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1970 78 A|ZHE BR 2 27]0ll= AEjA|9] B4l T2 FiL
o=9 Al 7 BRE AAIRKISE (1) AEA W9 s 239
CH/d (diversity) o 24 (integrity)S HASHAL, (2) FH 2 8 AF+E A
A Al3stH, (3) X5 TS 3 A[EE Al S STHUNESCO, 1974, 1983).
BR-2 |7 1996 Vi3] 2 #ek offe} A&7l et ol 8% nefale Adow
SgEol, 1 Jlsd polol (1) AECHI EU4s wEsh:
A4 (core zone), (2) W& HYEHTF-AFE B3 HA FHS ALst=
2h5% (buffer zone), “L2]| 1L (3) A El}-AS] 4 0. = X[ &7F591 2| o FRIS59] A
WS Fol= Aol tY(transition zone) O &2 FA|5}E A tHReed & Massie,
2013; UNESCO, 1996, 2023)(Fig. 1). BR & SA5]7] Qe BE2]2|sHA
A9 ES o Qlofof shal, A=t HAdS AT 5942 7M1, BR 9
712 BT F UL A=Y IFEL F7, F9 EH AHPEAE

7}4 oFSFH(UNESCO, 1996).

Aol w2t F2igo]l EEAARL BR oMY 3529 =4 A=
A 270/ (ecosystem integrity)= ASHAIZIA] oA A AH] 29
A|&7FsRt o] & et e o] EAS £9FA7]= A o] th(Cliisener-Godt, 2020;

Reed & Massie, 2013; UNESCO, 2000, 2002, 2023). w}2tA] AHefA] 27449



FAR] Bkt ALAQA ZYEFe] Bashy, 230449 Ao Rostdt
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of B ATNE BURAES JoR AeA LA8E A, of2A
HAQl Wt 218 ASle], AA T BEE 42E

=
431020 AHA L4} L kS WSk A st

~ Core zone
A strictly protected zone that contributes to
the conservation of landscapes, ecosystems,
species and genetic variation

- Buffer zone
A zone surrounding the core zone and
being used for scientific research,
monitoring, training and education

~Transition zone
A zone where communities foster socio-
culturally and ecologically sustainable
economic and human activities

Figure 1. Three zones and functions of the UNESCO Biosphere Reserve (UNESCO,
2023)
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Table 1. Definitions of ecosystem integrity suggested by previous studies

Perspective Definition Reference
Reference “The capability of supporting and maintaining a balanced, Karr and Dudley
state integrated, adaptive community of organisms having a species  (1981); Karr
perspective composition, diversity, and functional organization comparable  (1996)

to that of natural habitat of the region.”
“The condition of an ecosystem where the structure and Woodley (1993)

function of the ecosystem are unimpaired by stresses induced
by human activity and the ecosystem’s biological diversity and
supporting processes are likely to persist.”

“The state of being whole, entire or undiminished, a sound
unimpaired or perfect condition.”

Miller and Rees
(2000)

“A minimal deviation from a natural reference condition.”

Bunn and Davies
(2000)

“An intact reference condition that is unaffected or only
minimally affected by anthropogenic impacts and corresponds
to a type-specific set of abiotic criteria.”

Jungwirth et al.
(2002)

“The ability of an ecological system to support and maintain a
community of organisms that has species composition,
diversity, and functional organization comparable to those of
natural habitats within a region.”

Parrish et al.
(2003)

“The composition, structure, and function of an ecosystem in
relation to the system’s natural or historical range of variation,
as well as perturbations caused by natural or anthropogenic
agents of change.”

Tierney et al.
(2009)

“The degree to which the physical, chemical and biological
components (including composition, structure and process) of
an ecosystem and their relationships are present, functioning
and maintained closed to a reference condition reflecting
negligible or minimal anthropogenic impacts.”

Schallenberg et al.
(2011)

“A system with natural evolutionary and ecological processes,
and minimal or no influence from human activities.”

Theobald (2013)

“The structure, composition, function, and connectivity of an
ecosystem as compared to reference ecosystems operating
within the bounds of natural or historical disturbance regimes.”

Faber-
Langendoen et al.
(2019)

A state “that its dominant ecological characteristics (e.g.,
elements of composition, structure and function, including
ecological processes) occur within their natural ranges of
variation and can withstand and recover from most
perturbations imposed by natural environmental dynamics or
human disruptions.”

WCS (2020)

“When their (ecosystems’) native components, such as native
species and biological communities, natural landscapes and
functions, are intact and are likely to persist.”

ECCC (2021)

“A measure of ecosystem structure, function and composition
relative to the reference state of these components being

Hansen et al.
(2021)




predominantly determined by the extant climatic-geophysical
environment.”

Thermody- An ability “to maintain its organization (i.e., changes in the Kay (1991), Kay
namic function of a system and its structure) in the face of changing and Schneider
perspective environmental conditions.” (1992)
An ability “to sustain an organizing, self-correcting capability ~Regier (1993)
to recover toward an end-state that is normal and ‘good’ for that
system, when subjected to disturbance.”
About “three facets of the self-organization of ecological Kay and Regier
systems: current well-being, resiliency, and the capacity to  (2000)
develop, regenerate, and evolve.”
An ecosystem has integrity “if it is able to maintain its Miller et al
organization and steady state after small disturbances and if it  (2000);  Miiller
has a sufficient adaptability to continue the self-organized (2005)
development.”
Related to “vigor, organization and resilience”. Ulanowicz (2000)
A state “not to keep things as they are, or to constrain Wiersema (2008)
ecosystems within historical bounds, but rather to retain the
capability of the ecosystem to adapt.”
“The ability of an ecosystem to maintain its self-organization  Shi ef al. (2018)
capacity, stability, and diversity in structure and function.”
Ecosystem integrity “arises from processes of self-organization Equihua et al.
derived from thermodynamic mechanisms that operate through  (2020)
the locally existing biota, as well as the energy and materials at
their disposition, until attaining ‘optimal’ operational points
which are not fixed, but rather vary according to variations in
the physical conditions or changes produced in the biota or the
environment.”
A system “attribute that reflects the degree to which an Zelnik e al
ecosystem is self-organized in a functional ecosystem state.” (2021)
Both “The guarantee that those processes at the basis of ecosystem Nunneri et al.

self-organizing capacity are protected and kept intact.”

(2007)

“The ability of an area to support native biodiversity and the
ecosystem processes necessary to sustain that biodiversity over
the long time.”

McGarigal et al.
(2018)

“A measure of the wholeness and intactness of the natural
and/or cultural heritage and its attributes.”

WHC (2019)

“The system’s capacity to maintain composition, structure,
autonomous functioning and self-organization over time using
processes and elements characteristic for its ecoregion and
within a natural range of variability.”

Keith et al. (2020)




Others

“The maintenance of the community structure and function
characteristic of a particular locale or deemed satisfactory to
society.”

Cairns (1977), De
Leo and Levin
(1997)

“The system’s capacity to maintain structure and ecosystem
functions using processes and elements characteristic for its
ecoregion.”

Dorren et al.
(2004)




Table 2. Definition, assessment method, and example of ecosystem integrity from
reference state perspective and thermodynamic perspective

Perspective

Reference state perspective

Thermodynamic perspective

Definition of

The preservation of the state of the

The state in which the ecosystem

ecosystem ecosystem as compared to the has the self-organization capacity
integrity reference state that is unaffected by
human or within natural fluctuations
Assessment Ecosystem has integrity when it’s Ecosystem has integrity when it has
method state variables are similar to those of  self-organization capacity.
reference state.
Example Index of Biological Integrity (e.g., A set of state variables representing

Karr, 1981), Diverse sets of state
variables to evaluate ecosystem
integrity (e.g., Tierney et al., 2009;
Rempel et al., 2016), Human
footprint (e.g., Theobald, 2013)

function and structure of an
ecosystem proposed to be related to
the self-organization (e.g., Miiller et
al., 2000; Kutsch, 2001),
Ascendency (e.g., Ulanowicz,
2000), Thermodynamic entropy
balance
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1.3. 0] 2% T Y3

2 Aol Aol AuA LAde Bt AuAY A-zAsts
Hgslsfof sh=dl, 1179 B sHnon-equilibrium thermodynamics)o] o] £1g+
ol24 mA|YaE AFIh AASHY BHOE B, AL e Yol
A28 et 915 Apolo] B2 % vl A9 AE7} wAyste] 158 Aehmon-
equilibrium state)ol] &0 9] CHJorgensen et al., 2000; Prigogine, 1976; Schneider &
Kay. 1994b; Schrodinger, 1944). A250] 1 sjo] 9 9ol 9% 7wt
2ot oA S WA Ptk olefat A4, A3t A 1 4 H o] ek o
Fore BEEm, 4 2 ¥ Ho] et Ao AE R E A7) whet Z7FeHA ek,
=, BRA(solated system)o e AAE o] Felst dEmwzl A

]
2453, 4% 24 9 U9 AE7} 0 0] B FY Aeie, D4 F)ol

AHHA 2 A= 7 D3 oAt weksh= 23 A (closed
system)} O|H X9} 58 HF WEst= A (open system)= LW, = o
Re}F oF 7k AL & f-Xot= H|HY AEjo|tk(Schneider & Kay, 1994a;
Schneider & Kay, 1994b)(Fig. 2). A= HYLZHE FAH AgUAE
ISR Tt FRE 24T = B OA, R e olvA Y] FEi = ek
Qs AERNE YT BE Y4E 29 Aezng A Y]
S0 o U Ao] T Fol A Hm e, 4He 5] o) AAY

00 & &Stth(Fath et al., 2004;
Niclsen ef al., 2020). 9] 5-2.9] 242 B8] A28 5.0] A3} AERT] 222
F| A3} st A A7]-FZA Skt A 9)s)H(Baumann, 2001; Chang, 2022;
Ebeling & Schweitzer, 2002; Schneider & Kay, 1994b), AJejA 2] A}7]-Z 2|5}k
GF2 A A" o] dE Gt JIEZ1](entropy production, 0)2} 2 F-2

55 95}l E 2 1] (entropy transfer, /)9 H|&, & |/ /0|2 YEE 4= ST}

11 N = L S



(@ Entropy transfer minimizes Sun
entropy accumulation within the (Source of Energy)
system via self-organization

