vl Ars

al., 2007) thoaA4dE 7] 3] 2 AdTolA PSR FF 240 1

R EET

AN
AW &3 QA Fisher's C EAI#C 2 AL H7Ls 5, 33 A AY
(backward stepwise process)E ©|-&35}o], 72 <l RdoA {254

b ARE dAEE AANFYL W DAkt Alce WSS st
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S A9 A

9 TH(Zuur et al., 2009).

o

sto] Ao ol &

Z =
+3}

w, Fischer's C7} p>0.05 o] A, AICc7} 7}

Ava
N

a2 273t th(Table S9 — S12). wpA|Eto 2 melo] 37t A5t
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Table 4.1. Variance inflation factors (VIF) of the species, functional and phylogenetic

diversity indices using for the multiple inference tests.

Early

Diversity index Spring summer Summer Fall
Species diversity

Species richness 1.1 1.0 1.0 1.1
Evenness 1.1 1.0 1.0 1.1
Functional diversity

FRic 2.4 3.0 3.0 1.8
FEve 1.3 1.2 1.3 1.2
FDiv 1.2 1.5 1.4 1.0
FDis 2.6 3.7 3.9 1.9
Functional diversity (functional dominance)

CWM SLA 1.3 1.1 1.2 1.4
CWM LDMC 1.3 1.3 1.5 1.5
CWM LA 1.9 1.2 1.3 2.0
CWM Hmax 23 1.4 1.8 2.1
Phylogenetic diversity

PSR 23 1.8 2.1 2.6
PSE 1.9 23 2.7 2.6
PSC 5.7 33 4.0 4.9
PSV 7.9 4.8 4.6 5.2

Abbreviation: FRic, functional richness; FEve, functional evenness; FDiv, functional
divergence; FDis, functional dispersion; CWM, community-weighted mean; SLA,
specific leaf area; LDMC, leaf dry matter content; LA, leaf area; Hmax, maximum
height; PSR, phylogenetic species richness; PSE, phylogenetic species evenness;
PSC, phylogenetic species clustering; PSV, phylogenetic species variability.
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Table 4.2. Variance inflation factors (VIF) of the selected variables for the seasonal

structural equation models.

Early

Variable Spring summer Summer Fall

Species richness - 9.1 7.4 6.6
Evenness 7.9 - - -
FRic - 4.8 4.0 -
FDiv - - - 1.1
CWM SLA 3.1 - - -
CWM LDMC - 1.7 1.5 -
CWM LA - - - 1.8
PSE 5.0 - - -
Above-ground biomass 1.7 4.9 4.7 6.7
Synchrony 1.2 2.1 1.5 2.0

Abbreviation: FRic, functional richness; FDiv, functional divergence; CWM,
community-weighted mean; SLA, specific leaf area; LDMC, leaf dry matter content;
LA, leaf area; PSE, phylogenetic species evenness.
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Species
diversity

Functional Phylogenetic
diversity diversity

N Above-ground
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Figure 4.1. Conceptual model of piecewise SEM. The direct and indirect effects of
species, functional and phylogenetic diversity indices, above-ground biomass and
synchrony on the stability of above-ground biomass production in the perennial

herbaceous plant community are included in the piecewise SEM.
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Simpson A7} F7FEFE Bl FosiAl Eo=THe < 0.05;
Figure 4.2). o213 59 WA= 716 td A5 CWM SLA 181l
Alg thd A1 PSESH /bEA 2He] #AACAME o ekA YERETH
(p < 0.05).

wE%E gEA 29954629)Y 5H06Y) 22 oA 8

T2 AETUSY AT 4 #AAE B tH(Figure 4.3, Figure 4.4).

=2

ofN

U A Fo = F55 %, Shannon A<=, Simpson A| 7} S71E4=
/g0 fFelsk Al F7HsEAtHp < 0.05). 71 thFd A el A= FRic¥

FDis, CWMLDMC7} 20543} o] 54 22 749 47 o] 27

o

= 7HRHp < 0.05). A5 22 THMM= F7FE CWM Hmax7h <7}

B2 ol wobath AFUGY A5 F PSRl FHESE

S

4

7FEHE102) 28 FHAAM = FF 5%, Shannon A<=, Simpson A7}
S/t Aol FosHAl EobR T (p < 0.05), 715 T Al
FRic, CWM LA, CMW Hmax % F8A 7 f-o ¢t Fe] #AE K GITH(Figure

4.5). ¥H4, FDiviz St T 59 #AE 7FA FDivE 57145 Qb4
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Figure 4.2. Spring season (April) bivariate relationships between species, functional
and phylogenetic diversity indices and the stability of above-ground biomass
production in the perennial herbaceous plant community. Grey lines are the fits of
linear mixed models across all sampling units, and grey bands show 95% confidence
intervals. Marginal R? (R?,) represents the variance explained by fixed effects, while

conditional R? (R%) represents the variance explanted by fixed and random effects.
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Figure 4.3. Early summer season (June) bivariate relationships between species,

functional and phylogenetic diversity indices and the stability of above-ground

biomass production in the perennial herbaceous plant community. Grey lines are the

fits of linear mixed models across all sampling units, and grey bands show 95%

confidence intervals. Marginal R* (R?y) represents the variance explained by fixed

effects, while conditional R* (R%) represents the variance explanted by fixed and

random effects.
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Figure 4.4. Summer season (August) bivariate relationships between species,
functional and phylogenetic diversity indices and the stability of community above-
ground biomass production in the perennial herbaceous plant community. Grey lines
are the fits of linear mixed models across all sampling units, and grey bands show
95% confidence intervals. Marginal R* (R*y) represents the variance explained by
fixed effects, while conditional R? (R?) represents the variance explanted by fixed

and random effects.
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Figure 4.5. Fall season (October) bivariate relationships between species, functional
and phylogenetic diversity indices and the stability of above-ground biomass
production in the perennial herbaceous plant community. Grey lines are the fits of
linear mixed models across all sampling units, and grey bands show 95% confidence

intervals. Marginal R? (R?,) represents the variance explained by fixed effects, while

conditional R? (R%) represents the variance explanted by fixed and random effects.

77



Ay, 54 28 AN #5555, CWM SLA,

E}bsttH(Table 4.3). H 2] A

%5, FRic, CWM LDMC,

o =%
- &

e

Z e <

A

ilat

7 o

el
e

N

(Bs = 0.88)7F o A F74

P
T

®=3F A

A 4= F PSR

a}

0
HH

~Z 3
B
o

F] el 4]

ol

3k

AICc7}F 7}

Jo] HF Rz HdAHYoY FDivel 3xF3}

FDivE

b

o
v

(Bs=0.41)5.T} o

P
T

X3 A

AT (B =-0.44)2] Hrjgko] FRic]

=z
=24

2 do= FDivZ} &

W 2

o

78



Table 4.3. Results of the best model selection from multi-model inference test for the
stability of seasonal above-ground biomass production in the perennial herbaceous
plant community using species, functional and phylogenetic diversity indices.

