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Uncertainty analysis of soil carbon storage and sink in forests
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Abstract; Forests, characterized by diverse types,complex structures,and high sensitivity to environmental changes,account
for approximately 45% of the carbon stock in global forest ecosystems and 52% of the global soil carbon pool in the 0—100
cm layer. However, the carbon sequestration potential and key mechanistic processes of forest soils remain limited.
Consequently , substantial uncertainties persist in estimating forest soil carbon storage and net carbon sink. In this study,we
compiled definitions of terms related to forest soil organic carbon (SOC) ,including stock, density, concentration , accrual ,
sequestration ,and carbon sink; reviewed the mechanisms of SOC stability, including chemical structure stability, physical
protection by aggregates ,adsorption by metal oxides and clay minerals,and the dominant role of biological and environmental

factors in shaping SOC stabilization. Recent studies suggested that the diversity of SOC components and the complexity of
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their functions in forests played a critical role in maintaining carbon stability. We conducted a comparative analysis of the
main principles, advantages,and limitations of various methods for measuring forest SOC stocks and accrual; and literature
review to estimate that the global patter of SOC stocks in the 0—100 cm layer in forest soils, ranging from 383 to 787 Pg C
(Pg=10"g). Current studies showed significant discrepancies in the annual variation of global forest SOC stocks , ranging
from a decrease of 349 Tg C (Tg=10"g) to an increase of 498 Tg C per year in the 0—100 cm layer. In China, the
estimated range of SOC stocks in the 0—100 cm layer in forests ranged from 16.0 to 34.2 Pg C,and the estimated annual
variation in SOC stocks in forests ranged from a decrease of 61.5 Tg C to an increase of 217.3 Tg C in the 0—100 cm layer.
The above—estimated results remain a great uncertainty in forest SOC stocks and accrual. Recent studies suggested that
global forest carbon capacity and sequestration potential were substantial. However, varying perspectives exist regarding
whether there was an upper limit to SOC. The impacts of climate change on forest SOC stocks and long—term sequestration
potential also remain uncertain. Future studies need to focus on the connections between forest community structure and soil
carbon sequestration processes by using interdisciplinary approaches,aiming to understand the mechanisms underlying forest
soil carbon stability from a new perspective of the diversity of carbon components and the complexity of their functions. A
national —scale long —term SOC monitoring network by incorporating soil C monitoring into the national forest resource
inventory system and a major scientific program for enhancing C sequestration in forest soils should be initiated. Also,it is
necessary to develop a technical system of forest management to enhance soil sequestration and maintain soil C stability,
including natural forest protection, restoration, and management strategies and plantations silviculture regime, including
cultivating high—carbon tree species, optimizing stand structure ,implementing reasonable harvesting practices,and extending

rotation periods.

Key Words: forest soils; carbon storage; carbon sink; carbon sequestration potential ; uncertainty

1 HFHLEERSECHEIES

L1 Rk SN2

3 R AL LU S A MUK . 34 HLEK (Soil organic carbon, SOC) BRI G A, LA
3 3 A A FE T %) T B 1) 5, 2 - S L B S A 2 1 4, AN - T T Rt B 5 YDA O i L
Xf M BSRBIAGER AT BRI REM R IETOHLRK T2 20248 I P & M 0 S S B T & ), G045 -3 Y
BRIRARES T (COY (HCO, ) 3 i B BBk Wk DUB U AR s U i €O, BR T TSk L IX 1 1
SETCHLB S B AT LU, R 28 R 2 3R 2 T Te e & B AR 5K, T EL A 6 30 LU B . AR SR Y
XRIE SOC,
111 HEA PRI A I

SOC k720 43 H i H PR Jr s 45 . C [ AL R SR BOA A B 2L AR GIBH R % R C
PRAZ G IR AR BT X 43 £ 22 SOC fhg gl st R

BEHEWR (Alkyl C) : FEORIL TR A AR BUR SE , S L b, IR RE A A RS 5 1 it A 7 L 0
H S SOC M EZTTHRE . ek (O-alkyl C) . FZRIE THOKAE Y A 4ER P 4R R A ik, T
RO W IEWEYIRER M . 7&K (Aromatic C) : FESRIETARTUR ORI, 2 IS BUR AR SFAF A R R 2L
BT, R IR T A= My A Wy A IR 25 R PO A I BT, Bk BEB ( Carbonyl C) « ORI TR IR |t
e A 54 5
1.1.2 LA PR L o)

SOC Yy HELL 5330 5 4 MRS TP 25 5 B W AIE R

kL 254G HLA% ( Particulate organic carbon,POC) , J&48 3 HARTE 53—2000 pm WA MUK, 2
FIWIFRAR S ise B A0 M) A A5 2R, AT I7E LSRR 25 5 52 B0 A= 0 i o3 e A P DR e A A bRy ]
B AR
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W W25 & A4 Pk ( Mineral —associated organic carbon, MAOC) , J&48 -3 G ik 5 - 3580 4y ik i ot
YIS AL 2= S5 G A PR 77, X PR AT DU ETES Y, AT DU IR, X SOC Ay RS e M RRF A M 22
S, WSS E S A PR AS 5 B A W o5, Jl i sl Te) s
1.2 bR LR AL AR E X

