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Abstract: There exists a significant pathway in mitigating climate change and achieving carbon neutrality, which is to
enhance the efficiency of forestry carbon sink. An objective evaluation of China’s forestry carbon sink efficiency and its
spatio-temporal evolutionary characteristics plays a crucial role in speeding up the process of national land greening. The
three-stage super-efficiency SBM-DEA model was used to estimate forestry carbon sink efficiency in 30 provinces
( municipalities and districts) in China from 2008 to 2021. At the same time, in order to find out the change rules and
spatio-temporal evolutionary characteristics of forestry carbon sink efficiency, we used the methods of GML index, global

Moran index and spatial Markov chain to carry out detailed analysis. The results revealed that: (1) In general, the level of

E@WE  HEMH AR RS RIH (22BIY197) ;#F A W78 RGBT H (€X20230784) ;#1442 HHRHIF IS (2024HNKIB32) ;)7 P Ak
MR H (FEMFRLF (2024) 1 5)

Y B #B:2023-11-17; [ £& Hi AR B H#A :2024-05-24

# IAFEH Corresponding author. E-mail ; 120061325@ csuft.edu.cn

#PR TR 00 TR AR R S P R S S

http ://www.ecologica.cn



6770 xR 44 %

forestry carbon sink efficiency in China was not high, which had great room for improvement. The difference of forestry
carbon sink efficiency among different regions was also very obvious. The spatial pattern of forestry carbon sink efficiency in
four forest regions was Southwest Forest region>Northeast forest region>Southern forest region>Northern forest region. After
eliminating the influence of external environment and random error, the low efficiency regions showed a trend of catching up
with the high efficiency regions. (2) The change of forestry carbon sink efficiency showed an upward trend, and the region
with the highest GML index was the northeast forest region and the lowest was the northern forest region. Technological
progress had a great contribution to the improvement of forestry carbon sink efficiency, and different regions had different
dependence on comprehensive efficiency. (3) The efficiency of forestry carbon sink was spatially non-equilibrium, with a
“bounding” distribution between high-efficiency regions and low-efficiency regions, and this feature remains stable in time.
After 2015, there was a significant spatial positive correlation between forestry carbon sink efficiency, and the spatial
distribution had a clustering effect. The results of the spatial Markov chain considering the spatial lag term indicated that the
neighborhood type had a significant impact on the state transition of forestry carbon sink efficiency, and there was a strong
neighbor effect in the spatial distribution, showing the spatial evolution characteristics of “high and high convergence, low
and low convergence, high drive low, low inhibition high”. The research is of great practical significance for enhancing the
carbon sink capacity of forest ecosystem and constructing the modernization of harmonious coexistence between man and

nature.
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Table 1 Evaluation index system of forestry carbon sink efficiency
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Table 2 Regression results of stochastic frontier analysis on forestry carbon sink efficiency
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Ja , VAR T JEAR B A B , 25 6 7= R BEE PR AR AR I R 7= H B R A% SBML A ARG A RCR (B R AT TIN5
SEFLNE 2 R, T EMO BT SR TR 0.64 4% IR ] 22 B AR /N BBl DA PN 35045 AR 0 £ SR
B MO BRI RCR AR i DX 55 4 e b X 2 [0 4 25 B R W 4 /s, W 38 Z AU AE SR RN 7 b pRIX
BRI 0.44 FFHZE 0.46, RILARK AL 2R 0.78 FTFZE 0.82, B T ARIX BRICAE 1 0.66 FT1% 0.68,
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PHRIARIX BRI AR h 0.87 LT+ 0.88 , Ul W ERFE K 3R 5 AL 5 X AR BT8GR A R AN F B2 R, X i
SR 22 1) IRt R ROl = M B R T P A RGE AR 22— DURARIX PR T 2011 4F5 2019 4, ARJLARIX (1
BRI AL T YR AKX, AR 25 (6] 0 SR A5 25— B B ) & Sl o i A B BEAIE R/ NG X He, mT LA
B IASBCREIRT IR A R, 5 = B Ber 45 R 55— B B 22 A8, MU T Sz e 1 B IR S A 9T 2877 1 )
SBM HERIFFREPE . M GATIBIX Y J2 TR T, MOl B V580 38 e v 9 b DX i 3k 21 101165, e /M2 |
A 0.2670, 26 = BES S — B BOH e, Aol il 28eR BT LKA 21 A4S, R BIBR 1 A BUK S5, S
FRPREEXS 2 ol e SR A S MR AR X ARG o PREE IR 20 AR5 0 2 B W e T RE 0 AR A R A
BB R 2 iR L2 B A aR 1728 B R]

