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Dynamics and regulations of ecosystem light use efficiency in a broad-leaved Korean pine
mixed forest, Changbai Mountain
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Abstract

Aims Ecosystem light use efficiency (LUE) reflects the ability of CO, uptake and light utilization via photosyn-
thesis, which is a key parameter in ecosystem models to evaluate ecosystem productivity. The objectives of this
study were to: (1) compare the differences of LUE derived from different methods; (2) elucidate the seasonal dy-
namics of LUFE and its regulatory factors; and (3) evaluate the maximum LUE (LUE ) and its variability based
on eddy-covariance (EC) flux.

Methods Using the flux data from an EC tower during 2003-2005 at a broad-leaved Korean pine (Pinus ko-
raiensis) mixed forest, Changbai Mountain, two types of LUE indicators were generated from: 1) the apparent
quantum yield (¢) estimated with rectangular hyperbolic curve, and 2) the ecological light use efficiency (LUE.,)
calculated as the ratio between gross ecosystem productivity (GEP) and photosynthetically-active radiation (Q).
Important findings The seasonal variation of ¢ and LUE,, appeared a unimodal pattern within a year, with the
variations significantly dominated by soil surface temperature and Normalized Difference Vegetation Index
(NDVI). A positive correlation between GEP and LUE was found for both ¢ and LUE,.,, with the effect of O on
LUE relatively weak. The increase in diffusion radiation appeared favorable for enhanced LUE. Generally, there
was a significant positive relationship between ¢ and LUE,,, while ¢ was higher than LUE.,, especially during
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the mid-season. The annual maximum value of ¢ and LUE.., was (0.087 £ 0.003) and (0.040 + 0.002) pumol
CO; umol photon_1 over the three years, respectively. The interannual variability of LUE,, for ¢ and LUE,, was
4.17% and 4.25%, respectively, with a maximum difference of >8%, likely resulted from considerable uncertainty
in model simulations. Our results indicated that the inversion and optimization of maximum LUF should be taken

seriously in the application of LUE models.
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nual variability, vegetation index

ecosystem carbon exchange, light use efficiency, ecosystem maximum light use efficiency, interan-
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B RGEREF F K (light use efficiency, LUE)
SR AE A IR I AR R R A RE R ORA ] E KR
HCOL MRS, FRAE T HE I S AR FLKE AR |
W) RE AL A N B I R, —REBIMEAES RS
A7 1 R R (Ruimy ef al., 1995). HTLUEH
PR R SRS RGUE P2 TP R R, N
BRI RS S AR S RGP TR T T RER &
12 (Jenkins et al., 2007; Yuan et al., 2007; Garbulsky
et al., 2010), KUk, LUER YIS RS HURTY o 1 0 bt
SR, TRV A RGN XIS R A2 7= ) K
FOXE A RS AL e B HR 45 3 T2 B (Yuan et al,
2014).

LUEAERNARS RG0GHR H R h %0 5
B, FASHA 8 1 AL 5 e A5 Y Al SRS R ) B R R
(Turner et al., 2003; Yuan et al., 2007; Garbulsky et
al., 2010). {EJLREF]FHZEA T, LUE—RERIE N
KABRER FH H(LUE ) SR E K REYE LR
LA E R H, 1T U] A BEAA G LUE e 2 6 RE R 2
R ) AN I 1 7R 5 TR I 2 ) (Xiao et
al., 2004). TEMODISHIEZ R G E = 1557 5
(MOD17A2/A3) %, ¥ B 2E 7 KRG R 43 N 122K,
MEESRG D NKE T AFEFILUE pay o BEIRIEZ
75 A X IR B A BR R AR S R G472 1A TR 15 2
TT ZRH, (BRIAEREAS RS A 7 ZEARE
SEBR I K HE 34T #E (Xiao et al., 2004; Yuan et
al., 2014).