Diversity indices with asterisk show the highest standardized coefficient.

Season Fixed effect df AlCc Weight R* /R’

Species diversity

Spring Evenness 5 114.4 0.700 0.15/0.66
Early summer Species richness 6 104.3 0.933 0.56/0.60
5 121.8 0.875 0.25/0.25
5 121.6 0.891 0.25/0.25

Summer Species richness
Fall Species richness

Functional diversity

Spring Null 4 118.2 0.462 0.00/0.60
Early summer FRic 5 110.0 0.526 0.46/0.57
Summer FRic 5 119.6 0.622 0.29/0.29
Fall FRic + FDiv* 6 121.9 0.648 0.33/0.33
Functional diversity (functional dominance)

Spring CWM SLA 5 117.3 0.397 0.10/0.57
Early summer CWM LDMC 5 123.4 0.426 0.16/0.55
Summer CWM LDMC 5 119.1 0.467 0.28/0.30
Fall CWM LA 5 126.3 0.394 0.16/0.16

Phylogenetic diversity

Spring PSE 5 115.5 0.383 0.09/0.74
Early summer PSR* + PSV 6 109.3 0.402 0.56/0.61
Summer PSR 5 121.5 0.675 0.26/0.26
Fall PSR 5 121.3 0.664 0.26/0.26

Abbreviation: df, degree of freedom; R%., marginal R% R, conditional R% FRic,
functional richness; FDiv, functional divergence; CWM, community-weighted mean;
SLA, specific leaf area; LDMC, leaf dry matter content; LA, leaf area; PSE,
phylogenetic species evenness; PSR, phylogenetic species richness; PSV,
phylogenetic species variability.

79 M 2-H



433 7% B4R 1ndo QA A=

bj]

%)
To
NI
el
T

iy

XTI
o
o0

Nd

g
XN

[}

=

Fisher’s C

4.

42).

P ARG

o

A: Fisher’s C = 1.02, P=0.91, AICc

3

=

S|

=

=)
0.85, P =0.65, AICc = 81.71, n=42; 7}

o

HA
43; =

[<]

22 A3sH
= |

A : Fisher’s C

=

=
7.18,P=0.52, AICc=94.37,n

43; o

of ol&# A

72.96, n
4 : Fisher’s C

0.42, P=0.81, AICc = 35.00, n
s

el
00

A ¥ FHoA= PSEQ FAIA9)

X
=1

Folnt

el
=

[e]

& (p < 0.05)

oé]‘

&9

-

°
gl

9

o

i

g7d

(Figure 4.6).

N
22!

025, FAE 9
oh 9

(Bs)

+3 AZASF

di(p < 0.05), PSEQ] %

& Fq

o

>

S
—>

0.14)7} ©]

EE =

O

14% (R

15

H
QUi

=
K

%

8

A

A

A

-

=
CWM LDMC, A|AHE n}o] @ ujf

9]

g Wapel ofs A E it

o

T

F9 4

0200 = Agrdel dis] A=
2 749 o

.

P
T
By

4
CHFigure 4.7). SFH- v A vl e A9 A&

st A=ZA

=
=

nal
i

ol

e

ojy
;oO

‘.@ﬂo

AR

L —

(Bst= 0.93, p < 0.05), FAA

80

Hl Jebdthp < 0.05). 548 28 #£3 9

o

9

dl(Bs = - 0.70, p <0.05), SA4 R}

o

e

s
a1

A x3 TeA

he



2~

3 A o] o)

=

=

o]
] (p <0.05), FRic o744 1}

=

o

O

CWM LDMCyFo]
1S +3

9

g3 ol

X
e
jant

2

ol
700

JJJ

j—

0
o

=] Sl tH(Figure 4.8).

KL

~I

TOo
%O
o

ow, dth2 CWM LDMC, A7 Hpo] @2, FA4d

ilat

A gH vpol A9} FA

-

°
pal

of o

193 © 1K (By = 0.77, -0.80), ©]

S

o

8

9]

g

=
=

H, CWM LDMCS} EA]

oF

FA THR?, = 0.72).

S

o

F7FR] 2=

R

o vt

ol

t}. CWM

00

—

~I™
o|J
To
Ho
gl
jant

)
N

ol
00

= e

,Muﬂo

FDive}l &A1l 29

el

(?l_

A2

L —
T

THBy =-0.26, p < 0.05).

81

a5 v H tH(Figure 4.9). Functional dominance #5791 CWM LA

dlo] @ uj ~



Evenness

CWM SLA PSE

0

Above-ground | | Synchrony

biomass
R2m= 0.06 -0.20
R2c= 0.89 n;q

'Qo

Stability €

R’m= 0.14
R2c=0.71

Figure 4.6. Result of the piecewise SEM representing the direct and indirect effects
of diversity indices, above-ground biomass and synchrony on the stability of above-
ground biomass production in the perennial herbaceous plant community in spring
season (April). Black solid arrows indicate significant positive or negative effects on
the response variables. Bidirectional grey arrows represent correlated errors between
diversity indices. Numbers beside paths represent standardized path coefficients.
The values below each response variable represent the variance explained by fixed

effects (R%,) and fixed and random effects (R%).
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Figure 4.7. Result of the piecewise SEM representing the direct and indirect effects
of diversity indices, above-ground biomass and synchrony on the stability of above-
ground biomass production in the perennial herbaceous plant community in early
summer season (June). Black solid arrows indicate significant positive or negative
effects on the response variables. Black dotted arrow indicates non-significant
effects. Bidirectional grey arrows represent correlated errors between diversity
indices. Numbers beside paths represent standardized path coefficients. The values

below each response variable represent the variance explained by fixed effects (R%y)

and fixed and random effects (R%.).
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Figure 4.8. Result of the piecewise SEM representing the direct and indirect effects
of diversity indices, above-ground biomass and synchrony on the stability of above-
ground biomass production in the perennial herbaceous plant community in summer
season (August). Black solid arrows indicate significant positive or negative effects
on the response variables. Black dotted arrow indicates non-significant effects.
Bidirectional grey arrows represent correlated errors between diversity indices.
Numbers beside paths represent standardized path coefficients. The values below
each response variable represent the variance explained by fixed effects (R%,) and

fixed and random effects (R2.).
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Figure 4.10. Relative contributions of diversity indices, above-ground biomass and
synchrony on the stability of above-ground biomass production in the perennial
herbaceous plant community. Indirect effect was calculated by multiplying the direct
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FIFE VA= T2 71&4E golst= Aol a8kt & 4 Qlti(Leibold
et al., 2017)
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=
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Myers, 2011). =, B& A2 T 8ol #ost= + +A 4 714
o] A Zlojel wmat AlFgHA o ®

(Pandit et al., 2009; Maren et al., 2018). 347+ AA Fo] T o8 A
B2 o] HskA #ofstar ol Fo A B Ve e

A A % thH(Maire et al., 2012; Bar-Massada, 2015).
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ftlo
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st & 5o|4 Hbgy #-o] QI TtH(Grime, 1979; Pérez-Harguindeguy et al.,
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Pe 87 AR EE F D AS A0 U £ Hge Yxa

thal &elg 4= QIth(Fukami et al., 2005; Grime, 2006; Cadotte et al., 2013). T+
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2010; Kleyer et al., 2012; Gallien, 2017).

