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Abstract: [Objective] Developing growth models of carbon storage in tree layers for five major plantation types in China,
i.e., Chinese fir, popular, eucalyptus, larch, and Masson pine, determining the stand age with maximum average carbon growth, and
analyzing difference of and climate effect on carbon sequestration capacity would provide scientific basis for increasing carbon
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sequestration capacity of plantations and decision-making of sustainable forest management. [ Method ] Based on the carbon storage
data of 8 520 sample plots from the 9™ national forest inventory of China, the growth models of carbon storage in tree layers for five
major plantations were developed through using weighted nonlinear regression method and variable parameter model, the impacts of
two climate factors, i.e., mean annual temperature (MAT) and precipitation (MAP), to model parameters were analyzed, and the
difference of carbon sequestration capacity in tree layers among five plantations was compared. [Result] The mean prediction
errors of growth models of carbon storage in tree layers for five types of plantations developed in this study are less than 5%, and
total relative errors are all less than 3% for both calibration and cross-validation. The mean carbon growth of larch, Masson pine,
Chinese fir, popular, and eucalyptus plantations reach to the highest 1.50, 1.85, 2.10, 2.96, 6.97 thm?, respectively at 24, 16, 12, 6,
and 2 years old of stand age. Comparison to larch plantation, the highest mean carbon growth in tree layers of Masson pine, Chinese
fir, poplar and eucalyptus plantations are 1.23, 1.40, 1.97 and 4.65 times, respectively. The models were used to analyze the influence
of climate factors on carbon storage in tree layers. The results showed that 1°C decrease in MAT could result in 7.6%, 4.5%, 4.0%
and 3.0% decrease of annual mean carbon growth for popular, Masson pine, eucalyptus, and larch plantations, respectively; and 100
mm decrease in MAP could result in 5.8% decrease of annual mean carbon growth for larch plantation, but increase in some extent
for poplar and eucalyptus plantations. [ Conclusion] The carbon sequestration capacity in tree layers of major five types of
plantations was successively eucalyptus, popular, Chinese fir, Masson pine and larch, which was affected by MAT and MAP to
varying degrees. The most significant effect is to poplar plantation, followed by larch, Masson pine and eucalyptus plantations, but
there is no significant effect to Chinese fir plantation. To maximize the carbon sequestration potential of plantations in China, we
need to determine reasonable management cycle referring to the growing process of carbon storage, and do efforts for developing
eucalyptus and poplar plantations based on balancing regional development.

Key words: carbon storage; carbon sequestration capacity; variable parameter; growth model; annual growth; mean growth;
climate factor
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Z (B, 1990; M%is%E, 1992 {THifHS, 2008: FLLEEESE, 2012; XIHR%%, 2014: XIPUGSE, 2017), TWHFFEAK
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2019; BEFEIREE, 2019; WS, 2020, SMEZE, 2021). ZEVPEHRAREICE 71, BT TR ICHA
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Tab.1 Statistical characteristics of modeling variables for five plantation types

AT At M oN o i Coefficient
Plantation type Variable Minimun Maximum deviation
Mean -
variation(%)
oA \ e =L . -
& ﬂ"A fwfi% & Carbon storage /(t"hm 01 1292 338 56 759
Larix spp. 2)
s Stand age /a 5 59 24.8 12.3 495
= W\ e 2. . -
EB_EM _ WA Carbon storage /(thm 00 1345 377 261 693
Pinus massoniana 2)
i Stand age /a 3 60 24.4 11.2 46.0
. bty o .
N _ _ T fiti 2 Carbon storage /(t-hm 0.0 1304 29.7 238 98
Cunninghamia 2)
lanceolata MRi% Stand age /a 3 54 17.0 10.2 59.9
wt Tijfit & Carbon storage /(t-hm- 00 1189 - 194 58
Populus spp. ?)
MRi% Stand age /a 1 20 10.2 4.4 43.3
V3] Tfit & Carbon storage /(t-hm- 01 1481 286 _ 264
Eucalyptus spp. ?)
My Stand age /a 1 16 4.6 3.1 66.7

ORabhk 20 a UL BB 16 a DL fRoREHb B> BLBOR B MU AR, MBI . The plots of poplar plantation over 20 years and

eucalyptus plantation over 16 years are small and lack regularity and representativeness, so they are not used.