LUEI € 77 1 F 2 ARG S K Y EWGkiE
(Monteith, 1977). BiA! j 5% (Wang et al., 2010;
Chen et al., 201 1)@ N 2 % (Ruimy et al., 1995).
BNV EWGRERR A EE . ENAT, (HiET7iE
TAEER. BA—@ ik, I BALRESRAF 4 LA
L R BEILUES S, Tk e RS 4 LUE

ARG B o B s A2 8 I S A ) g
HARARACRRY, SR A Y [ LUE, 277 13K
WHILUE 5B E5 A 5%, AN R B 22 1] Y e i 45
RATReAFAE W] 2 22 e (K 9R 5, 2014). fEAES RS
ST T, 1E8 B ArME— BElEEd )z 5
KA B COLM R T, e BEAH B AR N 78 A4
BRG REEWEFDOCE RS BER4E 7 E K&
1%, NEEAERRGRE FAR/RLUERI 7 3 ARHAE
fefit 7 R EAEOE, WOAMMEAREMAESR
Gi LUE o IR M1t T A 00& 42 (Garbulsky et al., 2010;
Gilmanov et al., 2010; Wang et al., 2010; Chen et al.,
2011; Barr et al., 2013).

AT, M) FH 30 00 4 I LUE T A 5 3 2
EETPAE AN T — 2N S I SR B AR A
ARG AT 715 SRS (SR ST 4 56 ) O L
1 BL#£ 73 BT LUE ) I 25 22 46 (Turner e al., 2003;
Schwalm et al., 2006; Chen et al., 2009; Polley et al.,
2011); i@ Totmd BT R BTG, DLIRIK R
W T 30F (o) RAELUERI 87254k (Garbulsky et al.,
2010; Gilmanov et al., 2010; Clement et al., 2012; Li et
al., 2014), Fenl 2R A KRR eV E oY b )
LUE .« (Xiao et al., 2004; Wu et al., 2009; Wang et al.,
2010; Yuan et al., 2014). {HAESEFRR A, —J7 HIX
ANFEFEECT RIREURI LUE B 2 8] 1) 5% Z ik = B
WIH, FEONEFFTE R MO LR 55—
T, KES Sy R AR AR I £ — N A KSR S &
D E A BEAT Ak SR, TN T AR S R G A bR
A, T ] BEXS LUE ax FRITEER VPN 77 A2 521 o

A 1 L ] P £ P ST 2R S b P L M bk
T, R T ) VR S AR B B BRAR R O o R 4%,
2008), 5AxBR[ELEH X FIARMAR L, B @
MR IR E R A 7, T
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UL S5 R TR B, K Ll T LR AR
R AT IR L 28 B R R B R U E /) (Guan et all,
2006; Zhang et al., 2006). AHF 5 HUERE IR E K H 1l
Tk 717 [ W ZDAA ORI SR R, J: 120032005 4 11
WEVINESE, FRASRGOLRERHRMFEN
R T, F BT E B (D)W ANE T
EIRBULUER 2 5 MM E R FR; )W 7~LUEN
BNABAARE KL 1 YA 2 AE IR,
IR LUE o 18 SERFAE, DAANIR N R IZ 4745 R
GULRER HFHEM S AU EH E A S RS
LUE o FRBERF AR -

1 AR

11 RS

K A F o B AR A HL X 5 MRS AR, X —
by X2 R AR AR A XA B RS R G
TRAZARNS BN SE B — AN LXK . ASCEE LK AL
P MRS RGO AN R, ZESRANE
L g T AN Fh B HE £1 KR (Pinus  koraiensis)~ 5 1 Ak
(Quercus mongolica). AR (Acer mono). 7K M
(Fraxinus mandshurica)F M8 (Tilia amurensis)Z .
it 2 B K T AR A 096,00 8270 A Ly PR AR K
+o SR KRR SRR, 738 <R 3.6
C, FFEAKETI3 mm, FFEKMSIRIEE 268
Ak B Eerm, LU0 SRR IR, 24 H
PR B2 271-2 503 h, A IA109-141K .
1.2 HIEIREL
121 BEMENSKIN KT

Sy [ i b AR 745 5 G 38 2 00 I ) 4% (China-
FLUX) & #E s 23, M20024E 145, 5& T
FHOGHE A 1 L - 2R MR AR 25 2R G AR /K E =
TR TR RN . 38 U A T 4T
FAMREI TS FEHL P, HhEEALFR42.40° N, 128.10° E,
#4738 mo FET20135210 H ChinaFLUX & A5 ) 3t
=R W5 4 (http://159.226.111.42/pingtai/-LoginRe/
opendata.jsp), $HX 1200320054 (4 il i 2044
PRCO 388 B A1 SR 2R IR