L AH BEokdlA = WEY A 74 (ecological network analysis)s &
Sk A7} ghibs] 8 31 Q) th(Delmas et al., 2019; Losapio et al., 2019). U]
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Holme et al., 2016; Fournier et al., 2016; Legras et al., 2019).
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T 7s AL 45X S8 ¥ o H AN (SLA: specific leaf area, cm?/g),
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z i
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2019).
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Table 5.1. Results of the assembly processes for the perennial herbacous plant
community in each season. P value represents the percentage of observed D, index
to null model distributions. If D, index is percent inferior to 5%, environmental filter
is dominant. D, index is percent superior to 95%, then competition is dominant,

while within 5-95% indicates stochastic process is dominant.

Season Network Modularity  Group D, P-value

Spring Functional trait 0.03 6 0.718 0.05-0.95
Co-occurrence 0.02 2

Early summer  Functional trait 0.00 1 0.000 -
Co-occurrence 0.01 3

Summer Functional trait 0.03 4 0.784 >0.95
Co-occurrence 0.14 9

Fall Functional trait 0.03 5 0.692 0.05-0.95
Co-occurrence 0.19 10
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Figure 5.1. Assortativity coefficients according to functional trait and season. Cross
symbols represent observed assortativity coeffecients of each functional trait, and
red circles represent significant values from null models. A violin plot represents a
distribution of expected values from null models with 1,000 permutation.
Abbreviation: LA, leaf area; SLA, specific leaf area; LDMC, leaf dry matter content;

Hmax, maximum height.
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Table S1. Importance values (%) of spring (April) herbaceous plant community in a
temperate deciduous forest in the Mt. Gariwang area.

Scientific name 2012 2013 2014 2015 2016 2017 2018 2019
Erythronium japonicum 13.70 30.08 12.14 17.23 15.90 16.75 17.25 17.17
Pseudostellaria setulosa 12.26 12.75 887 956 7.59 6.80 6.77 10.50
Meehania urticifolia 726 954 747 680 6.33 543 6.28 6.62
Anemone raddeana 6.18 563 363 7.06 7.76 7.26 755 6.31
Pimpinella brachycarpa 4.64 170 454 459 411 332 39 4.28
Corydalis lineariloba 3.28 330 419 470 394 318 355 256

Lilium distichum 296 316 3.06 318 325 436 429 3.12
Viola diamantiaca 167 032 442 317 510 474 454 251
Hylomecon vernalis 356 287 450 345 377 349 259 209
Adenophora remotiflora  2.94 - 331 335 438 385 410 3.01
Saussurea grandifolia 146 151 094 234 306 202 0.62 7.36
Carex pilosa 229 497 115 232 045 342 084 3.79
Doellingeria scabra 464 259 265 099 098 085 1.66 1.03
Milium effusum 256 283 130 148 1.18 137 095 352
Anemone reflexa 283 111 068 141 152 168 179 3.05
Aconitum jaluense 3.04 301 216 104 103 1.02 082 135
Aruncus dioicus 333 028 308 118 143 135 152 0.80
Adonis amurensis 029 171 070 207 187 153 168 283
Asarum sieboldii 1.27 030 269 146 203 123 256 0.62
Anemone koraiensis 1.81 030 089 152 147 126 141 1.96
Others (57 species) 18.04 12.05 27.63 21.12 22.84 25.09 25.27 15.52
Total 100 100 100 100 100 100 100 100
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Table S2. Importance values (%) of early summer (June) herbaceous plant

community in a temperate deciduous forest in the Mt. Gariwang area.

Scientific name 2012 2013 2014 2015 2016 2017 2018 2019
Pseudostellaria setulosa 15.46 11.05 14.36 10.05 11.61 9.31 8.68 9.95
Meehania urticifolia 872 749 886 7.41 721 823 930 7.40
Viola diamantiaca 576 7.20 898 7.85 841 650 6.94 6.47
Ainsliaea acerifolia 533 441 297 415 431 6.29 549 5.59
Pimpinella brachycarpa 4.69 5.27 575 5.05 470 465 415 321
Adenophora remotiflora 2.90 350 4.19 350 4.09 280 377 291
Astilbe rubra 249 234 273 401 302 505 345 295
Hylomecon vernalis 250 291 349 361 289 339 275 3.03
Lilium distichum 326 333 071 271 330 339 342 253
Asarum sieboldii 266 241 268 301 310 227 328 279
Aruncus dioicus 3.09 291 257 257 219 221 194 346
Phryma leptostachya 155 130 284 204 233 282 194 126
Lychnis cognata 212 234 179 174 221 208 191 1.56
Doellingeria scabra 240 230 223 260 157 140 166 142
Actaea dahurica 290 227 227 214 166 144 136 132
Vicia venosa 152 159 185 146 207 148 181 212
Isodon excisus 167 126 165 215 080 267 191 1.26
Laportea bulbifera 153 143 159 149 135 143 169 1.09
Rubia chinensis 151 169 153 185 105 111 130 1.36
Erythronium japonicum 0.00 231 000 085 229 059 176 3.56
Others (69 species) 27.92 30.69 26.97 29.77 29.84 30.90 31.49 34.75
Total 100 100 100 100 100 100 100 100
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Table S3. Importance values (%) of summer (August) herbaceous plant community
in a temperate deciduous forest in the Mt. Gariwang area.

Scientific name 2012 2013 2014 2015 2016 2017 2018 2019
Pseudostellaria setulosa 13.73 13.05 11.27 12.29 12.20 10.51 9.27 12.59
Meehania urticifolia 804 790 895 828 875 762 7.15 8.34

Viola diamantiaca 6.89 587 843 962 692 6.66 6.85 7.22
Ainsliaea acerifolia 598 569 196 422 538 7.67 6.53 5.76
Pimpinella brachycarpa 4.87 5.61 7.55 515 498 449 485 484
Astilbe rubra 233 3.07 345 338 371 6.77 490 4.15
Phryma leptostachya 311 348 371 400 363 479 214 293
Isodon excisus 334 360 211 187 316 454 340 3.19
Adenophora remotiflora 3.28 3.05 3.82 322 3.07 166 277 215
Asarum sieboldii 3.01 269 171 332 227 118 357 3.39
Aruncus dioicus 278 262 204 198 227 301 219 238
Doellingeria scabra 336 274 289 205 228 124 154 200
Lychnis cognata 212 304 222 170 221 180 137 228
Laportea bulbifera 197 258 141 215 219 161 251 1.82
Actaea dahurica 287 216 285 145 118 199 182 137
Artemisia stolonifera 172 260 200 171 207 213 132 204
Vicia venosa 196 267 169 185 228 128 175 201
Chloranthus japonicus 192 246 231 172 151 178 155 1.59
Rubia chinensis 182 190 183 155 203 148 139 1.45
Carex pilosa 1.88 124 089 078 104 236 257 0.79
Others (58 species) 22.99 21.98 26.91 27.70 26.85 25.43 30.56 27.71
Total 100 100 100 100 100 100 100 100
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Table S4. Importance values (%) of fall (October) herbaceous plant community in a
temperate deciduous forest in the Mt. Gariwang area.