Figure 2. Alive ecosystem maintains energy gradient while minimizing the internal
entropy accumulation via self-organization
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2 A= X
5l 3454 BR of| YA ¢t o= 35 U A& A4 =% Y (Gwangnueng Deciduous
old-growth forest in Korea, GDK)-& A B3} t}. 3F5%-2 thst o] f-2 Fu| A7
BR & SA & =Tl (Appendix 2), 7L F HHFY WHof] YA|5H= GDK = =2
EHe 71Hke] E=lA HUYE Y Y ERA(KoFlux) 9] F8 ISA|th. 2005 H-H-E
o AE = 1] Aito] BRI EAF L X AU R] 24|} 7] 22 2t TRt

o
2714 fpgo] A7 AAH o2 B=SHIL . & A7-oA= GDK 7}
=

:l:‘
O_I_,
10
it
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fu)
il
fo
()
ox
o
o,
)
et
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-
=
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Yad
)
e
P}
e
T,
S
A
wo]
=
10

O

2010 UL 7|1&0 2 1 o]A 5 |(2006-2010 &) 7| A =
7Fgste] A7]-2 A 5Hs AwFstotal 11 £ whetobs 717 2 ARSst it 11

0]% 10 (20112020 ¥)= 5 X &5 F /i Al S 7|70 &2 A5tal 7+ 7] 7+
A47)-2 2515 Aslete] 71/ E 9] AT} ke 24, ‘GDK oA AEjA

2780] fAH I Y7ty ek ARl gotalat shgleh
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2.1. A7 HA

A+ ARl GDK += Higel= 7= ZHA 285 249 =
A3} JATh37°75'N, 127°15'E). GDK & ZAA|T] A& djiE LAalo] &

A= 0] 550 o d &<t AASHA HEE O] O B = (Kim et al., 2006), AP 2l
- F 2 (old-growth forest)2] &A= HQITHFig. 3). 7|4 k=gHol=t (1)
FERA0EE 59 Yot otk ed#® uRrE EAshHEd

JYBESY B9 200 W o), BF TAREo] WA T BYH 5 L

g
S22 T22 7HE, (2) Ho] F7]9] Fo| @, (3) 715 A 0B FBe)
27]0] £5}¥]3 G 3to] B5)% 59 E4o] trebdth(Park & Oliver, 2015;

Wells et al., 1998; Wirth et al., 2009).

GDK o] #x25 AuHH, AJSol= A ¥ 200 3 o)) 3T (Quercus
serrata)2} A A\UIE(Carpinus laxiflora)7} -85}, 5150+ 7|8V (Carpinus
cordata)¥} FAEUEF(Acer pseudosieboldianum)7} -3} (Cho et al., 2021;
KNA, 2020b; Song & Ryu, 2015). o] & 7IXegd3y} gHIUFE= SHIEQ]
HEZAQ Ho] T7|Fo0 7 AHA Atk Choung et al., 2020; Lee, 2011a). ESH

SE5E F1A70] 500 mm o)Al AR U JYTAREE EA 420

Lo 7} theFslA Bx25}k31 Jk(Cho ef al., 2020). GDK 9] 7|53 AmEH, 2|t
60 |t AET A H=7F JA =9bEHI UYL H(NIFos, 2016),
o]4F3}ek4x(carbon dioxide, CO2)9| <= AYE|A wekFo] FoA SHol 71
FAE T 2 Yo 2 AghE A Yo EAS ST Qlth(Yang et al.,
2021).

14 -\-._g -.;..'- _.:;



Figure 3. Gwangneung Deciduous old-growth forest in Korea (GDK): (a) panoramic view, (b) an old Quercus serrata with 500 mm in diameter
at breast height, (c) large dead trees, (d) forest gap caused by dead trees, (e) dominant species — Q. serrata, (f) dominant species — Carpinus
laxiflora
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GDK =7 el AANY o] At/ A &= A4 =] 0] 1990 Al FHHELE

A& &H, = w2 BT 5ol LUE T FHaL ] 2H(Park et al., 2018), GDK
ZA gt Yol|A] oft]-FEAKeddy-covariance) 7]8Fe] ZEYA =o] 7R
AR oz Y= 1 QtHKang ef al., 2019)(Fig. 4). GDK A 9L 5o
9] 10-20° AARE 7HA &0l x| 3cH(Kang ef al., 2017; Lim et al., 2003).
GDK EYA oA B5E= Y249 IR = (flux footprint) FHo| =
A 2H Q) A 7L EThFig. 5). 1998 Aol EY A WA= Qbof| A =3 1A 9] A4
FAp] m2m F3270] 20 mm o4l Y= Wi 1,473 trees hal o]
FITAATS 28 m? hat o] tH(Lim et al., 2003). 2006 AEE 2020 A7}A]
A A= Qo A 3 F 2L0] AAY ZAOI A= Y= Y7 1,717 trees ha

i

‘o] 31, FIEARTS 31 m? ha' ol ck(Table 3). FHTFA U3 ol
Al v olde 20 W A3t BASH SHURE AR} Sshn
L. 3 16 m o1 AHBole IR F2 LR, 8 m RE] 16m7HAE
Hold=sk sk, 8 m olel SEole AT WEIR(Srax
Jjaponicus)7t F= FEJTE. JUAA|4 AEF HES F= SHUTS
Aojupito] o3 A7 = AtH(Song & Ryu, 2015). EF 0= 0.4-0.8 m o|H,
EAL ALFE o|th(Kwon, 2009).
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Figure 4. GDK fluxtower and forest flow monitoring facility: (a) GDK fluxtower,
(b) monitoring equipment installed in the fluxtower, (c) and (d) forest flow
monitoring facility required for water cycle assessment
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Figure 5. An eddy-covariance fluxtower and vegetation permanent plots installed in the GDK watershed: A red arrow indicates the location of the
GDK fluxtower, and white numbers indicate the location of four vegetation permanent plots. The black contour line represents the contribution of
the flux footprint.
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Table 3. The basal area at breast height, mean diameter at breast height, and tree
density at vegetation permanent plots from 2006 to 2020

Mean diameter at .
Basal area Density

breast height
4 2 h -1 -1 t h -1 -1
Species (m* ha yr') (mm species' yr') (trees ha™' yr')

Mean SD Mean SD Mean SD

Quercus serrata

[EX B A= 18.3 10.1 394 93 149 67

Carpinus laxiflora

(Ao 5.1 2.8 139 99 514 711

Quercus mongolica

(AZUE) 2.7 54 47 93 97 195
=

Carpinus cordata

(7} Ere) 2.3 2.0 97 69 140 97

=

Cornus kousa

(Abzrpm) 0.5 0.2 60 18 152 36
=

Acer pictum subsp. Mono

(12 A5 0.5 1.0 61 122 8 17

Quercus variabilis

(ZRE) 0.4 0.8 74 148 7 13

Sorbus alnifolia

(TR 0.3 0.3 64 48 139 179
E

Acer pseudosieboldianum

(orzum) 0.3 0.1 42 11 188 76

Styrax obassia

(EZum) 0.2 0.1 58 18 83 75
Other species (18 species) 0.6 240

Sum 31.3 1,717

:l'u +
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22 BEANF B2

2.2.1. o] 2 |7

ZHAE AFslels HPolth(Kang er al., 2014). A& 5o, &5,
ojitsteta, Higt 59 &9 Al & TS TRt 2YFE Y

Bs Aol SuHoR WS FUsE 1 s, e A1)

2]
T4t o = UERd 4= }ItK(Choi et al., 1999).
F =p,w'c’ (4 2)
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2.2.1.2. BAF B Of| 2] A]

BEA Q] oluA] 215 olsfisty] sl |A FAF A E olsiE /Tt
GDK & FH 833 24 " oV A & n&dt= G Al2d o, of A|AF o)A 2]

Ry, =Rgy + Rt + Ry + Rpp (4] 3)

7|4 R, & <EAKnet radiation), Ry + SFFHIHEAKincoming
shortwave radiation), R¢+ A HIHEAKoutgoing shortwave radiation), R;; <
o} uE A(incoming  longwave radiation), Rj < A= Aloutgoing
longwave radiation)0]™, ©Ql&= H%E W m? ot} A|AH otog Fojo=
£e20) 732 Qrolol, o2 whALbE 2ol

o R] A= o2 Zo] FAE T (e.g., Kang et al., 2009):
Ry=LE+H+G+S+M (41 4)

o Z32 A(latent heat flux), H= T <ZE &2 A(sensible heat flux),
G= AS<E —%Eﬂé(ground heat flux)°|t}. S+ FAFEH(heat storage)OZA],
AH 9] g HE O] AHETFO| AAE = H(biomass heat storage, B)°] 7} 4
GAZ5}o|tHS ~ B). ML F3HA U 553 2 5 AR AL E A F3(metabolic
heat storage)o|tt. T += 25 W m? o]t} GDK 9] A% ZA Erg FH 9
smo] 971717 R 6o} BE U] SA0] EFAROH, T G2 7]
913 27122l ARLE Appendix 3 T} 4 4] ZoRE % Atk TE M AHA

ol 9] AIZE oA 1 PS o FAIY vhE Al 7H s}
al., 2010).

8
=
an
S
3
3
<
]

oA 4% @S o] 47| H]@(Energy Balance Ratio, EBR)E

BH7}sk 4= QIth(Wilson et al., 2002)(A] 5). 97|14 R,, LE, H, G, B W92

21 ri _.:;



LE+H
EBR= ————— A5
R,—G—B (%135)

22.13. 298}t A ERT 57
299 Gojat dE R w)(5)9] Wabs 4] 6 7} 2k

- f dQ/T (*16)

o7|4 T NAHO] LE0lX dQ i AAW o] x| Watolct. d
A28 G AT 9% B0 2R E AAg R S0l ok G5} dERY
AT AS, B SR H7FG ALl BAOIAE AS 9} AS, 9 Fol7h AlAE
|4 AR 2gst AEZT(AS)ole, B3 A 2 FHo] o3 As;E T

II_IEI-L
Yol

Bk
0 2o} A} Zth(e.g., Endres, 2017).

AS —AS, = AS; >0 (A7)

472 At GHRE, A7) 12 Qs e 449 Hake
o237 Zo] HAHH(e.g., Brunsell et al., 2011):

A7IA dS/dt (= 0)& ALE A A== At AER ol g7t &
5 Qlh dSp/dt (= & A2F 952t YR Alo]E 27k st AER Y
22202 OF2 7} 5= ik o] FEL L& ToA 2] o] S Eo|L} EFO
580 o) AgHrt. /7t 25t dojsk e Rzt AAF R4 olxa
2&wo] oksahd 7 ultlolt) st dEZN WA (0)T £5()S I5hd

A2d Eol A Gejet ez

thermodynamic entropy, dS/dt)©

o
o
(4
o
i)
g

1 3FF(net ecosystem exchange of
| e} o] gho] 348 Ao} AL 2} A AT
v O & 25 %] 1 Y Fof =258 2]u|$ttH(Eulenstein et al., 2003; Steinborn
1__:
=

& Svirezhev, 2000). ©¢= 1



1

2011; Yang et al., 2020):

0 = Opsp + OryL (/}_1' 9)

7| A openS TR AL (e., Ry, = Ry + Rop)7F 2ATES 3H ol 4] YA E=

NE 2T} gy & SHFATHEANR,)S) A4HOE Q8] AT E AE 2T,

Opsni= T3 o] A4t

1 1
=Ry, [—— A1 10
ORsn sn (Tsurf Tsun) ( - )

A7IM Toun2 HY 201 A4(=5,780 K)&2 IHFE AT Toprp= A 11 9

urf — 1

AET-BET} A0 2 A4 A F Lol ThelE B K ofrk:

1
Ry —(1—¢)-Ru]?
Tours :[ i (C.SS) u] (A 11)

o] o ¢z AE| TR 2T} AFS(5.67x105 W m2 K)o| 1, el= A 3-14 um =2

Tot A= YA EA GaE el == 4421 0.99 5 ARSI TH(Peres
& DaCamara, 2005).