—A— bR e FRARX e EARIX —e— PHHEIARIX 2
1.0 ¢

O e 4
o 9 = ©

Mol BRI
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2 2008—2021 %[5 & it X Ml BRIC R
Fig.2 Adjusted forestry carbon sink efficiency of each region from 2008 to 2021

2.2 Mol BRAICACR AL AR BT

AR HTSCHEE GML F5 KUY, 3155 HY 2008—2021 445 3 DB A 1A% A2 A48 %, BARINIA 3 B,
A5 S0 ) PR v ] B D R X A MR BT R R Ah F i s 2 v BB FEROR T 1 AR %, BV S B a3
AR BRI R DA ], AAEAR XA AR , A AN BN T 1, 53 4 = RARIX R 3 l d
JEROR, BAR b MOl BRI AR A FE R IR ARAEARIX > B 5 bR XS P R bR DX > 8 D7 AR DX 23 0% =, -
— T ST B D AR A AR BRI K, 7E 2011 4R b — 0 HLRI S5 I, DU KRR X B8R AR A (A
A4 5, 2019—2020 47 PO RAR X BT8R A8 PR ) f i v, iS00 01 U 22 AL IR R 32373

—a—JL AR IX HALARIX AKX PHREAR X 4 H
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Fig.3 Change index of forestry carbon sink efficiency of four forest regions from 2008 to 2021
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JEHAE 2020 A4 XU H AR Aol BRICAE S 7E 1) 8 b AR RIBT AR, 32 28012 56, (HAE 2020—2021 4t
T3 ARACFI R 5 bR X = bR DX A5 AR A i B ] Ak i 1, 2819 9 5 T 1 2 L v MOl 22 55 R R A5 i, AP 3
BORGEAR,

H it — 2038 R TR AR AR B A 255 R B KU GEC) MIE AR HORAE R (GTC) , Bk
W 3 FroR 25 AR GATEIX ML BRAICRCRAEROR T 1,745 80 T & EMOL ISR . HA LI ARIX
FEALET AL P AT R AR 5 A3t DO BRI 8RR U T 1, WA T7 MK DX P ROl B A0 R
S A I AN K | DX ) 22 S A o o AR 8RR AR B SO 1.0248 , F 5 B b T S5 E 8 i
AN SRR IRAT . ATRERY BRI AE T — R IR 2 57 A A, < MRS i 22 5 e 7 AU A AT Atk
(PSR S 8 (T [0 S A SR VDN 8T S 2 N<L U (2171 A B 11 8718 e W S N L1 315 g | = S T UM S Ny O 7/ i =
1T SRR A R R BN ; R 2 (MOl B IR AR AR BB R T 1 EE A 1.1 iU NS
o, UL ML BRAIC SR RS Rt — R o RO B IS8R A AR B 23 Al A7 0 nl 0, 255 R0R
ARAEFE BRI 1.0064 , AR P HCRAS AR BRI 1.0278 , LB EA_ LB Ik B AT I, 21
UMUK R E R E WA TR E 2N A — 2 M EORHE L s8 . BART , BT A X SR #4818
AR T 1, FRkh T80 M X 235 35 R A A48 5 Ity SR B8 S 00, B2 AR 28 4 8l 1 ARl AR
ARAGHR R BT (E 53 1l DA B RE 0 A PR I 2 D0 - AR TE L

£33 BUWERMHUBRCHEZNLIEHRESE

Table 3 Change index and decomposition of forestry carbon sink efficiency in each region