Scientific name 2012 2013 2014 2015 2016 2017 2018 2019
Pseudostellaria setulosa 14.47 17.47 15.39 16.27 13.64 12.92 13.78 16.30
Meehania urticifolia 9.41 11.52 11.27 12.77 1057 1185 9.73 11.71

Viola diamantiaca 8.02 657 658 7.78 6.60 7.11 842 7.45
Pimpinella brachycarpa 6.43 554 9.04 7.07 545 470 6.10 5.82
Ainsliaea acerifolia 477 553 035 465 4.89 506 512 4.56
Astilbe rubra 154 325 435 255 335 525 228 131
Isodon excisus 316 379 130 214 386 488 202 184
Doellingeria scabra 334 255 475 293 270 270 169 161
Milium effusum 213 221 441 407 244 193 200 231
Phryma leptostachya 319 349 367 182 360 210 100 222
Carex pilosa 487 232 277 108 122 237 296 0.79
Artemisia stolonifera 236 198 244 274 187 246 259 1.55
Asarum sieboldii 262 291 169 045 199 020 411 333
Adenophora remotiflora 2.18 2.03 215 244 279 194 082 288
Viola albida 1.74 211 248 210 219 285 122 216
Athyrium yokoscense 1.06 165 184 066 163 234 330 3.88
Actaea dahurica 336 042 351 135 076 232 165 2.23
Vicia venosa 267 145 140 165 164 145 275 228
Lychnis cognata 232 171 234 265 190 1.01 092 201
Rubia chinensis 246 222 179 210 161 214 132 112
Others (53 species) 17.90 19.26 16.47 20.72 25.30 22.41 26.21 22.62
Total 100 100 100 100 100 100 100 100
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Table S5. List of observed species in perennial herbaceous plant community in a temperate deciduous forest in the Mt. Gariwang area.

Scientific name (The Plant List) Korean name Life cycle Spring  Early summer Summer Fall
Athyriaceae
Athyrium multidentatum (Déll) Ching ZEA 1AL Perennial o
Athyrium yokoscense (Franch. & Sav.) Christ W ALY Perennial o
Deparia pycnosora (Christ) M.Kato g 1A Perennial o
Dryopteridaceae
Dryopteris monticola (Makino) C.Chr. X LA}l Perennial o o o
Urticaceae
Laportea bulbifera (Siebold & Zucc.) Wedd. 7= Perennial o o o o
Caryophyllaceae
Lychnis cognata Maxim. F AL Perennial o o o o
Pseudostellaria setulosa Ohwi (Unresolved) e Perennial o o o o
Ranunculaceae
Aconitum jaluense Kom. L3 Perennial o o o o
Aconitum pseudolaeve Nakai 21 Perennial o o o o
Actaea dahurica (Turcz. ex Fisch. & C.A.Mey.) Franch. T &) Perennial o o o o
Actaea simplex (DC.) Wormsk. ex Prantl e Skl Perennial o o o o
Adonis amurensis Regel & Radde % Perennial o o
Anemone koraiensis Nakai Zolu|ulZ:  Perennial o o
Anemone raddeana Regel HojulahLt Perennial o o
Anemone reflexa Steph. ex Willd. 3 g ulit Perennial o o
Thalictrum tuberiferum Maxim. A+ ol thg] Perennial o o o o
Chloranthaceae
Chloranthus japonicus Siebold Zo}n| Lo Perennial o o o o
Avristolochiaceae
Asarum misandrum B.U.Oh & J.G.Kim (Unresolved) ZYA 28] Perennial o o o o
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Table S5. Continued.

Scientific name (The Plant List) Korean name  Life cycle Spring  Early summer Summer Fall
Asarum sieboldii Mig. =g E Perennial o o o o
Papaveraceae
Hylomecon vernalis Maxim. U= Perennial o o o
Corydalis grandicalyx B.U.Oh & Y.S.Kim ZH AT A Perennial o
Corydalis lineariloba Siebold & Zucc. Ho A Perennial o
Corydalis pauciovulata Ohwi (Unresolved) A BFuy Biennial o o o
Brassicaceae
Cardamine leucantha (Tausch) O.E.Schulz g o) Perennial o o
Sisymbrium luteum (Maxim.) O.E.Schulz g g Perennial o o
Saxifragaceae
Astilbe rubra Hook.f. & Thomson TFes Perennial o
Chrysosplenium sinicum Maxim. X B ol Perennial
Rosaceae
Agrimonia pilosa Ledeb. AAIYE Perennial o
Aruncus dioicus (Walter) Fernald T/NEnt Perennial
Fabaceae
Vicia unijuga A.Braun e U= Perennial )
Vicia venosa var. cuspidata Maxim. 54 Perennial o
Oxalidaceae
Oxalis obtriangulata Maxim. 3oyt Perennial o o o o
Geraniaceae
Geranium koreanum Kom. TIoldE Perennial o o o o
Balsaminaceae
Impatiens noli-tangere L. CHEEA Annual o
Impatiens textorii Mig. =M Annual o
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Table S5. Continued.

Scientific name (The Plant List) Korean name  Life cycle Spring  Early summer Summer Fall
Violaceae
Viola acuminata Ledeb. Z A v & Perennial o o o o
Viola albida Palib. Ef) 9l A ] 2L Perennial o o o o
Viola collina Besser TEAMEE Perennial o o o o
Viola diamantiaca Nakai A u] L Perennial ) o o o
Viola keiskei Mig. (Unresolved) ZHe A v 4L Perennial o o o o
Viola orientalis (Maxim.) W.Becker AN & Perennial o o o o
Viola rossii Hemsl. AL Z-A| K] 2 Perennial o o o o
Viola selkirkii Pursh ex Goldie ) A v &t Perennial o o
Viola tokubuchiana var. takedana (Makino) F.Maek. (Unresolved)  W1-z ¥ AH]Z  Perennial o o o o
Apiaceae
Angelica amurensis Schischk. PRI AR Perennial o o o o
Angelica decursiva (Mig.) Franch. & Sav. v UE Perennial o o o
Heracleum moellendorffii Hance ol Perennial o o o
Pimpinella brachycarpa (Kom.) Nakai A= Perennial o o o
Ericaceae
Monotropastrum humile (D.Don) H.Hara UEFdx Perennial o
Primulaceae
Lysimachia clethroides Duby A5 Perennial o o o
Gentianaceae
Gentiana zollingeri Fawc. & 50| Biennial o o o
Rubiaceae
Galium maximowiczii (Kom.) Pobed. iEaE Perennial
Galium odoratum (L.) Scop. A4 Perennial
Rubia argyi (H.Lév. & Vaniot) H.Hara ex Lauener TEAY Perennial
¥ b
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Table S5. Continued.