O~ T3k 2ol A4 T

1 1
Opil = Ru( - > (4] 12)

Tsurf Tatm
A7 Toeme LHT-EZ2T A 0 2 ALHE T 7] 220 Thel= K o|th(4] 13).
o] ], et 7] 9] WARZQI 0.85 5 AR5} tH(Campbell & Norman, 1998):

Tyom = [R_”f (4 13)

= A"A Wi gt A28 S a5FHe @9t AERY

A

s

$5FEE (e g, Brunsell et al., 2011; Yang et al., 2020):

¥ i3 1] 3
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o= 7 MY st dEzY AdFeE FAHH(e.g., Brunsell ez al.,



J=Jrsn ¥ JrutJrr ¥ g +Ju +J6 + s (2] 14)

A7NA Jrsns Jriss Jrirs Jues Jus Jo» s = Z22F Ren, Ry, Ry, LE, H, G, BSF S H
G35} A E 23] =&7polt}. 7 52 thS3} o] AL

]Rsn T (/}_1' 15)
sun
R
Jos = 16
Tatm
R
i = 8 *17)
Tsurf
Jrin = Jruw +Jrnn (A 18)
]LE = ]LEﬁeat +]LEmix (/‘\J! 19)
LE A
]LEﬁeat = T_ (_1 20)
air
JLEmix = (E)(RV) In(RHgpmp) (/—R—l 21)
Jy= (41 22)
Tair
J— (4] 23)
TSOll
Jy == (4 24)
Tueg

X2 Ho 2 Sojok HeA9] /|5 Gfgroln], Ho 2 upAL7bE 2ol
1A Ty oE]-B2AL A 289] Seo]2l 410 23] 40 m 004 BEE
7120l ©@9l= K o|th E(kg m” s)= T, Ry= 7571% A& 3719
39461 J kg' KHolH, RH = A 50| th(Kleidon & Schymanski, 2008).
Tooi ARZHFE 0.1 m ZloJoA SHEH EG 20|t T, A 2k0|H
Aol F2 Bish= A 911, 3,5, 15 m 9] 7]29] -2 AHESHAT). 9l

&Kol

1 -11
24 M=



222. 28929 83 20 #S

GDK =2 BH]9] A4 40 m o]0 {17 3 2Hd 251t FFEE 7 (Model
CSAT3, Campbell Scientific, Inc., Logan, Utah, USA)Q} ZJA 7|AEA 7|2
T oH-FZAL AIARI O 2 CO, ' Ho0 EEAE WSS 73] = 294
714 &4 7] (Model LI-7500, LI-COR, Inc., Lincoln, Nebraska, USA)+= 2004 d5-
2016 & 2 Y7IR] AMREQY, BH g Al 7|AEA7|(EC155, Campbell
Scientific, Inc.)x= 2015 | 7 FE AA7HA] AFEE AL QIth(Kang ef al., 2019).
oft-g-24t Al2d AEY £ 10 Hz 0|3 324 FtARES 30 2olH,
AAE 9 HFgke n % 27 AE27)9] #AZ5F9 cHModels CR5000 or CR3000,
Campbell Scientific, Inc.). @A F AAlo| Q3 ofE =0|94 9] CO, E H,O
e TR AJAE|(Model AP200, Campbell Scientific, Inc.)S S5
H=E A TH(Yoo et al., 2009).

&4 2Rl(e., ATH(PPT), TAKRsy, Rsts Rus Rirs Ry), 7]%(Tair)a
BHSE(RH), EFTEAF(SWC), ZAHVPD)E mizuitt S5k 30 &
Haol] A7 HE7](Models CR23X or CR3000, Campbell Scientific, Inc.)o|
A5t PPTE S A EH QoA E5Z0 & 2 km HoA i} BA|Z0 7 |

m Ho|Z] T oA T=5IAL}. R, 2 EAM|(Model CNRI, Kipp & Zonen
B.V,, Delft, the Netherlands)E ©]-&3f] 40 m =o|o|A =51t T, 2F RH=
25 A|(Models HMP45C or HMP155, Vaisala Oyj, Helsinki, Finland)& ©]-8-5]
40 m EoloA SHSIAUT. SWC = ARZFH Zlo] 0.1-0.3 m oA
A|ZFG AUbAREA 7] (time  domain reflectometer, Models CS615 and CS616,
Campbell Scientific Inc.) & AF&-5t0] 45t} VPD= FHAE (R, > 20 Wm'
gt BAlof] AFR-5HITH AHA|SE A H = Lee er al. (2007)2} Kang et al. (2009)°]| 4]

1 O
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2.2.3. = AR A g

AAE o t]-ZEA AELE Eddypro (LI-COR, Inc., USA)2t MATLAB (The
MathWorks, Inc., USA)Z 7|RFO.2 S H25HE KoFlux AARAE] Z2IHo=z
A2 = A cH(Kang et al., 2018). o] TF2 A AA, Azt A A BHA, E HE,
SHEEA 229 #57] BA, ke v B, U AU E-Y F4
14, T2 ASARE o83 AFT AL, Fl= A= AA, A5 A= H971,

oRZt CO, B A A7 9] WA T} v mgkeiet B ) F COo, B, PPT,

B

m

Ry, Tair, SWC, VPDO] A7t ABSEEL UAZ O] 66.5+13.2%, 94.4+9.0%,
95.846.2%, 96.8+4.6%, 92.3+7.1%, 93.2+8.1% (Hd+ FZHZ})o| Yt

571 =350 2015 A 7 EHE 8|2 F QA VA4 775 H 2=

H9IM 7R RAH7| 2 BAS] o], CO, B2 9 LE A5 A% g
AT A2 L S BAATE. €O, 9 A9, B M 7 HEA71E 71714
S gol €O, W= FFL Fol F& IHYSE €0, LT} B

z 02 HiFEle Aol B E QTHBurba ef al., 2008). GDK Z& A EFJo] A

NARH7LE 5 DA Aol A nA L AT A3k, A3 YoIA
AAEANA BEE YA NEE = 12 99 A9 RAIs A9
ZIAEA719] AR —44 g Cm? X CO, THPOo = HFF l:-—]‘,’il:]-(Kang etal.,

WAE NEE = 7 2] NEE — (0.003873 + T, X 0.06976
—ws X 0.3321)

(4 25)

ot LES] B, S 2|2 H o)A 7| A Z4 7] M #5E LE7FE 14
AHE A3 Aol 7P ] AHlo] Tag S Elshith(Kang et
al., 2019). =R A&HS ) Aow

El
>,
ool
i

|
qlijrt
Hrt
)
U
o,
el
2
O,
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23.47]-2 48}

AEA IS A7

2

3 AE (o) o
ANE=ZI(J)9 =Z7]19 He=E AL
Qlth(Eulenstein et al., 2003; Jorgensen, 2002; Nielsen et al., 2020; Steinborn &
Svirezhev, 2000). A|AE Q2@ Zdsl Ao jo] B

o} THge AAY Rl AT 4
Nedl oRz b3 dost

=

o= ST0|EE, 4] 271
L. - - o] tli _C{)él_o .
o] AALEITE AAAL 99} /] Ol MIm? K- o] =i, | /0| 9] T} Fxhelolch

;(].7] Z A]

-A4

st=1//0l

(4 27)
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GDK 7} BR & A|AH 2010 ¥ 7|22 11 o|d 5 (20062010 &)=

N

|42 A5, 1 01 10 920112020 W) 5 WA 5 71702 Lol
¥ F17hoR ARk 7 71709 B 89, BAF 54, ofuiA] 57, st
AEZ T 54, 187 A7]-2254S Hes) skl 7| 2AEle) 1A FAH 02
v st o, #=Eo] AAIE A7)AEH(time serial autocorrelation)S
7HA B2 Newey-West EFHAE ARG AF 39 242 3ot 7|4 H
71ZbE Al 7179 et AolE BA ST (Zeileis et al, 2022). {9
J=F(significance level, a)> Aot = 9 FHHEA] Q) £ & 118 5]0]
0.1 & 4743} H(Appendix 5). 4 £42 R T2 (R Core Team, 2020)9]

‘sandwich’ 9} ‘Imtest’ ZFo] H & 2] & AF-8-5}% ).
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Table 4. Annually integrated precipitation (PPT), incoming shortwave radiation (Rg,)
and annually averaged air temperature (T,;;-), soil water content (SWC), and vapor
pressure deficit (VPD) from 2006 to 2020 observed in the Gwangneung Deciduous
old-growth forest in Korea (GDK). (SD is standard deviation. Dif (%) is the
difference of means between reference state period and each test period. Values
exceeding the range of the reference state period are indicated in bold.)

PPT Rs, T Swc VPD
Year
mm MJ m? C m’ m hPa
2006 1,604 4,675 11.5 0.24 6.3
2007 1,356 4,516 11.7 0.30 7.2
2008 1,423 4,826 11.4 0.28 7.5
2009 1,336 4,794 11.3 0.27 8.0
2010 1,671 4,427 10.7 0.26 7.0
Mean 1,478 4,648 11.3 0.27 7.2
SD 151 173 0.4 0.02 0.6
2011 2,272 4,672 10.4 0.23 5.9
2012 1,422 4,948 10.1 0.21 6.5
2013 1,277 4,847 10.6 0.26 5.1
2014 897 5,051 11.4 0.23 6.4
2015 875 5,133 11.9 0.23 7.0
Mean 1,348 4,930 10.9 0.23 6.2
SD 568 180 0.7 0.02 0.7
Dif (%) -9 6 —4 —15 —14
2016 1,117 5,089 11.9 0.27 7.3
2017 1,180 5,188 10.9 0.26 6.9
2018 1,267 5,205 10.7 0.28 6.8
2019 937 5,046 11.3 0.27 7.2
2020 1,809 4,897 10.9 0.30 6.4
Mean 1,262 5,085 11.1 0.27 6.9
SD 329 125 0.5 0.01 0.3
Dif (%) -15 9 = 0 —4
Mean (15 yr) 1,363 4,888 1.1 0.26 6.8
SD (15 yr) 372 240 0.5 0.03 0.7
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Precipitation (mm)

Air Temperature (°C)

Vapor Pressure Deficit (hPa)

Figure 6. Annually integrated or averaged environmental factors from 2006 to 2020
observed in the Gwangneung Deciduous old-growth forest in Korea (GDK): (a)
precipitation (PPT), (b) incoming shortwave radiation (Ry), (c) air temperature
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Table 5. Annually integrated radiation balance from 2006 to 2020 observed in the
Gwangnueng Deciduous old-growth forest in Korea (GDK): incoming shortwave
radiation (Ry,), outgoing shortwave radiation (Ry1), net shortwave radiation (Rg,,),
incoming longwave radiation (R, ), outgoing longwave radiation (R;;), net longwave
radiation (R;;,), net radiation (R,), and albedo. (Sign of the flux coming into the
ecosystem is +, and the opposite direction is —. SD is standard deviation. Dif (%) is
the difference of means between reference state period and each test period. Values
exceeding the range of the reference state period are indicated in bold.)