®2 5 MATHHSIEREFHERENTEE
Tab.2 Mean and Range of climate factors for five plantation types

ER K FEBRIR
N AR Mean annual precipitation /mm Mean annual temperature /°C
Plantation type FE /M KA A R/ME 2NN
Mean Minimun Maximum Mean Minimun Maximum

JEIFA Larix spp. 568 257 1223 7 0 15
I, E s Pinus massoniana 1338 740 2293 16 12 20
F2K Cunninghamia

lanceolata 9 1449 694 2222 17 10 22
M Populus spp. 696 79 1583 13 3 18
#M Eucalyptus spp. 1439 672 1984 19 12 23

1.2 BiRFG%
ST RTIE 8 520 BRAEHL AR 24 BT A Z it B SRR B, E e A AR NG Tk, N TR
SR I3 o NSRS it B R KR s SRR SN TR R A T, AL TR SRR R (A,
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BREEa%, 2012; XIDUMGSE, 2017; #&HS%, 2020), YILX LA g R BRI A E T HAAERKBA. Hitk, &
T 58 BB At AR KA e Y IX 2 AMEK T

C=ax[l—exp(-bxt)] +& ; (D
C=a/[l+bxexp(-cxt)]+ & . (2)

s CHRMEARAITFARZR MR (thm?); ¢ HEE (2); av by ¢ ABERISEL, HAHRI P{E
BUNT0.05, BN 8 XOGF MR 5Bk ¢ NiRZEDL B HRMIIEN 0 BIIES 71 .
KAAELAME RV T T7 R R 28 . it EEUR S SR ERLL, BRI ZEME, KREBEISHI
ANRER @), TR A IR A A T G A, 1999, 2011 ¥4, 2013).

1.2.2 2AMER T 6T RABAEAR T W S5 70 et = A KR R 52, 78 B AP 38 s A
(182> B3 E, g nAUER SRR . BT ER 8T &R, %MK
WEBBTTIE (Zengetal, 2011; £, 2011 FNBEBIATT VA (4L, 2011 FFIBL%, 2011 HAE
F, AHE TR F AT AR S OB Ty ok B SR R TR R Z ki AR KA. DA Richards ZE KT HE N
i, AR S HE A ik X

C=(a, + ax, + ax,) x{l —expl—(h, + bx, + bx,) x t]

e xiv o AAIFRRE KRS (L) 100 mm AR S 5@ ED FFELSE (ML 10CH RS 58
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TRE=X(y, — 7,)/ 2 7, x 100 4)
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FIF 5 P32 2N TARFEHL A T AR Z Al X, SR AEZ A IMA R A7 A G A KA (1) M
(2), HUAERFPE TR WK 3. WEHAEEE KB R HIBGRECH Ut.

M 3 HE M, BT R T A R R (7705, AN [F) b s AN [ PR AR 23 J0 9 A 5] AR 23 (R AS ) A=
KB, B DA il & AR KB I 2 R AL R2BUIK, U6 R S TS A MRS (1) 0 1A 0.420,
ZHRAEER (2) HF 0.206. HW BRI B, FERZW R RFOR 2 . (EARF H bR
SR MR E B A A KRR (B 1 20, HA T 2 0 AR B B SRR . R IR 22 48
W, ERFXTRZ TRE #TEL5% AN, “FITfl iR 2% MPE tHERTE 5% AN, PRIERCR 2 RIF. Wil
HGAH [EDAR S R BT 2 20 A, 5 A N AR B il AR AR (1D e BT & 31 0.823~
0.970. MELHL (1) A1 (2) WxttbE, (1) R+ 20 KX, JoH2E TREMZEFEHE ., Kk, FE&S
i Rl I aT A SO A5 B (1) 30 Richards AR Bl ARYE 5 Pz IR 455, T (1) g
SLHTEMAA AR, SRR, AZRIR. MR, AR i B it B AR KA, TRE 1B 530 9 0.62%.
0.96%-+ 0.40%- -0.07%#1-0.54%, 53 3 [ TRE ML ZRR/N, WA @RS e, SRR
U o Ja I E SRR 1 AT A8 S HOB AU FEEAT 5 B XAaie