Scientific name (The Plant List) Korean name  Life cycle Spring  Early summer Summer Fall
Rubia chinensis Regel & Maack FEE=AY Perennial o o o o
Lamiaceae

Isodon excisus (Maxim.) Kudd L urE Perennial o

Lamium album subsp. barbatum (Siebold & Zucc.) Mennema Fojo Perennial o

Meehania urticifolia (Mig.) Makino W= Perennial o
Phrymaceae

Phryma leptostachya var. oblongifolia (Koidz.) Honda 2] & Perennial o o o o
Caprifoliaceae

Patrinia scabiosifolia Fisch. ex Trevir. vulelE Perennial o o
Campanulaceae

Adenophora remotiflora (Siebold & Zucc.) Mig. EA T Perennial o o o o
Compositae

Ainsliaea acerifolia Sch.Bip. o3 Perennial o o o
Artemisia stolonifera (Maxim.) Kom. u2-¢le]el&  Perennial o o o
Aster ageratoides Turcz. b g5 A o] Perennial o o o
Doellingeria scabra (Thunb.) Nees -] Perennial o o o o
Lactuca triangulata Maxim. T 1= 7] Biennial o o o
Ligularia fischeri (Ledeb.) Turcz. =3 Perennial o o o o
Parasenecio auriculatus var. kamtschatica (Maxim.) H.Koyama ek vE Perennial o o

Saussurea grandifolia Maxim. AqEFH Perennial o o o
Saussurea tanakae Franch. & Sav. ex Maxim. 5 Perennial o o o
Liliaceae

Allium monanthum Maxim. (Amaryllidaceae) < Perennial

Convallaria keiskei Miq. (Asparagaceae) 2He 2 Perennial o

Disporum smilacinum A.Gray (Colchicaceae) ol 71 ] Perennial o
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Table S5. Continued.

Scientific name (The Plant List) Korean name  Life cycle Spring  Early summer Summer Fall
Erythronium japonicum Decne. (Liliaceae) YA Perennial o o

Lilium distichum Nakai ex Kamib. (Liliaceae) g By Perennial o o o o
Paris verticillata M.Bieb. (Melanthiaceae) AU = Perennial o

Polygonatum inflatum Kom. (Asparagaceae) E==d Perennial o o o
Polygonatum involucratum (Franch. & Sav.) Maxim. (Asparagaceae) 2% =2 Perennial o o o
Polygonatum odoratum var. pluriflorum (Mig.) Ohwi (Asparagaceae) s = d| Perennial o o

Maianthemum japonicum (A.Gray) LaFrankie (Asparagaceae) =& Perennial o o o

Streptopus ovalis (Ohwi) F.T.Wang & Y.C.Tang (Liliaceae) 7ol 712 Perennial o o o

Veratrum maackii var. japonicum (Baker) Shimizu (Melanthiaceag) o= Perennial o o o

Veratrum oxysepalum Turcz. (Melanthiaceae) BEAY Perennial o o

Dioscoreaceae

Dioscorea nipponica Makino ==} Perennial o o o
Poaceae

Milium effusum L. L= 7 o)Ak Perennial o o o o
Araceae

Arisaema amurense Maxim. A Perennial o o
Symplocarpus nipponicus Makino of 7] k-2 H- =] Perennial

Cyperaceae

Carex pilosa Scop. YAl x Perennial

Carex siderosticta Hance 21PN Perennial o
Orchidaceae

Cephalanthera longibracteata Blume 2tz Perennial

Oreorchis patens (Lindl.) Lindl. FA TS S Perennial o o
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Table S6. Number of observed species in the perennial herbaceous plant community

of spring and early summer season during the period of 2012-2019. Numbers in

parenthesis indicate species that only appeared in each season.

Year Spring Early summer Shared
2012 46(3) 64(21) 43
2013 42(0) 69(24) 42
2014 60(12) 57(9) 48
2015 59(9) 70(20) 50
2016 68(3) 75(10) 65
2017 68(4) 72(12) 64
2018 66(3) 72(9) 63
2019 50(4) 77(31) 46
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Table S7. Allometric linear regressions for estimating above-ground biomass of each
herbaceous plant species (above-ground biomass = 8 x leaf biomass).

Scientific name

Number of Coefficient

(The Plant List) samples (B) R square P value
Athyrium multidentatum 5 1.32 0.999 0.000
Athyrium yokoscense 5 1.27 0.998 0.000
Deparia pycnosora 6 1.14 0.999 0.000
Dryopteris monticola 7 1.31 0.998 0.000
Laportea bulbifera 5 2.06 0.996 0.000
Lychnis cognata 5 2.14 0.999 0.000
Pseudostellaria setulosa 11 1.42 0.996 0.000
Aconitum jaluense 5 2.28 0.985 0.000
Aconitum pseudolaeve 8 1.98 0.991 0.000
Actaea dahurica 6 1.81 0.995 0.000
Actaea simplex 5 2.07 0.987 0.000
Adonis amurensis 10 1.53 0.970 0.000
Anemone koraiensis 9 1.83 0.993 0.000
Anemone raddeana 6 1.86 0.993 0.000
Anemone reflexa 7 1.59 0.990 0.000
Thalictrum tuberiferum 6 2.31 0.996 0.000
Chloranthus japonicus 5 1.51 0.997 0.000
Asarum glabrata 6 2.07 0.982 0.000
Asarum sieboldii 5 1.63 0.999 0.000
Hylomecon vernalis 11 1.59 0.991 0.000
Corydalis grandicalyx 9 2.15 0.992 0.000
Corydalis pauciovulata 5 1.94 0.992 0.000
Corydalis lineariloba 10 1.84 0.976 0.000
Cardamine leucantha 7 1.91 0.995 0.000
Sisymbrium luteum 5 2.83 0.988 0.000
Astilbe rubra 8 2.27 0.968 0.000
Chrysosplenium sinicum 7 1.62 0.988 0.000
Agrimonia pilosa 7 1.65 0.997 0.000
Aruncus dioicus 5 2.36 0.976 0.000
Vicia unijuga 5 1.85 0.997 0.000
Vicia venosa 6 1.77 0.998 0.000
Oxalis obtriangulata 7 2.27 0.945 0.000
Geranium koreanum 6 2.04 0.946 0.000
Impatiens noli-tangere 6 1.73 0.997 0.000
Impatiens textori 5 1.64 0.994 0.000
Viola acuminata 6 2.51 0.994 0.000
Viola albida 6 1.86 0.990 0.000
Viola collina 9 1.64 0.989 0.000
Viola diamantiaca 7 1.59 0.996 0.000
Viola keiskei 2 - - -
Viola orientalis 5 1.44 0.999 0.000
Viola rossii 10 1.55 0.996 0.000
Viola selkirkii 7 1.53 0.986 0.000
Viola tokubuchiana 7 1.73 0.972 0.000
Angelica amurensis 6 1.91 0.999 0.000
Angelica decursiva 2 - - -
Heracleum moellendorffii 5 2.33 0.985 0.000
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Table S7. Continued.