Ry Rg; Rsn Ry Rit Rin R,  Albedo
Year
MJ m? -
2006 4,675 —459 4216 10,117 —11,928 —1,811 2405  0.098
2007 4,516 —434 4082 10,104  —11,884 —1,779 2,303  0.096
2008 4,826 —473 4353 9908  —11,814 —1907 2447  0.098
2009 4,794  —411 4383 9,891  —11,854 —1963 2420  0.086
2010 4427 —399 4028 10093  —11,797 —1,704 2,324  0.090
Mean 4,648 —435 4213 10,023  —11,856 —1,833 2380  0.094
SD 173 31 158 113 53 103 63 0.005
2011 4672 —398 4274 9,870  —11,783 —1914 2360  0.085
2012 4,948  —458 4,490 9,852  —11,820 —1,968 2,522  0.093
2013 4,847  —451 4396 9962  —11,833 —1872 2,525  0.093
2014 5051 —535 4,516 10,108  —11,993 —1,885 2,631  0.106
2015 5133 —542 4,591 10318  —12,044 —1726 2,865  0.106
Mean 4,930 —477 4453 10,022  —11,895 —1,873 2,581  0.096
SD 180 61 122 194 116 90 186 0.009
Diff(%) 6 10 6 0 0 2 8 3
2016 5,089 —522 4,567 10,266 —11,855 —1,588 2,979  0.103
2017 5188  —567 4,622 10,062  —11,743  —1,680 2,941  0.109
2018 5205 —538 4,667 10069 —11,706 —1,637 3,030  0.103
2019 5046  —523 4523 10,148  —11,792 —1,644 2,879  0.104
2020 4,897 —525 4372 10259  —11,772 —1513 2,858  0.107
Mean 5085 —535 4550 10,61  —11,774 —1613 2938  0.105
SD 125 19 114 99 56 64 71 0.003
Diff(%) 9 23 8 1 -1 -12 23 12
(I;/[Sei?) 4888  —482 4405 10,069 —11.841 —1,773  2.633  0.098
SD
Gy 240 57 191 148 91 143 264 0.008
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Figure 7. Annually integrated radiation balance from 2006 to 2020 observed in the
Gwangnueng Deciduous old-growth forest in Korea (GDK): (a) incoming shortwave
radiation (Rg,), (b) outgoing shortwave radiation (Rg1), (¢) net shortwave radiation
(Rsn), (d) incoming longwave radiation (R, ), (e) outgoing longwave radiation (R;y),
(f) net longwave radiation (R, ), (g) net radiation (R,,), and (h) albedo. (The blue and
yellow horizontal dotted lines indicate the maximum and minimum values of
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Table 6. Annually integrated energy balance from 2006 to 2020 observed in the
Gwangnueng Deciduous old-growth forest in Korea (GDK): net radiation (R,),
latent heat flux (LE), sensible heat flux (H), ground heat flux (G), biomass heat
storage (B), and energy balance ratio (EBR). (Sign of the flux coming into the soil
and biomass is +, and the opposite direction is —. SD is standard deviation. Dif (%)
is the difference of means between reference state period and each test period. Values
exceeding the range of the reference state period are indicated in bold.)

R, LE H G B EBR

Year

MIJ m? -

2006 2,405 837 594 5 0.1 0.60
2007 2,303 805 532 —14 -1.2 0.58
2008 2,447 899 609 —16 0.1 0.61
2009 2,420 813 698 —34 -0.7 0.62
2010 2,324 776 570 -20 0.4 0.57
Mean 2,380 826 601 —16 —0.3 0.60
SD 63 46 62 14 0.6 0.02
2011 2,360 814 673 -26 1.3 0.62
2012 2,522 800 623 -17 -1.2 0.56
2013 2,525 815 636 -6 1.4 0.57
2014 2,631 845 728 —18 0.0 0.59
2015 2,865 895 700 =30 0.7 0.55
Mean 2,581 834 672 -19 0.4 0.58
SD 186 38 44 9 1.1 0.03
Diff (%) 8 1 12 21 - =2
2016 2,979 914 681 -14 0.3 0.53
2017 2,941 1,004 598 =33 -0.7 0.54
2018 3,030 1,075 643 -28 -0.2 0.56
2019 2,879 1,054 563 -30 -0.7 0.56
2020 2,858 950 530 —42 —0.1 0.51
Mean 2,938 999 603 -29 —0.3 0.54
SD 71 68 60 10 0.4 0.02
Diff (%) 23 21 0 - 13 -9
Mean (15 yr) 2,633 886 625 —22 0.0 0.57
SD (15 yr) 264 96 62 12 0.8 0.03
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Figure 8. Annually integrated energy balance from 2006 to 2020 observed in the
Gwangnueng Deciduous old-growth forest in Korea (GDK): (a) net radiation (R,,),
(b) latent heat flux (LE), (c) sensible heat flux (H), (d) ground heat flux (G), (e)
biomass heat storage (B), and (f) energy balance ratio (EBR). (The blue and yellow
horizontal dotted lines indicate the maximum and minimum values of reference state
period, respectively.)
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Table 7. Annually integrated thermodynamic entropy balance from 2006 to 2020 observed in the Gwangneung Deciduous old-growth forest in
Korea (GDK): production terms (Ogep, Ogriy, 0 ), transfer terms (Jrsns Jrit> Jrit> Jrins JLE»> JHs J6» J» J), and net ecosystem exchange of
thermodynamic entropy (dS/dt). (Sign of the flux coming into the ecosystem is +, and the opposite direction is —. SD is standard deviation. Dif
(%) is the difference of means between reference state period and each test period. Values exceeding the range of the reference state period are
indicated in bold.)

Year ORsn ORil o Jrsn JruL Jrin Jrin Jie Ju Je JB J ds/dt
MJ m2K!

2006 13.8 0.0 13.8 0.7 353 —41.6 —6.4 -2.8 -2.1 0.0 0.00 —-10.5 33
2007 13.4 0.0 13.4 0.7 35.2 —41.5 —6.3 -2.6 -1.9 0.1 0.01 —-10.0 34
2008 14.3 —0.1 14.2 0.8 34.7 —41.4 —6.6 -2.9 -2.1 0.1 0.00 -10.9 33
2009 14.3 —0.1 14.2 0.8 34.7 —41.5 —6.8 -2.6 —-2.4 0.1 0.01 -10.9 3.2
2010 13.2 0.1 133 0.7 35.2 —41.3 —6.1 =25 -2.0 0.1 0.00 -9.9 3.4
Mean 13.8 0.0 13.8 0.7 35.0 —41.5 —6.4 -2.7 -2.1 0.1 0.00 —-10.4 3.3
SD 0.5 0.1 0.4 0.0 0.3 0.1 0.3 0.2 0.2 0.0 0.00 0.5 0.1
2011 14.1 —0.1 14.0 0.7 34.6 —41.3 —6.7 =27 —-2.4 0.1 0.00 -10.9 3.1
2012 14.7 —0.2 14.6 0.8 34.6 —41.4 —6.8 —2.6 —-2.2 0.1 0.01 —10.8 3.8
2013 14.4 —0.1 14.4 0.8 34.8 —41.4 —6.5 =27 -2.2 0.0 0.00 -10.7 3.7
2014 14.8 —0.1 14.7 0.8 35.2 —41.8 —6.6 —-2.8 -2.5 0.1 0.00 —11.0 3.7
2015 14.9 0.1 15.0 0.8 35.8 —41.9 —6.1 -2.9 —-2.4 0.1 0.00 —10.6 4.4
Mean 14.6 —0.1 14.5 0.8 35.0 —41.6 —6.5 —2.7 —-23 0.1 0.00 —10.8 3.7
SD 0.4 0.1 0.4 0.0 0.5 0.3 0.2 0.1 0.1 0.0 0.00 0.2 0.5
Dif (%) 6 - 5 6 0 0 2 2 12 19 - 3 12
2016 15.0 0.2 15.1 0.8 35.7 —41.5 —5.8 -3.0 —-24 0.1 0.00 —10.3 4.8
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2017 15.2 0.1 15.3 0.8 35.1 —41.1 —6.0 -33 -2.1 0.1 0.01 —10.5 4.8
2018 15.3 0.1 15.4 0.8 35.1 —41.0 -5.9 -3.5 —-2.2 0.1 0.00 —10.8 4.7
2019 14.8 0.1 14.9 0.8 35.3 —41.3 -5.9 -3.5 -1.9 0.1 0.01 —10.4 4.5
2020 14.4 0.2 14.6 0.8 35.7 —41.3 —5.6 -3.1 -1.8 0.2 0.00 —9.6 5.0
Mean 14.9 0.1 15.1 0.8 354 —41.2 =59 —33 =21l 0.1 0.00 —10.3 4.8
SD 0.4 0.1 0.3 0.0 0.3 0.2 0.2 0.2 0.2 0.0 0.00 0.4 0.2

Dif (%) 8 - 9 8 1 -1 -9 21 0 - - -1 43
Mean (15 yr) 14.4 0.0 14.5 0.8 35.1 —41.4 —6.3 —-2.9 —2.2 0.1 0.00 —10.5 3.9
SD (15 yr) 0.6 0.1 0.7 0.0 0.4 0.2 0.4 0.3 0.2 0.0 0.00 0.4 0.7
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Figure 9. Annually integrated thermodynamic entropy balance from 2006 to 2020 observed in the Gwangneung Deciduous old-growth forest in
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Table 8. Self-organization (|J/c|) from 2006 to 2020 observed in Gwangneung
Deciduous old-growth forest in Korea (GDK). (Sign of the entropy transported out
of the ecosystem is —. SD is standard deviation. Dif (%) is the difference of means
between reference state period and each test period. Values exceeding the range of
the reference state period are indicated in bold.)

ear o J /el
MJ m?2 K! -
2006 13.8 -10.5 0.76
2007 13.4 —10.0 0.75
2008 14.2 -10.9 0.77
2009 14.2 -10.9 0.77
2010 133 -9.9 0.74
Mean 13.8 —10.4 0.76
SD 0.4 0.5 0.01
2011 14.0 -10.9 0.78
2012 14.6 —10.8 0.74
2013 14.4 -10.7 0.74
2014 14.7 —11.0 0.75
2015 15.0 —10.6 0.70
Mean 14.5 —10.8 0.74
SD 0.4 0.2 0.03
Diff (%) 5 3 =2
2016 15.1 -10.3 0.68
2017 15.3 -10.5 0.69
2018 154 —10.8 0.70
2019 14.9 -10.4 0.70
2020 14.6 -9.6 0.66
Mean 15.1 —10.3 0.68
SD 0.3 0.4 0.02
Diff (%) 9 -1 —10
Mean (15 yr) 14.5 —10.5 0.73
SD (15 yr) 0.7 0.4 0.04
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Figure 10. Self-organization (|//o]|) from 2006 to 2020 observed in Gwangneung
Deciduous old-growth forest in Korea (GDK). (The blue and yellow horizontal
dotted lines indicate the maximum and minimum values of reference state period,
respectively.)
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Table 9. Statistics of annually integrated or averaged environmental factors,
radiation balance, energy balance, thermodynamic entropy balance, and self-
organization for reference state period and test periods. (* indicates statistically
significant at @ = 0.1.)