#*3 RE (1) 1 (2) PERETHERMTNIER

Tab.3 Parameter estimates and evaluation indices of models (1) and (2)

A TR it ZHAGTHE Parameter estimates P 4EFR Evaluation indices
A Larix spp. &D) 66.114 0.059 526 2.2248 0.420 19.55 3.47 0.56
(2 51.097 19.329 0.16 633 0.391 20.02 3.56 273
L E#A Pinus massoniana L 55.446 0.083 625 2.0 604 0.287 22.08 4.05 0.96
(2 45,577 18.167 0.22 957 0.254 22.59 414 4.04
%A Cunninghamia lanceolata ¢D) 53.059 0.092 661 1.8 710 0.381 18.69 2.37 0.40
@) 44.136 15.178 0.25 276 0.367 18.91 2.39 2.54
¥4 Populus spp. €D) 39.347 0.17 149 1.8018 0.215 17.20 2.46 0.40
(2 33.026 12.974 0.44 264 0.206 17.30 2,51 181
¥kt Eucalyptus spp. (@) 67.640 0.14 701 1.1550 0.297 18.31 3.94 -0.45
(2 42.016 15.030 0.99 991 0.293 18.37 413 4.60
70 70 ¢

60 60 |
50 - 50 |

40 w0 b

o 30 |
e JE I FA PR Larix spp.
20 | Pp.

20 |

ARk P. massoniana

Tfik it Carbon storage /(t.hm2)
Tf#% & Carbon storage /(t.hm2)

10 s 1713 R Populus spp.

FA M C. lanceolata 10 f

Fe AR Eucalyptus spp.

0 10 20 30 40 50 60 0 n + L L s
0 5 10 15 20 25
#kt Stand age (a)

i Stand age (a)

E1 SHATSHMHHOTAREREE E2 28 ATFArtHREN TR B E
FIEKETE FiEKIIE
Fig. 1 The average growing process o Fig. 2 The average growing process o
f carbon storage in tree layers for three c f carbon storage in tree layers for two br
oniferous plantation types oadleaved plantation types

L e T AN NIRRT IJAH SH AN
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PR ERARR (1D Al b, SINFERREKEMEL R, LT e T8 ER 2
B, @A EZHRR (3) o SEREY . WEARNTHER, 200 &F TR0 SR
TMBER, (ISR S e B s SRR N TR, 2050k (A 75X S 8oy & 52 m s &t
P N TR, 200U R X S by A BE 2m,  HAER RN S ath A B2, M AT
MRS, SRR B3N ST 8 R, ARSI S 8a. b RZ . B (3) Hilass
R4, HOPUrfEbs RS, ATLE W, BRAEZARNTHRE ST b E S B (1D Ea 8, Hib
AR IO TARAT A S HOEAY (3) AP I8 (1) A ek

F4 RE (3) WBHMITE

Tab.4 Parameter estimates of models (3)

NTHRA % Z#Constant parameter AJ A8 ¥ Variable parameter
Plantation type ap bo c ay a by b, o &
0.19 -0.04 5.2
PEHFS Larix spp. 69.041 0 0 28.354 0
40.976 433 374 510
0.10 8.6 -3.3
I EFA Pinus massoniana 53.171 0 0 0 0 0
700 018 535
0.09 1.8
A Cunninghamia lanceolata 53.059 0 0 0 0 0 0
266 710
5.0 0.08 2.0 -0.07 0.11
¥ Populus spp. 0 27.642 0 0
416 693 162 238 705
0.02 11 -0.01 0.07
¥t Eucalyptus spp. 67.640 0 0 0 0
511 550 714 911

#z5 RE (3) HREMNIER
Tab.5 Evaluation indices of models (3)

N TR PP #E 4R Evaluation indices

Plantation type R SEE (thm?) MPE (%) TRE (%)
JKIFA Larix spp. 0.469 18.72 3.34 1.14
LA Pinus massoniana 0.293 22.01 4.04 1.10
A2 Cunninghamia lanceolata 0.381 18.69 2.37 0.40
## Populus spp. 0.325 15.96 2.29 0.99
1%# Eucalyptus spp. 0.310 18.14 3.89 1.23