Scientific name Number of Coefficient R r P val

(The Plant List) samples oethicien square value
Pimpinella brachycarpa 6 2.57 0.993 0.000
Monotropastrum humile 8 4.96 0.366 0.084
Lysimachia clethroides 7 2.30 0.987 0.000
Gentiana zollingeri 1 - - -
Galium maximowiczii 7 2.66 0.979 0.000
Galium odoratum 6 1.53 0.997 0.000
Rubia argyi 6 1.69 0.990 0.000
Rubia chinensis 8 1.89 0.990 0.000
Isodon excisus 5 2.63 0.967 0.000
Lamium album 8 2.15 0.986 0.000
Meehania urticifolia 7 1.96 0.972 0.000
Phryma leptostachya 5 2.02 0.966 0.000
Patrinia scabiosifolia 5 3.84 0.984 0.000
Adenophora remotiflora 8 2.54 0.954 0.000
Ainsliaea acerifolia 8 2.06 0.988 0.000
Artemisia stolonifera 5 2.37 0.998 0.000
Aster ageratoides 8 2.89 0.963 0.000
Doellingeria scabra 7 3.27 0.939 0.000
Lactuca triangulata 5 3.23 0.974 0.000
Ligularia fischeri 7 1.85 0.998 0.000
Parasenecio auriculatus 5 2.39 0.998 0.000
Saussurea grandifolia 7 2.49 0.992 0.000
Saussurea tanakae 5 1.35 0.999 0.000
Allium monanthum 14 1.25 0.981 0.000
Convallaria keiskei 7 1.77 0.997 0.000
Disporum smilacinum 5 1.69 0.999 0.000
Erythronium japonicum 5 1.57 0.998 0.000
Lilium distichum 6 3.29 0.944 0.000
Paris verticillata 7 1.97 0.993 0.000
Polygonatum inflatum 7 1.73 0.994 0.000
Polygonatum involucratum 5 1.65 0.996 0.000
Polygonatum odoratum 8 1.59 0.989 0.000
Maianthemum japonicum 8 1.98 0.979 0.000
Streptopus ovalis 8 1.45 0.997 0.000
Veratrum maackii 7 2.59 0.963 0.000
Veratrum oxysepalum 8 2.24 0.981 0.000
Dioscorea nipponica 5 1.78 0.998 0.000
Milium effusum 5 2.56 0.909 0.003
Arisaema amurense 5 1.75 0.996 0.000
Symplocarpus nipponicus 1 - - -
Carex pilosa 8 1.03 0.998 0.000
Carex siderosticta 7 1.06 0.999 0.000
Cephalanthera longibracteata 7 2.12 0.974 0.000
Oreorchis patens 7 1.00 1.000 0.000
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Table S8. Species, functional and phylogenetic diversity indices, above-ground biomass, synchrony and stability of seasonal perennial herbaceous
plant community.

Variable Spring (April) Early summer (June) Summer (August) Fall (October)
Species richness 8.13+£3.34 9.39 £4.38 7.99 +3.89 6.49 +2.88
Evenness 0.69 +£0.12 0.79 £ 0.09 0.78 £0.11 0.78 +£0.11
Shannon index 1.37+0.42 1.67 £0.48 1.52+£0.48 1.39+£0.43
Simpson index 0.62+0.15 0.73+0.12 0.69+0.14 0.67+0.14
FRic 1.85+1.56 2.57+2.14 2.25+2.00 1.64 £ 1.46
FEve 0.58+0.10 0.63 £0.08 0.62 £0.12 0.65+£0.11
FDiv 0.78 £0.09 0.69 £0.12 0.74 £0.10 0.71 £0.10
FDis 0.89 £0.51 1.11 £0.57 1.13+£0.61 1.00 £0.41
CWM SLA 393.32+41.32 444.08 + 38.06 455.48 +£54.91 448.96 £ 55.36
CWM LDMC 0.15+0.02 0.16 £0.02 0.16 £0.02 0.16 £0.02
CWM LA 53.34 £23.34 71.04 +28.88 73.50 £29.71 70.45 £ 35.05
CWM Hmax 61.27 +£36.53 78.03 £ 57.48 78.20 +£57.76 65.90 £20.10
PSR 2.61 +£1.10 3.20+1.51 2.74 £1.35 2.21£1.05
PSE 0.23 +£0.06 0.29 £0.07 0.28 £0.09 0.28 £0.07
PSC 0.24 +0.04 0.25+0.05 0.26 £0.07 0.26 £0.07
PSV 0.32+0.03 0.34 £0.06 0.35+£0.08 0.34 £0.08
Above-ground biomass 5.99 +3.92 19.01 £13.69 16.17 £11.87 9.32+7.28
Synchrony 0.54+0.14 0.28 £0.18 0.36+0.18 0.33+0.21
Stability 1.33+0.43 292+ 1.41 2.22+0.82 2.09 +0.77

Abbreviation: FRic, functional richness; FEve, functional evenness; FDiv, functional divergence; FDis, functional dispersion; CWM, community-
weighted mean; SLA, specific leaf area; LDMC, leaf dry matter content; LA, leaf area; Hmax, maximum height; PSR, phylogenetic species
richness; PSE, phylogenetic species evenness; PSC, phylogenetic species clustering; PSV, phylogenetic species variability
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Table S9. Piecewise SEM of the spring season stability of above-ground biomass
production in perennial herbaceous plant community. Final model represented in
bold font.

Models [Deleted path] Fisher’sC P AlCe

M1: Full model 0.00 1.00 114.67
M2: M1 - [Evenness — Above-ground biomass] 0.26 0.88 104.69
M3: M2 - [CWM SLA — Above-ground biomass] 0.20 1.00 95.03
M4: M3 - [PSE — Synchrony] 0.74 099  87.50
MS5: M4 - [Evenness — Synchrony] 0.53 1.00  79.21
M6: M5 - [Above-ground biomass — Stability] 1.17 1.00 73.23
M?7: M6 - [Evenness — Stability] 1.09 0.98 66.44
M8: M7 - [CWM SLA — Synchrony] 1.02 0.91 40.05
M9: M8 - [CWM SLA — Stability] 0.42 0.81  35.00
M10: M9 - [Synchrony — Above-ground biomass] 7.18 0.13 40.57

Table S10. Piecewise SEM of the early summer season stability of above-ground
biomass production in perennial herbaceous plant community. Final model
represented in bold font.

Models [Deleted path] Fisher’sC P AlCc

M1: Full model 0.00 1.00 114.67
M2: M1 - [CWM LDMC — Synchrony] 0.29 0.87 104.76
M3: M2 - [Species richness — Stability] 0.61 0.96 95.91
M4: M3 - [FRic — Synchrony] 1.42 097  88.91
MS5: M4 - [FRic — Above-ground biomass] 3.79 0.88 85.59
M6: M5 - [FRic — Stability] 1.02 0.91 72.96
M?7: M6 - [Evenness — Stability] 5.60 0.47 74.52

156 A & fl



Table S11. Piecewise SEM of the summer season stability of above-ground biomass
production in perennial herbaceous plant community. Final model represented in
bold font.