Reference state

| s S
(2006-2010)
Statistics Mean SD Mean SD Vfl;le Mean SD Vii;.le
Environmental factors
PPT 1,478 151 1,348 568 0.58 1,262 329 0.14
Rg, 4,648 173 4,930 180 0.00%* 5,085 125 0.00*
Toir 11.3 0.4 10.9 0.7 0.24 11.1 0.5 0.45
Swc 0.27 0.02 0.23 0.02 0.00%* 0.27 0.01 0.92
VPD 7.2 0.6 6.2 0.7 0.01%* 6.9 0.3 0.35
Radiation balance
Rg, 4,648 173 4,930 180 0.00%* 5,085 125 0.00%*
Rt —435 31 —477 61 0.12 —535 19 0.00*
Rsn 4,213 158 4,453 122 0.00%* 4,550 114 0.00%*
Ry, 10,023 113 10,022 194 0.99 10,161 99 0.02%*
Rjp —11,856 53 —11,895 116 0.49 —11,774 56 0.01%*
Ry, —1,833 103 —1,873 90 0.47 —1,613 64 0.00%*

Albedo 0.094 0.005 0.096 0.009 0.01%* 0.105 0.003  0.00%*

Energy balance

R, 2,380 63 2,581 186 0.01* 2,938 71 0.00*
LE 826 46 834 38 0.73 999 68 0.00*
601 62 672 44 0.02* 603 60 0.94

—16 14 -19 9 0.62 -29 10 0.05%*

B -0.3 0.6 0.4 1.1 0.16 -0.3 0.4 0.92
EBR 0.60 0.02 0.58 0.03 0.29 0.54 0.02 0.00*

Thermodynamic entropy balance

ORsn 13.8 0.5 14.6 0.4 0.00* 14.9 0.4 0.00*
Ogruy 0.0 0.1 —0.1 0.1 0.56 0.1 0.1 0.00%*

o 13.8 0.4 14.5 0.4 0.00* 15.1 0.3 0.00*
Jrsn 0.7 0.0 0.8 0.0 0.00* 0.8 0.0 0.00*
Jriu 35.0 0.3 35.0 0.5 0.96 354 0.3 0.02*
Jrin —41.5 0.1 —41.6 0.3 0.51 —41.2 0.2 0.01%*
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Jrin —6.4 0.3 —6.5 0.2 0.46 —5.9 0.2 0.00*
Jie —2.7 0.2 —2.7 0.1 0.57 -33 0.2 0.00*
Ju -2.1 0.2 -2.3 0.1 0.01%* -2.1 0.2 0.96

Je 0.1 0.0 0.1 0.0 0.60 0.1 0.0 0.03*

Js 0.00 0.00 0.00 0.00 0.23 0.00 0.00 0.68

] —-10.4 0.5 —10.8 0.2 0.10 —10.3 0.4 0.59
ds/dt 33 0.1 3.7 0.5 0.03* 4.8 0.2 0.00*

Self-organization

lJ /o] 0.76 0.01 0.74 0.03 0.17 0.68 0.02  0.00%
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2 AT AL A LS A ) 471-2 3} o] 7|2 4E o] 15

SolalA] thex] e Al ek A4 olsHTh GDK oA 15 1d(2006-2020 1)
ol B2y AR2 v|ito e At AE o] 44 tu] 250 vl (/oS

At

717H2006-2010 W)o] H]a] FHA A]

BAHOR [t HaTE HJOEH, GDK 9 2x4o] FHId
o]

2lal 11 HskE A E A3 V& H

a
3 717K2016-2020 W) B2t |J /0| 7}

B9t R 25 S7telolA A2 4ste] vt dAdoz

= A% 72
Y S AAFIE,

GDK 9] €95}t dE =z $X|2} Ap7|-2 43t AIE & Y= A0 A]
Hag A Azl v wsiitt. v & tE Al AEA 0 digh Ams 2 &
A, vz SAFO] 22| FEH A Q] B, 07} 15.5~16.0 M m? K yr', J+=
—12.5~—=11.8 MJ m? K! yr!, 718]31 |J/o|+= 0.76~0.78 ©|tH(Brunsell ef al.,
2011). U] = Y HetA7Le] I E 8222 =419 AL g 13.3~16.1 MI m2 K-
Uyr!, J&= —13.7~—11.7 MI m?2 K yr'!, 7128]31 |] /o|+= 0.81~0.91 0] A TH(Yang et
al., 2020). =F A GDK 9] F$, 6= 13.3~154MI m? K" yr', J= —11.0~—9.6
MJIm? K yr', 18|31 | /o]= 0.66~0.78 A, A = -2 H Ll o] St

GDK ©] A7]-24]8} Sjego] Asheli AL sfersts] gl AeiA )
53t FEE el ARESEC 20062020 W 717k AAD Aok
/o1 9] W5} 7he] VAL AWEIh AFATEL ShRrRupEA} o
SR, /Ry, AR THH] T, S ] B4k, PR 8, AETHRA
5o AYdsasol AEAL A-zdst emhl AweAL dtn

R|QF5F Tk (Appendix 1). 2 QT ATFIAE Ry /Ry, (5 A 237} J2e
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v SR F7H ] /o] 9 Bt S HUBAE HAL, D] FTFYY

ZHa7} oFe] ABTAS HATHTable 10).

Table 10. Correlations between state variables representing ecosystem function &
structure and self-organization (|//a|). (r is correlation coefficient and * indicates
statistically significant at @ = 0.1.)

(:;/i;ly Respiration Biomass Resp iration/ dijgres(;;sof
Year capture) Biomass N
= g Cm? ton ha'! - -
2006 0.51 980 - - -

2007 0.51 1,113 265 4.20 2.13
2008 0.51 1,175 269 437 2.14
2009 0.50 1,168 288 4.05 2.12
2010 0.53 976 290 3.36 2.11
2011 0.51 1,163 292 3.98 2.12
2012 0.51 1,103 294 3.75 2.09
2013 0.52 1,019 302 3.38 2.07
2014 0.52 1,123 304 3.70 2.06
2015 0.56 1,232 307 4.01 2.07
2016 0.59 1,490 309 4.82 2.05
2017 0.57 1,584 304 5.20 2.02
2018 0.58 1,454 319 4.55 2.03
2019 0.57 1,941 282 6.89 1.93
2020 0.58 1,937 291 6.65 1.92
(1;/1563?) 0.54 1,297 294 4.00 2.06
(l??/r) 0.03 317 15 0.44 0.07
r —0.96* —0.80* —0.46 —0.68* 0.82*
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20 & A= (Yang et al., 2021).

GDK o4& 59| Fohekd £t oy} sh AlAHQ] gt 259
FOFFE A 15 W B2 E0] = dAJo] HAE QI tK(Cho ef al., 2021; Kim et
al., 2021). olo] gt Hegt olf= HHAA AUAT F 7HA] THsAdo]
AAE A (1) o] =F&o] t=Alo] QAAHs SlolA Hi7| e, B 43S},
7153t 59 R JFE LUAAWKNA, 2020a), Z2 (2) AHHO|
LRt wet 4ol SHEI 5150 E0l2= o] £0]E0] 515 440]
&% 7] W Zo|th(Kim et al., 2021).

:

GDK |4 Zp7]-22]3510] Asto] FHHE FE the] 2FF S71et
N5 FHFE dhe APAFSo] At FHHAE ERl W, R, /R, 9
57k RES S7F A= S7h= o3t ARtE th(Kandziora et al., 2013;
Kutsch et al., 2001; Miiller, 2005; Miiller et al., 2000). ©] Ai}= Z}7]-Z A5}
A= UL At B A Y 753 F2E U= AHHEeS2 JTe
23S A o= grlste = AP ATFE2 A=l A7 1S Hof &k

Ol

53 Al =TH @



A7)z 434S AR 0 9] AU ATHEE F o PAHOR
AHE7] e, 242E9] 30 & T AIAIE R=oA HHE EZ 1(information
entropy, ), & £33 4 (indeterminacy)< AAF5}S4 tH(Table 11). I 2] Z7}= #}7]-
Z A 3l(self-organization, S0)Q] Z+AE olu|stH, 19} SO 7He] #EH 02 HolE=
B (complexity, € ) AEA LAY TE" B =3
E-/Jo|t}(Fernandez & Gershenson, 2014; Santamaria-Bonlfil et al., 2017). XA 3t

gt A4 282 Appendix 7 O] A ZtokE = Gl

7|EH 713t St 0 HE AEZT(I,)= 0.614£0.01 0] AL, Jo] HH
AEZ3)(I))= 0.55£0.04 Htt. T+ A1 713t 5ol [,= AAHA o= S713t v,
L= WA Al 712 a7 FHA Al 71 7144 7R o
A 7o AtH(Table 11). o &} 9] E7g /0] S715tH 2 1 57H5-2 07t H
2t 284 9 57 A7]-228ke] AaE Qvlshy| f2ol, 2389 Ast=
Aot dER FHT &5 JollA AR Aol BHh" Ar]-22A57h
FhA R o Fa7] el siA et thA] Eehd, o iR {49 A&2 <L
/M= At kS E017] A8l =@ ™ol F AUAE AR SHEHOZH
A2 Hastete A7]-2A8 9 (e, SO,)° AHEHLR

AgS A X2 vt FHA AF7IZtlE S0, & S0, 7F BF
Ho} w7 o] E3tal, S0,9 FAaFol § k. 1By CEAHET,

19} S0 19| 29122 4YZ B3 (7 G ET 25 H 2 B FAdSS

(¢}

H

SAAR] A7)-2A3H= o 9 ] 9] <l dS/dt 9] 19} S0 9] ®iste}t 1
BoREE B ATE & Qloh Table 11 oA 7I24= 71200 Iys/ar 9
§0as/ar® #%°1 242} 0.58 74 0.42 & 92 o] F0] B34 Cysyqc7H0.97 2 WS-
=T 1 R A 717 BAole Z7]-2AS S7VHEA,L Lygsar 2
S0q4s7ac”t 247 0.48 7} 0.52 & T #3& o] Fo] F44d0] 0.98 = tf =it
Ty FHA Al 717 SRtolls A7]-2 457} 712/ 717 T B Hol 1

EAAAE 093 22 A=} o] A= o9 J o] A HEQl /gl et
o L
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Table 11. Information entropy (I), self-organization (S0), and complexity (C) of the half-hourly time series of thermodynamic entropy production
(0), transfer (J), and net ecosystem exchange of entropy (dS/dt) from 2006 to 2020 observed in Gwangneung Deciduous old-growth forest in
Korea (GDK). (SD is standard deviation. Dif (%) is the difference of means between reference state period and each test period. * indicates
statistically significant at @ = 0.1. Values exceeding the range of the reference state period are indicated in bold.)