K FH (T 56 108 P AH 2K R B0 B4 COo/HL0 43 BT AX
(Model LI-7500, LI-COR, Lincoln, USA), =4k
K H 1 (Model CSAT3, Campbell Scientific, Logan,
USA), il & #5810 Hz, FFHE 6 K 4% 2
(Model CR5000, Campbell Scientific, Logan, USA) El
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BN R A A7 N Hiis, e 20 2 9418 me

WA R ERNN RS F B RERE
(Model HMP45C, Vaisala, Helsinki, Finland), Y6 &4
ST (Model LI190SB, LI-COR, Lincoln, USA), F#
7K & (Model 52203, RM Young, Michigan, USA), 1
3% 5 £ (Model 107, Campbell Scientific, Logan,
USA) M1+ 315 FF (Model CS616, Campbell Scientific,
Logan, USA). A, 33835 B & R B 4 ) N S
cm. 10 cm. 20 cm. 50 cm#1100 cm. +T3EE/KE
IR 55085 em. 20 emA150 em.

122 EREWIEHREE

M Oak Ridge National Laboratory Distributed
Active Archive Center (ORNLDAAC, http://www.
daac.ornl.gov) ~ # 3k B H 4 HF R AR b B A
(MODIS) [MOD13 Q1 # #i& £ F 45 7™ i v i 5 —
R s B (NDVD B, R KOR16K, 24
P 250 mo BANEE—HAET km x 7 km/ M}
1784 MF 1) Forh E1E L s S AR 5 )
BALE XN .. FAMEITCNDVI 16K HND VIR KAG
G
1.3 HIELE
131 BEHIELIE

0 FEE AR DG AR 38 i W e K i s 20 ol e
A2 1 R ik 3R A7) 3 B ik 3 B4 SR R e 5 R <)
1#CO, KR FIRE I8 & [0 7775 (Baldocchi, 2014).
T ChinaFLUXH:ZHR-F 650 T KA ISR
2520032005 4F 138 & W 4, K A ChinaFLUX
FAR A R E A AT T R, AR
IR BN IE . PG R AE 40 2k
BIE. HAE B IE. KBS (WPLRLIES,
FET 1l EH COMIEATF RN (Yu et al., 2006, 2008;
Zhang et al., 2006).

TEFRHL30 minfICO B EHR 5, T /b
BHAE T, 34T 7 UUR LA J7 T ) O ik
()5 R A 4K 38 B 00 (2) Wi 250 1 1
ER1-3, 31, DASGIER B 40 (3) MR 4 44 1)
A AR R 5 AT R O R0 R T 5 1) B X
fH(Reichstein et al., 2005), F51Fk T T 1% BE
AL B, (4RI &R AT S Z E R SRR T
S H K (Papale et al., 2006). 315 1 it i B
Ja 5 AR 2S RGUAE = J1(NEP) WA -

P T 5030 110 7R 4 o R S B 50 B 5 B R 1)
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fif ok, K L 2R AR R AR ] ) A R =
S5 AIN83% MI34% . N T SR AT SR )l A,
K FH AR 28 1 (5] )29 30 AT i 2k B4 1) 4 b (Falge et
al., 2001). XF T4 IFA] (< 2 h) BRI TG, K2tk
P A 0T AR KR Y BRI R] 1 1 R B B, R
FMichaelisl-Menten /5 F£3E 17 fdi kb . B (8] & 12410
Ko T TE] R R F 5 FI FH COL I8 & AR FE ) Lloyd &
Taylor 77 # 2F AT 4 #h, F A& 4 b 775 2 W SCHR
(Zhang et al., 2006; Yu et al., 2008).

FETIREAR B AR MM SRAF INEP - BAER R
G 77 J1(GEP)YRIAE 75 R B (Reco) 2[RI AR
N T A H GEPFIR o, TEEIRIHAN )G, BT
R ST T A4 2 (1) O &= AL FE () Lloyd & Taylor /5
F2, R B IO A P B T A B B R Reco
4G AR NEPEHE AT A2 K TEHE I Reco o TEMLIER
F, KA TG HA R GEP:

GEP = NEP + R, (1)
1.3.2 EREREIEHEIRELE

KR KA A BIEMVC), LU = 288 5 M
KRN H 2 TSI e 52 . T 7E K L R
W ZLRA ARG A IR T4, PRk Dlod &3 ot
A, FEE750 mox 1 km (1218 2) MBS (107 258
VBRI 9T X381~ BINDVI, % 5 2 8 Xiao%5(2002)
BT IEX NDVIIAT e b 3
14 FXeEFIRAEWITE