MO BRI R AR H I NA I C IR 44
LUIES Change index of forestry carbon sink efficiency || X Change index of forestry carbon sink efficiency
Region GML GEC GTIC Region GML GEC GTIC
dene 0.9988 0.9925 1.0095 YL 1.0273 1.0097 1.0107
PN 1.0181 1.0174 1.0135 WL 1.0141 1.0034 1.0234
L 0.9809 0.9601 1.0337 L 1.0414 1.0388 1.0138
Iy 0.9988 0.9891 1.0135 Finye: 1.0220 1.0044 1.0153
AR 1.0225 1.0142 1.0207 AN) 1.0425 1.0060 1.0590
] 0.9973 0.9769 1.0295 SN 1.0368 1.0221 1.0217
[t} 1.0240 1.0096 1.0199 Wt 1.0377 1.0215 1.0273
Hor 1.0183 1.0092 1.0176 W 1.0604 1.0441 1.0231
Hilg 1.0065 0.9955 1.0236 IR 1.0723 1.0391 1.0478
TH 1.0073 0.9925 1.0237 i} 1.0402 1.0367 1.0091
s 0.9714 0.9595 1.0270 jiaes] 1.0169 1.0135 1.0197
L RIX 1.0040 0.9924 1.0211 T ARIX 1.0347 1.0198 1.0236
e 1.1204 0.9941 1.1263 CiV;N 1.0172 1.0090 1.0119
STy 1.0014 0.9922 1.0202 pu i 1.0235 0.9930 1.0302
Tk 1.0320 1.0007 1.0307 =~ 1.0498 0.9968 1.0508
BT 1.0405 1.0524 1.0499 PTG AKX 1.0301 0.9996 1.0310
ZRALARIX 1.0486 1.0098 1.0568 FH{EH Mean 1.0248 1.0064 1.0278
ity 1.0049 0.9982 1.0126

GML: 4= J5) B /R ZE Wi F5-12 1A 4% Global malmquist-luenberger; GEC : 4 JR 4% R R AL 5) Global efficiency change; GTC; 4= JRH AR 4 Global

technology change

2.3 ML BRI AR 25 (Rl AR S AT

HRAE BRARTT UG A Y 5 15, B OIS XTI Y 2008 2013 2018 F1 2021 4F 4 ANy BEAT MO BRI 25 7] 22 5
PO T, 32 ArcGIS10.8 B K ARl Ak VR0 3 (35 = B Br) 43 MR % (0.00—0.28 ) B AIRALH (0.28—
0.39) . FPRICR (0.39—0.59) R (0.59—0.72) IS8R (0.72—1.21) , % K s 19 Al Ho k| 7812 H 4%
W A5 72 A SRR X A5 AR O A SR X R AT T T shif 3, MRlb B Y5052 [l 43 A i &l 4 firs , Aok F , FRIE
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AR BRI R A 10 25 [ 73 A 17 DL R SE | AT iR RUCR B X BEA R R AL AR AR TE 8—10 Ny, B
LTRSS AN SR ST R LI, A S M AR RS 2 I MR IX Y DL 3, 7 [ T ap AL i i
RS RICTVIE TR S I A it A TAE 5 R AN SEMRBURI BE B, IR 7 2018 4RI 1 FE Al
A O FIARASZ 53 v B BNV o DUIBEZEZ T T P IR B ARk o TR HES) 1A S 5 RAE AL
Bio PURITTIEH DUSAT U 257 5 AA W ZE LS, PRl T T Xl 3158 &) (FFCER) | bk
IR0/ 0 et = i TE

ARV BRI oy A58 25l X5 b ke 3t X 2 L < A FRAR ™ 19 2 B 3 AR R e RO R ML DX A, LA 4% 2
AP X 3 SR AR A P AR FBUR ARG R A . (EARTE A A A AR IBT AT K 0.72—1.21 B2 AL
X AHAL T2 X T P ) 45 s DXL BT RCR S B B AR T 1, )i 130, Aol Bk I e 2353 b X 5 HA 2303
WX Z R 2EHEH i, X —BFFE 4518 S ARLLLL R 5 AR — 2, ZEXT AR AR SRR (A TR0 S B im0 i
WK, JLPAE 0.6—1 Z 18] H 2% X 8] 2R AR BT 0 A5 AN 2, Motk 7= Ml 38 T3 BEAN R, Moll 4 g 3228 H
A — Iz AU S PR AR 22 57 A I A BT MR IE R, A WIS DX TR N ARl BRI 3R 5
T A BT, S5 B SOl A P B AR I A SR A — B, — D T, A SCHEBOA ™ b 25 18 T iR
ARSI , FIE S LS 3 S AR BRI KR s 75— D7 T, 32 BRT AR I AR A J 8, 15 AR UL A3 £ 1] A2 [
Portll b R i 52 5y B R N 22—