Models [Deleted path] Fisher’sC P AlICc

M1: Full model 0.00 1.00 118.59
M2: M1 - [FRic — Synchrony] 0.38 0.83 108.21
M3: M2 - [CWM LDMC — Synchrony] 0.96 092  99.38
M4: M3 - [FRic — Stability] 3.7 0.72 9597
MS: M4 - [FRic — Above-ground biomass] 0.85 0.65 81.71
M6: M5 - [Species richness — Stability] 6.58 0.16 85.10

Table S12. Piecewise SEM of the fall season stability of above-ground biomass
production in perennial herbaceous plant community. Final model represented in
bold font.

Models [Deleted path] Fisher’s C P AlCc

M1: Full model 0.00 1.00 118.59
M2: M1 - [FRic — Above-ground biomass] 0.59 0.74 108.72
M3: M2 - [FRic — Synchrony] 2.58  0.63  102.96
M4: M3 - [CWM LA — Stability] 514 053 99.00
MS5: M4 - [Species richness — Stability] 7.18  0.52 94.37
M6: M5 - [CWM LA — Synchrony] 1252 0.25 96.48
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Figure S1. Seasonal mean values of environmental variables at the study sites during

the period 0f 2012-2019. Simple linear regression lines and 95% confidence intervals

were added to show temporal trends of environmental variables. Each season

represent two consecutive months: winter (January - February), spring (March -

April), early summer (May - June), summer (July - August), fall (September -

October). Abbreviation: Tmean, mean air temperature; RH, relative humidity; PAR,

photosynthetically activation radiation; T, mean soil temperature
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Figure S2. Phylogenetic tree of perennial herbaceous plant community used for
calculating phylogenetic diversity indices in this study.
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Abstract

Biodiversity and stability of
perennial herbaceous plant community
in a temperate deciduous forest
in the Mt. Gariwang area

Jong Bin Jung
Major in Forest Environmental Science
Department of Forest Sciences

The Graduate School

Seoul National University

Forest herbaceous plant communities account for the majority of forest plant
biodiversity and are involved in various ecosystem functions, including nutrient
cycling, pollination, and herbivore. Moreover, herbaceous plant communities in
temperate forests show seasonal changes in species composition and contribute to
enhancing forest biodiversity and ecosystem functioning. Species loss and changes
in species composition due to anthropogenic activities are negatively affecting forest
biodiversity and ecosystem functioning. Therefore, elucidating the temporal change
patterns and drivers of biodiversity of forest herbaceous communities, and
understanding the relationship between biodiversity and ecosystem functioning, can
help establish biodiversity management plans for forest herbaceous plant
communities in a changing era and enhance forest ecosystem functioning. This study
was conducted to understand the temporal change pattern of biodiversity, to

investigate the relationship between biodiversity and the stability of ecosystem
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functioning, and to identify the community assembly mechanism of perennial
herbaceous plant community in a temperate deciduous forest in the Mt. Gariwang

arca.

The first study aimed to understand the temporal change patterns of biodiversity
of forest herbaceous plant community. Species diversity was calculated using species
richness and Shannon index, and the temporal trend of annual changes in species
diversity from 2012 to 2019 was analyzed using a seasonal linear mixed model.
Changes in species composition between years, seasons, and sites were calculated
using Bray-Curtis dissimilarity, and groups were compared using permutational
multivariate analysis of variance (PERMANOVA) and non-metric multidimensional
scaling (NMDS). Species composition turnover between two consecutive seasons
were calculated using temporal beta diversity index, and correlation analysis with
environmental factors was performed. A total of 91 species of herbaceous plants
appeared in the study area, 77 species in spring (April), 89 species in early summer
(June), 78 species in summer (August), and 73 species in fall (October). Species
richness and Shannon index increased significantly in spring and early summer over
the past 8 years (p < 0.05), whereas year-to-year changes in species composition
showed significant differences only in spring season (p < 0.05). On the other hand,
the temporal beta diversity indices between herbaceous plant communities in spring
and early summer has decreased significantly in recent years, showing that the
species composition of herbaceous communities in spring and early summer become
similar to each other (p < 0.05). An increase in the similarity of species composition
between these two seasons was related with an increase in spring temperature

(March-April).

The second study aimed to seek to the relationship between the biodiversity and
the stability of ecosystem functioning of herbaceous plant community. The

biodiversity included species diversity, functional diversity, and phylogenetic
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diversity. Functional diversity was calculated using specific leaf area, leaf dry matter
content, leaf area, and maximum height. Phylogenetic diversity was calculated using
the phylogenetic tree of 91 species that appeared in the study area. Above-ground
biomass was estimated for each species using allometric linear regression with leaf
biomass. The stability was defined as is the degree of temporal variability of the
above-ground biomass. The synchrony represented the variance ratio of above-
ground biomass of community to populations. Among the biodiversity measures, the
optimal variables for stability were selected using multi-model inference, and the
relationships between the variables and the stability were shown using the structural
equation model for each season. Except for spring season, species diversity,
functional diversity, and phylogenetic diversity were positively related to the
stability of above-ground biomass production in the perennial herbaceous plant
community. In spring, the stability increased as more phylogenetically related
species appeared, implying that the role of spring ephemeral is important for the
stability of above-ground biomass production. In early summer and summer, the leaf
dry matter content of the dominant species contributed to stability. Finally,
synchrony had a consistent negative effect on stability, suggesting that species-
specific responses to environmental fluctuations and inter-species competition
played an important role in maintaining the stability of the ecosystem functioning of

forest herbaceous plant communities.

The third study aimed to identify the community assembly mechanism of a
perennial herbaceous plant community in a temperate deciduous forest and to
understand the differences in the community assembly mechanism according to
seasons. For network analysis, co-occurrence networks using site-species matrix and
functional trait networks using functional traits such as leaf area ratio, leaf quantity,
leaf area, maximum height, and below-ground organ shape were prepared for each
season. Network group congruence and assortativity of network structure were

calculated using network analysis, and significances were verified using null models.
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The predominance of seasonally different ecological processes was investigated in
the community assembly of seasonal herbaceous plant communities. In spring and
fall, stochastic processes according to changes in environmental factors
predominated, whereas in the summer, deterministic process by light competition
prevailed. Stochastic and deterministic processes alternately affected the community
assembly of forest herbaceous plant communities in the study area depending

s€asons.