Year I, S0, C, I; S0, G las/at N Casyat
2006 0.61 0.39 0.95 0.61 0.39 0.95 0.60 0.40 0.96
2007 0.61 0.39 0.95 0.52 0.48 1.00 0.61 0.39 0.95
2008 0.61 0.39 0.95 0.50 0.50 1.00 0.57 0.43 0.98
2009 0.62 0.38 0.94 0.54 0.46 0.99 0.62 0.38 0.95
2010 0.59 0.41 0.97 0.56 0.44 0.98 0.49 0.51 1.00
Mean 0.61 0.39 0.95 0.55 0.45 0.98 0.58 0.42 0.97
SD 0.01 0.01 0.01 0.04 0.04 0.02 0.05 0.05 0.02
2011 0.64 0.36 0.92 0.44 0.56 0.99 0.45 0.55 0.99
2012 0.62 0.38 0.94 0.60 0.40 0.96 0.51 0.49 1.00
2013 0.57 0.43 0.98 0.51 0.49 1.00 0.46 0.54 0.99
2014 0.64 0.36 0.92 0.45 0.55 0.99 0.41 0.59 0.97
2015 0.63 0.37 0.93 0.58 0.42 0.98 0.60 0.40 0.96
Mean 0.62 0.38 0.94 0.52 0.48 0.98 0.49* 0.51%* 0.98
SD 0.03 0.03 0.02 0.07 0.07 0.02 0.07 0.07 0.02
Diff (%) 2 -3 —1 -6 7 0 ~16 21 1
2016 0.64 0.36 0.92 0.60 0.40 0.96 0.68 0.32 0.88
2017 0.77 0.23 0.71 0.56 0.44 0.99 0.53 0.47 1.00




2018 0.65 0.35 0.91 0.61 0.39 0.95 0.63 0.37 0.93
2019 0.63 0.37 0.93 0.58 0.42 0.97 0.64 0.36 0.92
2020 0.62 0.38 0.94 0.58 0.42 0.97 0.63 0.37 0.93
Mean 0.66* 0.34* 0.88%* 0.59* 0.41%* 0.97 0.62 0.38 0.93*
SD 0.06 0.06 0.10 0.02 0.02 0.01 0.05 0.05 0.04

Dift (%) 8 -13 =7 7 -9 =2 8 —11 —4
Mean (15 yr) 0.63 0.37 0.92 0.55 0.45 0.98 0.56 0.44 0.96
SD (15 yr) 0.04 0.04 0.06 0.06 0.06 0.02 0.08 0.08 0.04
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Appendix 1. Z}7]-2 2|31} T E o] Qictal At e A<
7153} +2E Y= ZHiEs

APAF=2 A7|-228ket T Eo] Aokl ARt AHAY 7eH +25
Uetl= AEiHiaeE9] Aoz A 23442 B3 th(Kandziora et al.,
2013; Kutsch et al., 2001; Miiller, 2005; Miiller et al., 2000). A|tE AEjHFE =
SFFTIEAL HiH] 25 AKe., A 23), TFF (e, AIHA| 24h), BET (e,
A9A A%, =T | 57, T4 HH| S4L i &, A=HdA 501

At} 1 oA SHFEIEAL tiv] &5AE 5%, ASF, ST div] S4L
q

7S A& FofdiA AeiA 24/3E B7FoItH(Table Al). A& =
al. (2001)= F-H 2] AFH} IA Aol ont B4 AT A9 &4

SETo| Wotd Adutdoz Abgel A 23/de] o
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AHE 72 FFoPL 7 77 AEH eSS Blast At I A &5

T FAo] A FXHAUT. Burkhard er al. (2011)2 ZEEHIE 7 714
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Table Al. State variables that were used for assessment of ecosystem integrity by previous studies

State variables

Indicators

81

. Studies Kutsch et al. (2001) Miiller and Burkhard (2007) Burkhard and Miiller (2008) Burkhard et al. (2011)
ype
Beech forest vs. . . . . . . . .
Target ecosystem eee . Orest Vs Wetland degradation scenario Reindeer herding scenario Marine construction scenario
Maize field
Net radiation/Net short . . . . .
Energy Capture et radia ;zzlliatieons ortwave Net primary production Aboveground plant biomass Net primary production
Energy Dissipation (Surface temperature)™! Soil respiration Soil respiration Respiration
Energy Storage Total biomass Carbon balance Soil organic carbon content Carbon stored in biomass
Function
Respiration/ Ecosystem respiration/ Soil respiration/ Soil respiration/ NA
Biomass Biomass Net primary production Biomass
Transpiration/ Transpiration/ Transpiration/ Interception/ NA
Evapotranspiration Evapotranspiration Evapotranspiration Evapotranspiration
Nutrient leaching NA Nitrate leaching Nitrate leaching Transport loss of nutrient
Structure Diversity Species number Species richness Number of plant species Seabirds diversity
¥ by | §
.-':l-\,, -"|"' | !i 'c.l|
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Appendix 2. JFwo| FYALT FEHAEAAGZE FAH

FE<0] SAF FEHR AR Y (Biosphere Reserve, BR) 2.2 SA|E o]8=
T2 ZTH(Table A2). HA, 50| ZAAHRE Ax FTo=2 A H]
HAEO] 31 550 | o4} AU IfIARI A 5] wEE AA gkot, H]
TE 2UEFAGL Ho] £7] Aglom Hollr] wwolth ES k= H O
A9t 29} 5P A ALY dZAdo = Q5] SRt SHAT 7H
B2 AEFo] AAsHL vk A= 83 o] 73 HH(Cho ez al., 2007; GFBRMC,
2021; KNA & Gyeonggi-do, 2009). o|of] H3f ZAFSo|t= EES #3514

Ioon, FHMYAFTV|HR] =YeEYo] FEed ne-AF
SUE DS Beaha 9710] SAE 4 99THKim, 2010, FEE-L BR 2 54
2010 Ao 2RE 10 | FHol AlPE AHA A7]B7JAE BR +4] 7|
SISHA ol= =T AHA ZUEHY &2 53 A=Y dTolE, B
BR | A9 AlE9] A9, Hejus 22 0d, AY SA 243t 59 4

A7 A7 THGyeonggi-do, 2020).
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Table A2. Reasons that Gwangneung forest was designated and maintained as an
UNESCO Biosphere Reserve (GFBRMC, 2021; Gyeonggi-do, 2020; KNA &
Gyeonggi-do, 2009)

Reasons that Gwangneung forest was designated and maintained

No.
© as an UNESCO Biosphere Reserve

Gwangneung forest is a late successional temperate deciduous forest, which is
representative of the temperate and sub-polar broadleaved forest. Gwangneung forest
biosphere reserve (GFBR) gradually includes well-preserved natural forests, artificial
planted forests, and areas where villagers live, farm, and engage in tourism.

GFBR has a significance for biodiversity conservation, because it has the largest
2 number of species per unit area in Korea. The total number of species in GFBR was
4,456 in 2010; and it was updated to 6,270 after additional monitoring in 2020.

Related organizations and local residents of the GFBR have demonstrated regional
sustainable development approaches (e.g., increase of forest product income, local
special food development, eco-experience village operation, local brand development,
tourism revitalization, and incentives for public transportation users). As a result, local
income increased, local festivals were activated, and the number of visitors in GFBR
increased.

GFBR has an appropriate size to serve the three functions of biosphere reserve
(conservation, logistic support, and development; total area: 24,465 ha):
(a) conservation: size of core zone is 755 ha (3%), which includes the
Gwangneung Deciduous old-growth forest in Korea (GDK) which has been
4 strictly preserved since Joseon dynasty.
(b) logistic support: size of buffer zone is 1,656 ha (7%), which surrounds the
core zone, buffering the effects of transition area.
(c) development: size of transition zone is 22,053 ha (90%), which can serve the
sustainable economic development of local residents.

GFBR includes these functions through appropriate zonation, recognizing:

(a) core zone: it includes the GDK and its biodiversity is the largest in Korea
(local residents: none)

(b) buffer zone: it surrounds the core zone and includes artificial planted forests
and experimental forests, where Korean National Arboretum supports
monitoring, education, training, and research (local residents in 2010 and
2019: ~150 people).

(c) transition zone: it is used as a residence, farmland, private forest, eco-
experience village, and other purposes for local residents. It is an area where
local resources are managed and worked together for sustainable economic
development (local residents in 2010: ~80,000 people; however, it reduced
due to population loss and aging in 2019: ~70,000 people).

A GFBR center was established as an organizational arrangement that can coordinate
the participation and opinions of stakeholders in GFBR. Together with this GFBR

6 center, the government (Gyeonggi-do), research institutes (e.g., Korean National
Arboretum), local communicates (called residents’ council), and civilians
(environmental civic grounds) are participating in GFRB.