LN 73T &S

[ Zsammx [ ] 0—028 [ ] 028039
[ Jo3oo0so [ 059—072 B o121

B 4 2008 £ .2013 £ 2018 £ F1 2021 & FEK L BICHEZT B
Fig.4 Spatial distribution of forestry carbon sink efficiency in China in 2008, 2013, 2018 and 2021
PR T I S 2 st A B R b b PRI IR 55 Il A 7 151450 GS(2023) 2767 A bl B 22 1, I B A& B

2.4 MOWBRICHCRZS [A A PG 5
ASCHIF GeoDa BAFIHE T 2008—2021 4= H E MO A IC AR 19 42 J5) Moran's T 848, T Queen %5 [A]
FERE SRS R R IB AL 999 KL E: Moran’s 1 848, #R¥EF 4 T, 2008—2021 MOV BRICRH A Moran's 1
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FEA T IE (5 2009 F12010 4FE41) 3k AR IEAHSE I R I UE 1 MO BRI A 65 BEAE S 22 HAt X, 7625 18] 7041 L
MO BRI RBCR B R AR a8 W] B, P, W AR IR LA 2015 4F 43 /K6, 2015 4F 2 )5 3538 o W 3 PEA 30 B
Moran's 1 458 T2 UL WML i AR AEZ U A7 A 0 385 A 1) 2 TR A i, X 45 B S5 BRI B HL A
PR IR R i JBE — B0, v Skt DX ) 2 ) S REAS A% a8 R ARAIOR s IX, 77 7 2 38 10 s ) ik HH Ak 2, 2015 4F 2
Hif Moran's I #5805 A8 i W VA 5, R WTIZ I A 23 (W) 36 Akt 0T AN 25 . I 8 SR A Aol Bl Ak
FEWFFE I ] P9 7S S R IBAE 2015 4R 2 5 0k - R IR P A THHA

&4 2008—2021 FHE MU ERCEZE Moran's 1 155
Table 4 Moran index of forestry carbon sink efficiency in China from 2008 to 2021

EAy Moran's I #5844 p 7 EMy Moran's I F§ %1 p 7
Year Moran’s I index Year Moran’s [ index

2008 0.082 0.153 0.994 2015 0.185 0.039 1.879
2009 -0.048 0.474 -0.072 2016 0.209 0.028 2.067
2010 -0.042 0.495 -0.033 2017 0.161 0.055 1.668
2011 0.127 0.098 1.321 2018 0.207 0.030 2.030
2012 0.087 0.156 1.02 2019 0.164 0.047 1.670
2013 0.037 0.264 0.606 2020 0.203 0.032 1.988
2014 0.124 0.098 1.313 2021 0.224 0.022 2.151

PAHFIR PR ; 7 ([E3RpRfEfb et

2.5 Mk IC AR R A RIE

R P MR BT 003 4 R AR, AR R T A T R 723 () Y T IR B R B R AU AR . Ak
MBI CR YR N 4 MOIRAS AR B B AR, AR B R A EE RS o 1m) RS il BRI AR AR D 1) T B
., 2008—2021 4F b [ Ol IR SRR B RL an3 5 Fra , b fr 2 b i BB Dy Aol a3 R A7 JEUIR
BIIRER XA LR L B AN R MO BRI AR SR ] AR R R O MER T AR 25 SR AT OBl BRI 2K
FRAZ A MO BRI K-SR, BRESRKEAb W M4 B RYEAME R THEX Mk B LR, SR BTk
AP BRAC RIS BN R E  E45 AR IR R . @R BRAL R AT AE AR AR B B4, Aok
S 5 R KT JRAE R — W B4R RR IR A RS I ER 435 5 80% LA I, R IIMOL AR IC FCRAFAE L IREE R 5
R RIG B ARIRIRIE . OBl AR IR0 i 25 B X AR A I P S B R 2 b IX Aol i i1
RORHRAE AR UL A Z AV T = Rh e iy ] RS ORI 500 14.5% 27.3% 22.2% , 5 BRAE s ot