The biodiversity of forest herbaceous plant communities in spring and early
summer showed year-on-year changes from 2012 to 2019. The increase in spring
temperature reduced the seasonal turnover in the species composition of the
herbaceous plant community and the ecosystem functioning. Therefore, long-term
monitoring is required to continuously evaluate temporal changes in biodiversity,
especially in spring. The high biodiversity contributed to the stable maintenance of
the ecosystem functioning in the herbaceous plant community. This means that
biodiversity conservation of forest herbaceous plant community should be an
important management strategy for sustainable forest ecosystem management. In
order to maintain sustainable ecosystem functioning, it is necessary to manage
multiple facets of biodiversity in an integrated way. Lastly, the biodiversity of forest
herbaceous plant community is formed differently by season due to species
competition and environmental fluctuations. For conserve the biodiversity of forest
herbaceous plant community, it is necessary to predict and prepare seasonal changes
in the mechanism that affect community assembly. The results of this study are
expected to contribute to establishing a biodiversity management plan for the
herbaceous plant community in temperate deciduous forests.

Keywords : species diversity, functional diversity, phylogenetic diversity,
ecosystem functioning, functional trait, network analysis

Student Number : 2015 - 30379

163 A



	제 1 장 서  론
	1.1 연구 배경
	1.2 연구 목적

	제 2 장 이론적 배경
	2.1 생물다양성
	2.2 생물다양성의 시간적 변화
	2.3 생물다양성과 생태계 기능 간 관계
	2.4 생물다양성과 군집 형성 기작

	제 3 장 산림 초본 군집 생물다양성의 시간적 변화
	3.1 서론
	3.2 재료 및 방법
	3.2.1 연구 대상지 및 연구 설계
	3.2.2 초본 군집 조사
	3.2.3 환경 요인 조사
	3.2.4 종다양성 지수의 경향
	3.2.5 종 조성 변화 분석
	3.2.6 종 조성의 계절 전환 분석

	3.3 결과
	3.3.1 환경 요인 변화
	3.3.2 종 조성 현황
	3.3.3 연도에 따른 종다양성의 경향
	3.3.4 연도별, 계절별 종 조성 변화
	3.3.5 계절별 종 조성의 연년 변화
	3.3.6 종 조성의 계절 전환

	3.4 고찰 
	3.4.1 산림 초본 군집의 종다양성 변화
	3.4.2 산림 초본 군집의 종 조성 변화
	3.4.3 계절 종 조성의 균질화


	제 4 장 산림 초본 군집 생물다양성이 초본 군집의 지상부 바이오매스 생산의 안정성에 미치는 영향
	4.1 서론
	4.2 재료 및 방법
	4.2.1 초본 군집 조사
	4.2.2 기능 형질 측정
	4.2.3 생물다양성 지수 산출
	4.2.4 지상부 바이오매스 추정
	4.2.5 안정성과 동시성
	4.2.6 통계 분석

	4.3 결과
	4.3.1 생물다양성 지수와 안정성 간의 이변량 관계
	4.3.2 생물다양성 지수 그룹별 최적 설명 변수
	4.3.3 구조 방정식 모델의 안정성 경로
	4.3.4 생물다양성 지수 별 상대 기여도

	4.4 고찰
	4.4.1 산림 초본 군집 생물다양성의 안정성 효과
	4.4.2 산림 초본 군집의 계절별 안정성 경로
	4.4.3 동시성이 안정성에 미치는 영향


	제 5 장 네트워크 분석을 이용한 산림 초본 군집 생물다양성의 형성 기작 구명
	5.1 서론
	5.2 재료 및 방법
	5.2.1 초본 군집 조사
	5.2.2 기능 형질 조사
	5.2.3 출현 네트워크 작성
	5.2.4 기능 형질 네트워크 작성
	5.2.5 네트워크 그룹 일치성
	5.2.6 네트워크 동류성

	5.3 결과
	5.3.1 출현-기능 형질 네트워크 그룹 간 일치성
	5.3.2 출현 네트워크의 기능 형질 동류성

	5.4 고찰
	5.4.1 계절별 군집 형성 기작
	5.4.2 군집 형성 기작과 기능 형질


	제 6 장 결  론
	인용 문헌
	부  록
	Abstract


<startpage>17
제 1 장 서  론 1
 1.1 연구 배경 1
 1.2 연구 목적 5
제 2 장 이론적 배경 7
 2.1 생물다양성 7
 2.2 생물다양성의 시간적 변화 8
 2.3 생물다양성과 생태계 기능 간 관계 10
 2.4 생물다양성과 군집 형성 기작 13
제 3 장 산림 초본 군집 생물다양성의 시간적 변화 17
 3.1 서론 17
 3.2 재료 및 방법 20
  3.2.1 연구 대상지 및 연구 설계 20
  3.2.2 초본 군집 조사 24
  3.2.3 환경 요인 조사 26
  3.2.4 종다양성 지수의 경향 28
  3.2.5 종 조성 변화 분석 28
  3.2.6 종 조성의 계절 전환 분석 30
 3.3 결과 31
  3.3.1 환경 요인 변화 31
  3.3.2 종 조성 현황 34
  3.3.3 연도에 따른 종다양성의 경향 36
  3.3.4 연도별, 계절별 종 조성 변화 39
  3.3.5 계절별 종 조성의 연년 변화 42
  3.3.6 종 조성의 계절 전환 46
 3.4 고찰  50
  3.4.1 산림 초본 군집의 종다양성 변화 50
  3.4.2 산림 초본 군집의 종 조성 변화 52
  3.4.3 계절 종 조성의 균질화 54
제 4 장 산림 초본 군집 생물다양성이 초본 군집의 지상부 바이오매스 생산의 안정성에 미치는 영향 57
 4.1 서론 57
 4.2 재료 및 방법 60
  4.2.1 초본 군집 조사 60
  4.2.2 기능 형질 측정 60
  4.2.3 생물다양성 지수 산출 62
  4.2.4 지상부 바이오매스 추정 65
  4.2.5 안정성과 동시성 65
  4.2.6 통계 분석 66
 4.3 결과 73
  4.3.1 생물다양성 지수와 안정성 간의 이변량 관계 73
  4.3.2 생물다양성 지수 그룹별 최적 설명 변수 78
  4.3.3 구조 방정식 모델의 안정성 경로 80
  4.3.4 생물다양성 지수 별 상대 기여도 86
 4.4 고찰 88
  4.4.1 산림 초본 군집 생물다양성의 안정성 효과 88
  4.4.2 산림 초본 군집의 계절별 안정성 경로 90
  4.4.3 동시성이 안정성에 미치는 영향 92
제 5 장 네트워크 분석을 이용한 산림 초본 군집 생물다양성의 형성 기작 구명 95
 5.1 서론 95
 5.2 재료 및 방법 98
  5.2.1 초본 군집 조사 98
  5.2.2 기능 형질 조사 98
  5.2.3 출현 네트워크 작성 99
  5.2.4 기능 형질 네트워크 작성 99
  5.2.5 네트워크 그룹 일치성 99
  5.2.6 네트워크 동류성 101
 5.3 결과 103
  5.3.1 출현-기능 형질 네트워크 그룹 간 일치성 103
  5.3.2 출현 네트워크의 기능 형질 동류성 105
 5.4 고찰 107
  5.4.1 계절별 군집 형성 기작 107
  5.4.2 군집 형성 기작과 기능 형질 108
제 6 장 결  론 112
인용 문헌 115
부  록 143
Abstract 160
</body>