In addition, provisions have been made for:
7 (&) mechanisms to manage human use and activities in the buffer zone: Korea
National Arboretum limits the daily visitors in the buffer zone. Development
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(b)

©

(d)

in the buffer zone is only possible after passing an environmental impact
assessment. GFBR center restrains unrestricted development in the buffer
zone.

a management policy or plan for these areas as a Biosphere Reserve:
‘Gyeonggi-do Biosphere Reserve Ordinance’ was enacted as a management
policy. In addition, the GFBR center establishes a management plan on a
regular basis every five years.

a designated authority or mechanism to implement this policy or plan: The
GFBR center establishes a business plan for operation and management
every year and executes it.

programs for research, monitoring, education, and training: A national
research institute — Korean National Arboretum — provides a variety of
education and training programs (e.g., age class, social class, short-term, and
long-term ecological education) as well as ecosystem research and
monitoring.
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Appendix 3. X|Z<g AAE

iz 9 dHst AEZT FAE AAst7] A= AEONA ASF
EZYA(ground heat flux, ¢ )7} ZRs5ltt. 18y A5E #=7]7|(HFPO1-L,
Campbell Scientific, Inc.)= FAlO] =EEH QEDE, AR
(m)THg = o] TS mEbA Zol z (m)ofl A BSHE AFE E 20 Zo]
z (m)o| A A R7HA] AFE AF A7TS F7H] 0= Hoto], A #of|A 9 A5
ZYAE HIH[F of SFh(McCaughey & Saxton, 1988):
G(0)=G(2) +Cs AA—TZ (A A1)

4714 G(0)= A RONA I A FE E L, G(2)= 4°] z(m)oA #S5H

A5 820l &9l= W m? ot A oA EFom Soles A9

Cs = ppCsa + OyCon

o714 pp= EG Yol T kg m? o]t} GDK oA B 11E Zlo] 0-
0.05 m 9] E9F U2l 0.86 kg m?>2 AFR3ATHLee, 2011b). csq 2} ¢ = 2+
AZ E%(ceq = 890 J kg! KN} EF F=5(cq,,= 4,190 J kg! K9] H|Go|t},
0,= EQFESeF0 2 9l m? m3 o]t}
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Appendix 4. JEF A7 A4k

REF AFF2 oh23 o] A4 5= Y thMcCaughey & Saxton, 1988):

AT,
B = MuegCueg 5y~ (4] A3)

07|14 B H&o| A== AEF AFToIH ©&el= W m?o|th. AFEjA of A
Agog Fojo= EYAY 7| golH, AN HEEH 5ot
Myege= FHHAT 529 FETo|H THel= kg m? ol cpeg= A9 BHIE
L) YhEI5H ] vl 3,340 T kg! K-S A&} th(Wilson & Baldocchi,
2000). Tyeg= A4 2] 20| T-}= K o]t} & A70f| A= GDK & & ER{ 9]
L2t AL A HSE 7|2 Fofl A9 #oloF HA= AYLe R 1, 3,
10, 15 m $£0]9] 7]29] FH-& A4 2retal 7HEstlnt ¢ = TS Al7ko|H
2 Aol A= At = 1,800 Zolth. AHR O] TRt =5, A, 7], B 5ol W
Aol FAIS vhstthal 7Hg 5t

[©)
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Appendix 5. 873 221, BAL o|H-3- &4 S A AR ES L

Table A3. Data uncertainty of environmental factors, radiation, and eddy-covariance

flux
Data Instrument Uncertainty (%) Reference
Tipping bucket rain
gauge (TR-525, Shedekar et al.
PPT S 14
Campbell Scientific (2016)
Inc.)
Net radiometer
Rg, (CNR1, Kipp & 1-9 Michel et al. (2008)
Zonen)
Environmental Humidity and
factors temperature probe 1-3 .
Ty . 5 Vaisala (2009
air  (HMP155, Vaisala (at —=30~50 T) aisala (2009)
Oyj)
Time domain
reflectometer 4-6 Varble and Chéavez
swe (CS616/625, (Loamy sand) (2011)
Campbell Scientific Y
Inc.)
Ry 5-10
Ry, Net radiometer 1-2
Radiation (CNRI1, Kipp & Michel et al. (2008)
Rpy Zonen) ~1
R, 4-23
Eddy LE Closed-path infrared 14-19
|
cov;riince H ® Cglass STHCaa};IZ];Lell 1722 Kang et al. (2018)
u COZ SCiel’ltifiC, Inc.) 17-18
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Appendix 6. GDK 2] 1 7| /TS A0 A #5373 892

Table A4. Environmental factors averaged from GDK’s nearby meteorological
stations (Seoul, Dongducheon, and Yangpyeong): precipitation (PPT), incoming
shortwave radiation (Rs,), air temperature (Ty;,-). (SD is standard deviation. Dif (%)
is the difference of means between reference state period and each test period. Values
exceeding the range of the reference state period are indicated in bold.)

PPT Rs, Toir
Year
mm MIJ m? C
2006 1,571 4,341 10.1
2007 1,300 4,160 10.4
2008 1,432 4,572 10.1
2009 1,556 4,855 10.1
2010 1,962 4,497 9.4
Mean 1,564 4,485 10.0
SD 248 260 0.3
2011 2,183 4,586 9.3
2012 1,521 4,346 9.5
2013 1,519 4,295 9.8
2014 780 4314 10.6
2015 861 4,621 10.9
Mean 1,373 4,432 10.0
SD 573 158 0.7
Dif (%) —12 -1 0
2016 1,005 4,531 11.0
2017 1,137 4,542 10.3
2018 1,380 5,063 10.2
2019 986 5,108 10.7
2020 1,553 5,116 10.5
Mean 1,212 4,854 10.5
SD 247 292 0.3
Dif (%) —23 8 5
Mean (15 yr) 1,383 4,591 10.2
SD (15 yr) 389 298 0.5




Appendix 7. X A E Z 1] A&t

4R o|2e £2H ok AL A5 WA APARTE FRFo] ek
ofo]t]ol 4512 0.5 FATE o] Zo|chShannon, 1948). AlE Soi, A4 FATH
2449 AAGe AN AALET 234 (indeterminacy)dl A
A

| E 2 1 (information entropy)7} Rt &, U2 AW JQE 2 1= =0 217]-% A5}

Ferndndez and Gershenson (2014)2 A|A|E 79| ESPHA/FAAE
A H JEZ 1 (information entropy, I )& WEFHIL ZHA(emergence, E )&
ojulReha Hekk T el BYAYANE HH AR B4R e
2}7]-223l(self-organization, S0)Z 9|7 ge}iL ASHelict. o] B Afole] FHL

E2ZHA (complexity, C)°]th.

I+= 3ol AA D 9] ¥zt Axt= WAsh= vl A4 2 S48
=75l (Kim & Yang, 2022), th23} ZHo] AAFE th(Santamaria-Bonfil et al.,
2016):

N

I=E=-K zi=1pi log, p; (2] Ad)
A71A piE A i7F dofd FEOIT K £ 15 0<1<1 Afo]9] HI=

Agroh= 3t Aol thaat 2ol ALt
K =1/log,(b) (4] A5)
a]71A b P(x;) > 02 TE3= Atgolth. whabA log,(b)= A|AEI0] 3t 4=
UE 7Fsst AEY 4 bE 2= EX 3o dish A EZ 3o s
28] 22912 AAYe.g., BE Azl0] Lol 2o FZ2 FUT 1Y
)2 7H B2 I(=1)E 7HX]& B, &ds] 2520 A AL (e.g., RIEAl £F

ARARE dojub= BE Y w2 7P W2 [(=0)F 7HIH.

)



SHH, S0+= I ol AAY Y] wstel AvtE AA 9 #2447} TR0
UTHKim & Yang, 2022). £ 5] F2-9 4 Q1 A A B2 7P -2 SO(=0)E 7=

Hhd, 28] A ARJA AA B2 7P %2 S0(=1)E 7t} o]d oA S0+
AR QEZ W] ZHAR B 2 gt} whebA] S0 I(= E)9 BAFH Q1 T o], 4]

A6} o] HAE T HYE=0< S0 < 10|t}
SO =1-1 (2] A6)

€L BAYE BIYH 34 P2 H TGS B BB FH

A Aot A 4 E AT C= 1 =50 =05 A wfjRt ZHiQl 1 o] HH, [ =
0°jH S0 =1L =1 =10 50 =0 o] 2l 00] "t

C =4-1-5S0 (A A7)

GDK 9 gt AEZY 2% o 2J 9 AIA Y A7 HH AERT S
AArst7] 8, Santamaria-Bonfil er al. (2017)°4 A|2Fgt MATLAB F=9]
319 0] JH AERT(I,)2FJ 2] HE
AE=ZH(I)E ET sttt A WA= pmfSample o= A% AL
AIE et 329 A& g FHEs] Pell(Appendix 8), 30 2 T AIAIE
A=A 17,520-17,568 7H)E ARE-otAtt. T o wi7H-SR1 noOfStates o=
AfdTE0l HEE P22 42 10 & JEsto, AAL HolHE 10 79
TR YAl ZF 7k0] E EEE TR

1 i) |
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Appendix 8. A& 7l IhE JE AE =] Q] Y1 E B AE

Santamaria-Bonfil e7 al. (2017)°] A5 MATLAB 52 2} & 740 ©2 HE
AEZY, T EFYY WAEZE HAE ottt olE sl GDK oA
2006 WE-E 2020 @7HA] AL 02} /9] 30 & T AAIE A=E ARE-SHIH

A7 Aol 2 NREL 30 B k9] AAY AR HEY 71
ted & Aue HAesigt oS So] 30 2 &9 AAL A7 o] n A
Aes WEYNN A2 ALE 2Aslgon, n WA ARt oS T4
=L DGR Table AS). TAEE 30 2 9] AAD Azl FR
AE 2% Az 0] A4 AT} drht
919] [ A4 AT WA B2

A3},

HE mlo

EAE %2 U ok FIZEE(%) = (30
A9 1 A4 Aah) x100/(30 2 ©919] 1 A4

rf

Table AS. Sampling intervals and data size for the sensitivity test

Class Sampling example Sample size (2006-2020)
30 min  Every 30 minute (00:00, 00:30, 01:00, ... 23:30) 17,520-17,568

1 hour Every 1 hour (00:00, 01:00, 02:00, ... 23:00) 8,760-8,784

2hour  Every 2 hour (00:00, 02:00, 04:00, ... 22:00) 4,380-4,392

3 hour Every 3 hour (00:00, 03:00, 06:00, ... 21:00) 2,920-2,928

4hour  Every 4 hour (00:00, 04:00, 08:00, ... 20:00) 2,190-2,196

6 hour Every 6 hour (00:00, 06:00, 12:00, 18:00) 1,460-1,464

8hour  Every 8 hour (08:00, 12:00, 20:00) 1,095-1,098

12 hour  Every 12 hour (00:00, 12:00) 730-732

24 hour  Every 24 hour (12:00) 365-366

A= NS 365-366 MAEDY HA 24 ARHOIA 17,520

17,568 N(AZT 244 30 2)7HA] 288t ALkt A3t (1) 1,9 7%, A= /7t

1,000 7i olAfold(ME 7H4 1-8 A7), WAESL B 10% HeHT Ad

HEE FABIA. Ab& 757 1,000 /iR S Ao (MET 744 12-24 A7,
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Table A6. Sensitivity (%) of I, depending on the sampling intervals