£S5 2008—2021 FFEMRIMBRICHEDREKEBRRIER

Table 5 Markov transfer efficiency matrix of forestry carbon sink efficiency in China from 2008 to 2021

o1 \ oK BARAKF- B K- 7K
Low level Lower level Higher level High level
fIR/KF- Low Tevel 166 0.855 0.127 0.018 0
K Lower level 73 0.288 0.438 0.205 0.068
7K Higher level 36 0.056 0.444 0.278 0.222
7K High level 115 0 0.043 0.078 0.878

¢ BF[E] Time; n:%0# Number

AR BRI LA A $ AU EE LR PG N A B A Q5T , DX a] A= 7 B3R i 3l BRI A 1 48
ARV BRI 12 X 78 YO0 A [T 2 OCH 2, XS] BRI A 00 T, IR AR AR S R T
e 95 B EUR HH o 25 18] B - B R A% T [ EAT S 5iR 90 24 [ A A 3, S Ay 1 A 114 B AR [ TR 5 0
ARl BRI Z8C3  [) 3 A LR RS, BN R 6 Bz . AR 45 2R AT L& B« COMROM BRI 8% 3 1) 25 18] 38 AL B AT
UTARSEL o X HEAR S8 o ZR B R BEFE A% R nT A0, WIS 30T 1] P MLl BRI A8CR B B  RE 3 Sl WL, T T 40 X
SRR AL RRAL AL A A% A W] A RN R0, 52N [RIUERA S 2, Afoll il A )b = T
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AL IR AR EARRI A0 e, ABARAM I, 40 P1211=0.026<P12=0.127<P1214=0.267, i &
TR AT )T 120 X MO BRI SR A BT, 300 1l DX A 45 SR A I, T A2 A2 ) 1 DX M B 4 30 K
AR UK AR, FEOK T 20 &R, e MO A B R S 207 MR R s, OFEAs M 4ERE
6 WA R UCH RIS LG S At T i BRARHE . 52 RSB AL I 0 000 52 e, oy [ AR Bt T35 % 1) A
FE 78 Ty AE— 2 1 M B 235 () U PR P T B LR PR 3R, FEMROL BRI 8RR ) X, e ) 56 8 iR BT, 1)
FEERS MR T R, T LATE 72 b B 5 R P9 Aol B 355 AR %) XS A sl ka4, 22 Rk AR L A s
RIS o [ Ll B YA R AL R (R R M K M2 B 4R FE R, MRl B TE AR S B 1 i [m) ARRAER A ] L v
M BHIG RSN G E (2s ) R AR T AR, 405300 b IX PTG AR B0 A% b B ER BT 55 S M 25 1, ZE MOl A P =X S
TR it A AF B 2 bt AT AR A3, BT AR BT 3 A i S B 2 ] S R A 34

F 6 2008—2021 FEHEFLUHICHES D RMXEBUEER

Table 6 Spatial Markov transfer efficiency matrix of forestry carbon sink efficiency in China from 2008 to 2021

23 [H] i 2 2 el , K BARAKF- BT K
Spatial lag type Low level Lower level Higher level High level
A K- 38 0.947 0.026 0.026 0.000
Low level AR 4 0.500 0.250 0.250 0.000
B K 2 0.000 0.500 0.500 0.000
K 8 0.000 0.000 0.000 1.000
B K- 30 0.833 0.167 0.000 0.000
Lower level B 14 0.214 0.429 0.286 0.071
B K 4 0.250 0.500 0.000 0.250
K 28 0.000 0.000 0.036 0.964
K K 68 0.882 0.103 0.015 0.000
Higher level BRI 21 0.381 0.333 0.238 0.048
Ly S 16 0.000 0.438 0.250 0.313
Rk 44 0.000 0.023 0.114 0.864
= 7K R 30 0.700 0.267 0.033 0.000
High level BRI 34 0.235 0.529 0.147 0.088
Ly S 14 0.071 0.429 0.357 0.143
LSS 35 0.000 0.114 0.086 0.800

57 82 A1 e SN, H ML BS80S AL Al 388 3 A 38 28 LA 5 (1) i
AR, St — B HGE T2 0 S L | A S R D2 A5 (O A T IR R 8, (BB MOl BT 38%
SRR RS Je A E S ), s A e s (e e e e, AR 46 20 XA F

Ek ok P. n(1)
F'Zbg{,llﬂlﬂn(’zﬂ } (10)