2.3 FEHEBANTHITARE B KEE LR

XFRIFITEAJZ MG B KA (1) SE—2B5%F Ml a0, JEM AR B SR 2 14 a, BRETE
FAK BB FIRAMEL.89 thm?; DREMMRKP SRR LAN 9a, EEAKRENE KM AN2.29 thm?; K
MBI SRR LN 7a, EEAKER R KM N2.52 thm2, MRS SRR N 4a, EFEEKERER
KAE N3.52 thm2; AZBIARIIES SRR LN 28, EFEAKERHKMENT.15 thm? (E3) o FEHFAM.
T REAAMRS AR, B PR R T 1) 2 K 1 0 B B K B RS 23 il 24 16, 12, 6412 a, X R-F
B K 8150, 1.85. 2.10. 2.96F16.97 thm?2 ([&4) . 405 AR & K ok T 24 KB AR [ ik b
JIWIPEE AR, 5P E TN AR [E B R ) DGR Md i, pkik 2, SR RIZARMA G B, &5
TSI o 25 AT A N TARAE St L l, TS RAS A2 AW RIS bt N A 1) [ B B 70 40 531l
‘EHI1.23. 1.40. 1.97HF14.65(% . niRi%AH FIMKES TR A E fichit &P Y AE K E AT, WA RN AR
2 B E RS REMR S KM 4R/ (R6) o XK AR XN TR E R EE % 7R
K, BKZEFAEME L by 7 — 2880 N TARRARYE T7 A 2 Rt 2 - 35 A K B IA B e K I AR S & 3L
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SELE . L, AHERE N TR RRIRILE 1, G055 XU EINIT R A2 B R,

44 KA Annual growth /(t.hm?)
w

N
P-4 K f:Mean growth /(t.hm?)

—

S 2
1F

0 5 10 15 20 25 30 35 40 45 50 55 0
#ii% Stand age (a)

0 5 10 15 20 25 30 35 40 45 50 55
HRWS Stand age (a)

FIFAAK Larix spp. ™ JE#AMK P. massoniana
A C. lanceolata s 175§ HK PopUlUS SPP.
HeBHR Eucalyptus spp.

s I FA K Larix spp. I R FAMK P. massoniana
AZAMK C. lanceolata s 17 14§ HR PopUUS SPP.

s {5 PR Eucalyptus spp.

B3 5HATMIT AR fcfi# 2S5 KLk El4 5HATMITARE fkfi# 204 Kihsk
Fig. 3 The annual carbon growth curves in tree Fig. 4 The average carbon growth curves in tree
layers for five types of plantation layers for five types of plantation

®6 5 MAIMEEREIRETNAREREEFIIEKEITL

Tab. 6 Comparison of average carbon growth on different ages in tree layers for five plantation types

NI &3 SEXE KR Average carbon growth / (thm™)
=

Plantation type 5 10 15 20 Mﬁi(?r?ﬁm
KA Larix spp. 0.65 1.11 1.37 1.48 1.50
LEF Pinus massoniana 1.21 1.72 1.85 1.81 1.85
27K Cunninghamia lanceolata 1.66 2.07 2.07 1.93 2.10
¥ Populus spp. 2.91 2.75 2.27 1.85 2.96
Feh Eucalyptus spp. 6.36 5.00 413 3.18 6.97

2.4 SEREFFTAREERREE RIS 534

XfRAFESANER T B SR Z A A KB (3) fEdE— DXL a0, BRAZA MR fif
AR FEA 2200 S 5 B 2 2 s ma gt , AR A TR 5k fi 5 AR O AR AR AS [FIFR B2 132 2R 35 R
FIEE 1) B 7K S IR o

2.4.1 BEAMM  IrfEEAKIEZFEYRKEMWA LS, (2520 EE, AR b
WRe Stk g . ARG R 2rh R AAMFE RO AR SRR, R4y (18~20 C) . (15~17 C) | KK
(12~14°C) 3FPIz s, Hphs &34 K EE B R KR FIARE 20 50913, 19, 22a, XM FIA K&
S3R2.16. 1.78, 1.58 thm?, XAHY THHTIREEIFKLC, kAT FFEK44.5% . 3P A& 5
IR =N NER ISUR N