Year 30min  lhour 2hour 3hour 4hour 6hour 8hour 12hour  24hour
2006 - 0 -1 -1 -2 8 7 —22 —60
2007 - 0 -3 -2 —4 5 6 -23 —61
2008 - 0 0 -1 -2 9 8 -20 =55
2009 - 0 -1 0 -2 8 9 -20 —58
2010 - 0 0 0 -1 9 6 -23 —63
2011 - 0 1 0 0 10 10 -19 —54
2012 - 0 -1 -1 -2 9 11 -17 -52
2013 - =7 -9 -9 -10 1 2 -29 =72
2014 - -1 -1 -1 -4 8 9 —18 —51
2015 - -2 —4 =3 =5 7 10 -19 —54
2016 - 0 -1 -1 -3 9 9 —-19 —53
2017 - 0 -3 -3 —4 3 1 —14 -20




2018 - 0 0 0 -2 9 11 -17 =50
2019 - 0 =3 =3 —4 7 9 —20 =55
2020 - -1 -1 -1 -2 9 8 -21 —56
Avg - -1 =2 =2 =3 8 8 —20 —54
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Table A7. Sensitivity (%) of I; depending on the sampling intervals

Year 30min  lhour 2hour 3hour 4hour 6hour 8hour 12hour 24hour

2006 - 0 0 4 4 6 3 —18 -29
2007 - =21 —21 —27 —26 -21 =30 —47 —61
2008 - 3 3 —33 =33 —28 2 =54 =73
2009 - 0 -9 —27 -9 —26 —41 =51 =73
2010 - 1 0 -8 -9 —6 —11 —37 —54
2011 - —4 -20 -20 -29 —-16 —49 —52 —80
2012 - 0 1 =5 =5 -1 -9 —21 =35
2013 - =5 7 -13 =5 —10 =25 -21 —64
2014 - -36 -36 —48 -37 —46 =50 —82 =99
2015 - -8 =7 —14 =20 -9 —21 —34 =57
2016 - 1 =7 —16 =7 -13 -13 —34 —47
2017 - —14 —15 -21 =20 -15 —21 —36 =53
2018 - —6 -2 —4 —14 2 —16 =30 —45
2019 - 0 -13 -13 -13 -8 —14 -29 —58
2020 - -13 -12 -12 -13 -9 —18 —28 —61
Avg - =7 -9 -17 —16 —13 —21 —38 —59

FTHANE, [,9 [+ & A= 7H71 1,000 7] o3 L W RIZH = 10—
20% WRIHAL Hd WsE FARE "ol mEbA & d7= o2/ 9f AAE
Aol HE JIERIE AlsH] A3 2adt Ha A= feE 1,000 i

gtk

:l sy
o Sk



Appendix 9. 32 L

+ GDK oA $H3 Gl ofc-3EAk g9 7jute] mu e A4
ATYFT ZUHRNA Pold AY] BE Ak A LA

FAs] A7) BE AR AH4S BAST, AAF] aHT

2191491 WP FoFA 02 Bk 20| Bag el

[¢)

+ GDK 9] %7]-22]8} 9j2fo] 747} 9% 8739 wizto] A 71213k 2R
Zo AEA Yol sl 7|Qst AANE ErhHow 2]

Aal, WA AH(fisher information)E 7|HFCE ZF A|AH|oA HA|

]

(-
ol'

delegime shifjo] Uolwkon] BHAE @77} w80l B
Z1o|th(Ahmad et al., 2016; Cabezas & Eason, 2010). E3F 2}7]-2 2517}
ol® UARET HolAof AA Hgo] ojup=Ao] Tt AF=
AP & et olF &8 23489 dARRel 238", A

2AYE §ASP AT APHo| T AUHe Tfo|Setele TET >

o AEAY 7le F2E 7} GDK 9] #}7]-2A 3}
Ao TAE EAo17] Hdll, T AP A 8 ozt BHAE

EZ A (complex system)Z  7FESh= WY EA(process network

I
<
I
<
i
o
i)
(B
iy
ﬂJll'l

analysis)'= & Q3 Zlo]ti(Ruddell & Kumar, 2009; Yun et al., 2014).
oz o T4 A45e] W Ve OB BolA BojAA
Al&"l] oA 225k B YE ThEolW=A] olsfista, I
Ak oA A0 A7) 2R3 kel Makg v nd 4 g Aol
o 23T AETFHY TAC dHi F5AF7E B/Y Aotk
ggaTse  gudegdes  e@dd 98 Adoz

TFSHAW(Clipp er al., 2022), 27740 ZFEE= oF9 o=

ol

%



ZF51 % th(Burkhard & Miiller, 2008; Burkhard ez al., 2011; Haase et al.,
2018). TSI AEACIA A 244 9 TS S Fgetet,
T 7ol ol® A7 A=A L L ZHzko] Wsket wff A 2 o] H A o
Sli=of el @2 Bast ek

£ ATolA Aot AeA LA BAZTE HAT7S Bak opje)
9% 9 Aol ol #8stel, Ao Aol AWK T

oA 240l gAY AstuleA] HE
I}, B3 WAL TS e 5ol T TR A olE A

4
23T 8L AFHL A2 A5t ko] Yol e We

=
R =

nq7

finil
=
83t

2 X

1 3 1] 3
96 A = T !



Abstract

Ecosystem integrity assessment of Gwangneung old-growth forest

in UNESCO Biosphere Reserve: A thermodynamic perspective

Hyunyoung Yang

UNESCO Biosphere Reserve (BR) is a learning place for sustainable development.
It provides local-level solutions to global sustainability issues by applying a
transdisciplinary approach to understand and fully manage the responses and
adaptation processes of ecological-societal systems to climate and environmental
changes. The ultimate challenge in BR is to reconcile the sustainable use of
ecosystem services with the conservation of biodiversity without compromising
ecosystem integrity. Therefore, quantitative assessment and continuous monitoring
of ecosystem integrity are necessary, but the ambiguity of the integrity’s definition
and the absence of a theoretical framework and systematic long-term monitoring data

that are the basis for quantification are obstacles.

Based on the literature review, the definition of ecosystem integrity can be
summarized with two key perspectives: (1) the reference state perspective and (2)
the thermodynamic perspective. In the case of the former, integrity is defined as the
preservation of the state of the ecosystem as compared to the reference state, while
the latter is defined as the state in which the ecosystem maintains the self-organizing
capacity. Here, self-organization is considered as a process of minimizing the
accumulation of entropy within the system by organizing collective actions to create
system-level order through the interaction among the elements that make up the

system. The self-organizing capacity of an ecosystem can be expressed as the ratio
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of the thermodynamic entropy production within the system (o) and the
thermodynamic entropy transfer out of the system (J) (thus, [J//a]). In this study,
considering both the reference state perspective and the thermodynamic perspective,
ecosystem integrity was defined as ‘a state in which the self-organizing capacity of

an ecosystem is not significantly different from that of the reference state’.

Gwangnueng Deciduous old-growth forest in Korea (GDK), one of the
UNESCO’s BR, was selected as a study site to evaluate the redefined ecosystem
integrity. GDK is the main monitoring site of Korea’s tower-based flux monitoring
network (KoFlux) and is located within the core zone of Gwangneung Forest BR.
Since 2005, various biometeorological variables including radiation balance, surface
energy balance, and air temperature required for thermodynamic entropy calculation
have been systematically observed up to now. In this study, the five years (2006—
2010) prior to 2010 (when GDK was designated as BR) were assumed as a reference
state and used as a period to quantify self-organization and identify its characteristics.
The next 10-year period (2011-2020) was divided into two 5-year test periods, and
the self-organization of each test period was assessed and compared with that of the
reference state, thereby attempting to answer the question — ‘Has the ecosystem

integrity been maintained at GDK?.

During the reference state period, o was on average 13.840.4 MJ m™ K!
yrl, J was —10.440.5 MJ m? K! yr!, and |J/o| was 0.764+0.01. An old-growth
forest, GDK, showed consistent self-organizing capacity to control the accumulation
of thermodynamic entropy within the ecosystem by transporting 74—77% of the
thermodynamic entropy produced out of the system. During the first test period

(2011-2015), ] was relatively constant whereas o continuously increasqd;'.i re§1_.}1ti111g|5
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in decreasing |/ /o| but not statistically significant. This trend continued, however,
in the second test period (2016-2020) and resulted in statistically significant

decrease in |/ /o], indicating that the GDK’s integrity has degraded recently.

To better understand the cause of the recent degradation of self-organizing
capacity of GDK, correlations were examined between the time series data of state
variables that represent the function and structure of ecosystems during 2006—-2020
and that of |J/a|. The ratio of net radiation to incoming shortwave radiation (i.e.,
energy capture) and the ratio of respiration to biomass showed negative correlations
with |/ /a|, and the changes in tree species diversity showed a positive correlation

with those in |J /g].

To examine the above results more rigorously, changes in indeterminacy
were examined by calculating information entropy from the half-hourly time series
data of ¢ and /. The indeterminacy of o and J increased during the test period
compared to that during the reference state period, and the increase was larger in o
than J. Since increased indeterminacy means decreased self-organization, the
degradation of integrity could be due to decreased self-organizing capacity in

controlling the internal entropy production.

In summary, the decrease in |J/o| was the result of an increased o with
increased energy capture and also the failure of ] to transport the excess amount of
entropy produced within the system out to the environment. The decline in self-
organizing capacity of the GDK old-growth forest is attributed to continuous

increase in energy input as a result of persistent decrease in precipitation.

T © 17 ]
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In this study, we have redefined ecosystem integrity in terms of reference
state and self-organizing capacity. The analysis of thermodynamic entropy using
energy flux data observed for 15 years at GDK in BR demonstrated that the
quantification of ecosystem integrity is not only possible but also a critical measure
for continuous monitoring of the state changes in whole ecosystem. Furthermore, we
showed that the information entropy calculated from the time series of
thermodynamic entropy can serve as a complementary measure of self-organization.
Persistent entropy accounting is needed to investigate the cause of the integrity
degradation of GDK and the follow-up management. Further studies should test the
consistency of the findings of this study by examining other old-growth forests and
forests with different age and functional type. Once verified, usefulness and
scalability of the integrity assessment and monitoring can contribute as an essential

tool toward the BR mission — thriving societies in harmony within the biosphere.

Keywords: Ecosystem integrity, Self-organization, Thermodynamic entropy,

UNESCO Biosphere Reserve, Long-term monitoring

Student number: 2019-38099
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