A,k M BRATBCRARAS TR, A SR 45 Py Py(D) (1) MRS S RIS A
N LR ES T RO A8 S 0 L ) b DX B g RN P BEA (ke — 1) 2 iR O7 930, SRS A B 36, X1 0.05
BEKFT, ¢ =71.77>X*(40) = 66.77, T LIELE 2 JF R, 2 WM BT 80% ) 11 7% B 5 48 kI 2%
T BA 35 2 TR A G

3 Fig5itig

31 5
ARSCHH = BB R SBM-DEA #E R [ 30 4 (X, T7) 2008—2021 AE MOl BRI R IEA TN, 43
r THEEI R 52, 2R 532 GML 388U\ sh A A 35 T MOl BRI SCR AR 48 80, B¢ R ] Moran's T 38
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O 2 (] B IR B SR 5 5 T S R R BEAI T 1 MOk B Y03 T AL R, 8 BH T ROl B T 508 19 X 3 22 57
ATREM RN . EEMFR AT .

(1) @Ak L, A EARL AR IR K AN 5, 5 A = R 1 A B8 ik 5 4 /0, IXIR 22 IR, DU bR X Al
T FR e B U R P R AR X > AR JEARIX >R T AR IX S AU T AKX FEGIBR AN IR S5 BENLIR 22 2 )5 , Mol
IR BMEEE T R 0.64, X322 BEAR /N AIRAL 3 1l X5 150 5 R b DX [ A7 A6 “ 3B EFRUN”

(2) HE MO BRI SCR AR 2 B TR H X3k ] A RN 44 AN 7841, B0R AR AL S B0 AR JEARIX >
R TR IS PU R AR I S AT ARIX 1A% )R . ISR Sl RO, $ R HE 2B BOR 1 STk R F 25 B R0CR , T LR K N
TEOLAE M B S AL L I KMOR B: B I RUEAL AT,

(3) HhEMOL BRI SR B 35 8 2 R ARSI A | B50R S X5 oAt X 2 (] 22 R A K, S B A
R 23 (A 43 AR AE . Moran's T 388045 F BN 1E 2015 452 Ja Mol Bk 1 RCRAFAE 1325 10 1E 1) 25 (A AR s 25
JEHAE 2019—2021 4F =AFFE NI, BERABRY 76 S A A 28 Ak Hh 5 S B v 0 A0 FH Al R A 3 FE AR

(4) 2RI XTI R R B AR S M AR, R B A8 Sk B Il () ST AR RN, s RIR b X RE A%
M7 ShAR b XA BRI SR A4 7, TR X S 2 T R, A 2s (B 46 B SR, MRoll B IR A7 AR 4%
A IO, IV o e ) AR ) L Rty B AR 5 14 25 ) SR A AL AR AE
32 g

DBl Bl 3 5k R BRI A% O BN A SR AR SO S B B, Mol B i 35 ki 2 B R
YRR T AN RIS A i i 4 REW 22 57, A 45 R S S LA — € IR 25 . ARARTATAY R E
PR EHIRRIFE A —, EZA MRS A5 ORI 2t AR SR o 508 S |, 3% B MOl i i
S 2013 4EAY 171.21 42 1 #6K 3] 2018 4E14 197.62 12 t, S22 BYBIFSE — 2k, 5K 2 I i i 4%
SRS TR ,2013 47 186.22 14, 1,2018 4F24 214.39 42, t, T 3E55 1 ] FH A 4y ek i 60 IR 7 4 52 o 50126 1) A8 11
TR 2018 AEMOV AR N 2.78 12 1, B TASSCHY 2.40 14 1o ASRIEHE SR VR, A [R1E 5 5 R B9 ARl Bk 1 Y
SER AR, B I AR PRI 20 AN AR SCIGREU T 7 AN AR R AT IR, TR ME i 57
Hi AR50 R A S AR BRI R R A AR AR 2 b MR AR B A A AR PRBE AR B e B ORI Ay
T B AN RIS 2 RO BB 38R A T A M 5 LSt = AR S, Aok, AT SRR B X B8 R T ok 2 B
RN e N 4 7 I <SR 1 G P e = 7 N2 ] 3 7 N [ B LA B I K T B A I NE ) | 7 R = g 1
AR FFR AT YIRS,
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