2.4.2 FetAomk  BfigEAE KSR ZEWRBAEROKEM B ZR ., SRR (11~
5C) . H (6~10 C) . fk (0~5 C) HMFAKEZ (901~1220mm) . H (571~900 mm) . /b
(250~570 mm) KI5 9Ffdg e db A7 40, Wi 2 s AR 7= Dy ey, FOP 3R KB I8 B ORI Ak
W19 a, XTRFRIAEKEH2.35 thm?s BEAE SR FFRERE KD, SIS N AR A2 7= 7388~ B,
IR 2 WA & D TN 2F037) 5 10 B RSP 3 AR K43 3 1.60F10.78 thm2,  SaBABE /K BRI B K. KARAH Y
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FEWSES FHEL C, kAL BFRL3.0%; FIREKER K100 mm,  [E65GE 71 P54
10.3%. i Z M. iR W AGERZ B3R R 5T I A N TARTR R JE ik i 2 AE KO R L K16

2.4.3 AR B E AR KOS R 1 32 AR B IR AN AR B BROK B R W R . AR R e (13~
18 C) . 1 (8~12 C) . fk (3~7C) MfF/KEZ (1081~1580 mm) . H (581~1080 mm) . /b
(80~580 mm) KI5r9Ffiy b AT /04, Wi /> s AT it s, oV 384K B IR B 5K IR R ARig
96 a, XINAFRIAERKEN4.43 thm?e BEE SR PSS N TARI A ) B2 T, AKIRD WG 51
R AE K EUN0.89 thm?, KARAH Y T35 T L °C, [Efxkae /1 FIIFEIKL16.7%; TibEE %
KIGZ, AR N TARBI A= 71 ST Bs A FEAK, SR 2 W s s P A K EN3.04 thm?, RARFEY
TEL K BRI IN100 mm, [FEBRAE S PR L3.1%. X He S5 M ARAE KIREE ¢, IA— AR
M IR X, A KA A RE FE MR 5 B S /K Bk VR . il D TR R 3Rk =
N AL AR B TR AR Z it & A L7

2.4.4 pAbAR iR RE Y AR I RIR AN AE S PR K B R . R (20~
23 C) . H (16~19 C) . fik (12~15 C) MfF/KEZ (1541~1980 mm) . 1 (1101~1 540
mm) . /> (670~1100 mm) KI53-9F 5t AT M, WmEia /D Wg s A= s, HoPAKER K
IR S 2 @, R FIAE K EON8.49 thm?. B R FFAG, Fbf N TARAE ™ 2088 N I%, R /D W
W s BRI E K B 0N5.52 thm?, RARAR Y TSRS L CRF[E TR A8 7135 BRI 24.4%; 11 BE
FEREAKIEZ, RN TR T3 50 RAUHEE A S, iR 2 W 3 5 i O 4E K 88.01 thm?,
KAEAH 24 T 25 Bk B AE3E Hn100 mmist [ ik B /1~ 221 BFAK £90.9% . 7K ke N AR & BB /16 — € 5%
Wi, (HEZWFEZ L MRNMG Z . SR, iR AR W 3P 5t T AR N TAR TR Z ik i 5
AR L 8.

60 r

70
50 60
@E‘ &
= £ 50
g =
g £ 10
@ 30 s
(=]
§ § 30
<
20 o
= 20
B =
10 B
10 | /
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45 50 55
## Stand age / a s Stand age / a
e— 10 High-temp i Mid-temp 13 Low-temp 4 % Wi High-temp & More-prec s 135 %7 [ Mid-temp & More-prec
{2 1 Low-temp & More-prec
E5 DEMATIMFSIEIART E6 FEMMATIHMIFHSIEIART
TARBEHREEEKTIE TAREKESEE K2
Fig. 5 The growing process of carbon Fig. 6 The growing process of carbon storage in
storage in tree layers of Pinus massoniana tree layers of Larix spp. plantation under three climate
plantation under three climate scenarios scenarios
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E7 HRAIHMHSIEART E8 & ALHIMSIRIART
FARERMEEEKTIE FRERMEEEKTIE
Fig. 7 The growing process of carbon storage in Fig. 8 The growing process of carbon
tree layers of Populus spp. plantation under three climate storage in tree layers of Eucalyptus spp.
scenarios plantation under three climate scenarios
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