FR A 5 SORITHSR 7 VR R AN ), 2T 38 B 00 I 4
PRI G RERI FH 26 2 Phik 7 =0, (HREmT A
GRRME: BTk BT R AL A B G RE R
M2, ZRMAES R IR AT AT 2
LR R . SLbr b, FIENES RGN EEH
IR E TR (), TR K TAES RS
A AR R AR RE R R 70, A AR AR
N R OG R ORI H R, BUHE AR B O e R A R
(Garbulsky et al., 2010; Gilmanov et al., 2010; Clem-
ent et al., 2012); JFE M T AT ARG EEHK
SEBRIGRESCN R FHRE ), — M FR A A A RER
FH 2 (Turner et al., 2003; Gilmanov et al., 2010; Pol-
ley et al., 2011). 35 #HE A A6 RERI F 22110 H AR
DAERIF R A . BRI FEERRIRIA, AL
Wl G B Rt R R 26 (LUE), (ERRYE AR ) Th
BT EB P ELUET LIARIE LB o

141 EBTRFERNEFHE()

BT A RCO B BHE, KB X
M T FE(ARQYIEM T ES RGN EMNE T
K

NEp =5l _p @)
P +e0

f, NEPREESRG AT, e NESRGEREMN
BT 2% (umol CO,-pumol photon™), ONIEEH L
FEH (umol-m 57", P ATEHE MR 1) 55 K CO,M
e 55 B (umol-m >+s "), Ry T 4915 I % (umol -
m_z's_l)o

DA At 1) i 1R 2 202) 100 & 13 3106 i 7
TS, FFARE T SHNERERH: 0 < <
0.15, 0 < Ppax < 120 pmol'm s ' fI0 < Ry < 30
pmol-m *+s™', [N, IR T 2498k & 2 B A ) b v
Z(bRAEZ A A1) K T 1.96 70 2 3 K T70.05 7K F
IS . 9D e s Ha X iF e 46 s,
LRI H R FE ed% 8 R IR it AT V34
142 HBHEEFIAZER(LUE)

H 5T SR X GEPRR DL JZ 1 J5 303
HINSS & A B4R S (0) T AT BILUE o

LUE.,.= GEP/Q 3)
15 BBTIERNITE

T R R SR LUE TR S0, AR SCSRAH T
ReindI %5 (1990) 7 7. 1 25 56 455 784 5+ F 778 B B PN 1
SRS IEAT T A4

kq=1.02 — 0.254k+ 0.0123sinp k< 03

kq=1.4—1.749%+0.177sinf 03 <k<0.78 (4)

kq= 0.486k,— 0.182sinp k= 0.78
W, ko HURERST; kRS ZSIREL $8— @ K&
FE AT MR 52 1 S OK B R 5 R KR E 7
7T bR T b3 52 1) oK BH i 5 I EABL(Gu. et all,
1999). — MG, MBI TORRRTW = ZE
w5, KRS, kEBE TIRRRERB LS, B
NARBAEE A kR

k.= SIS, (5)

S.= Sy[1 + 0.033c0s(360DOY/365)]sinf (6)
o, SO A5 B (1 M 2 B 52 1 B OK B 4R 5
(W-m?); SOAERKS)E FJ7 PAT TR T 52
1K BHAR S W m2); S WARBHH %(1 370 W-m ),
DOYNH F%i(Julian day), fA AR BH & £ .
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Fig. 1 Seasonal and interannual variations of environmental
factors and canopy dynamics at 8-days interval in a broad-
leaved Korean pine mixed forest, Changbai Mountain. A, Air
temperature, soil temperature at 5 cm depth, normalized differ-
ence vegetation index and atmospheric vapor pressure deficit. B,
Photosynthetically-active radiation and clearness index. C, Pre-
cipitation, soil volume water content at 5 cm and 10 cm depth.
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Fig. 2 Seasonal and interannual variations of gross ecosystem
productivity and light use efficiency.
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Fig. 3 Relationships between soil temperature, normalized
difference vegetation index and light use efficiency. A, Ecosys-
tem apparent quantum yield and ecological light use efficiency
vs soil temperature. B, Ecosystem apparent quantum yield and
ecological light use efficiency vs normalized difference vegeta-
tion index.
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