(1) FRAR 1A PUBR i 12 ( Forest SOC storage , stock ) : FRAK SOC FER KNG

(2) FRAR A HLER L (Forest SOC density ) : JE 4 B0 AL —E TR EE Y L2 SOC fifi i,

(3) FRAR A LK % 5 ( Forest SOC concentration ) ; i Fi v 5 5 AR AR - 8 b 5 2 A MLAk, L 4.
&/kgF

(4) FRAR A HLEREE & ( Forest SOC. accrual ) « 75 25 5 s} [8] B3 Ml SOC g e

(5) AR LB PR E 22 (SOC sequestration in forest soils) : A H A o FRARAT W 882 HoAl A HLYIFE
BHEA LHITLL SOC T B AT S 2 SOC St it 725

(6) FRBRBHI (Forest C sink ) + FLFGAE ARG I AN HERRICPER 53, 1T LRG> A R 3L bl ), D
FRMAEE AN T BE ARG AR, A AR SERE B DA VR, T HOGE AR E CO, A e A Ak /Ui CH, 45
QFRAA e T A I AT 25 30 ) 4 T Al i, ) R A BT 2 AR O CO, 1 25 4 i i FHL R
VB A T WA FH e HE TR 1 e 1 i 2, T AR PR - 3B AT B2 R AR SOC [ % (SOC. sequestration in forest

soils) .
2 FMTEEVERREE 5% 0mE R

2.1 FRARE LRI IE AL
2,11 ARAREHEE PR A A L

PRI 5 P FIAR R BRI AVEN SOC R ZORIET | AR Y AR R AR R IEA +3)5 , 20t 54
(4 A FE 3B A A IS B85, AT B SOC, e SOC Ji ki Rt R BAE Y L 39efk 9l
1A AR SN AR A A WL BT T e 0 ik sl ok AR AR Sk 5 43 A A LB 5% Tk M
YA A B = AN A0 M AR A | I i 5 SR G A BT, T AR AR G IR AL A L B sk AR T
BR T AR Z LA DLERIY 35% , HIEMUEIERIART SOC By TTERBES + )2 R E R g it . HIEMEY
] DL i A A ) K AR €O, R IR AR L e A A R IR R, R K S R S B0
M RAZTLAK B BTG SN2 FESOC Tk . BRMAICK | IR0 MR AR SE 2 R BURAR SOC Ay Psifiil
2.1.2 PRI HLER AR E AL

P AR E P AL ALHE . SOC Ak 2= 25 RS e M | H A SRR W BRI & IR S AL Rk +0™ )
5 SOC W EAERMA Y 575 35 SOC e [,

(1)SOC Wb ffaset . SOC th ZFh 2L A FL2E IR A Lo F A IR A s, A DLk fb 2 41 2
FAE T AR AR e e

(2) BHEA R R P ELAT . SOC 2 HE T A R AR L B, 1 R AR SCRE G- BT SOC, W6k /D 1 2k W 11 - it 1™
&, S0C W/ 1B IR IR AR

(3) & AL ARG T4 5 SOC BYAH AR« = R0 S AL W ARl 0™ 1y 3 ok e o2 (A 46 | v 0 2 1
HEPF JUTEAE S A AVE R4 S8 SOC WA Sk R, B SOC FasE ™,

(4) EY 53055 5 SOC R [BHE AP P U WIETE S5 88 55 1 BOHA BAR R E T SOC 1)
R RS2 T - HE R BRI AP 5, DI 5 R A B R A PR
2.2 PR HLAK s i PR 2%
221 SERZE

T AR A% SOC S HA B AE R . AR T ol U PRAE $ A4 0%, B AT B % & R B8 ) Fn A
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J1, BRI SOC " s SR T R v] LA 3 i e AR - e i A W B VA AR S TE PR TN SOC A4 L FE TS M
X, [ K ek /L AT A6 5 350ME 1 7 55 3 R I kA LB, 80 SOC I8/ s FE TR M IX., Bk 38 T, A T
WS AR A ML L, S8 soc kT,
222 HYIHRE

R D VA SR TR, QRS ) 22 PR A Ak | T3 -8 - B0 55 P A 705 R R WA T 5 8 3 aod w073 A 0 D R A 2 9
TR B B AR R B R ) SOC ZE AL A B 5% 22 WA Fh 2 B MR in el {2 1F SocC ™
223 AKEHHER

AR R S Ah 5 5 AR ZRAR A S R GERE AR M Al T . 37 sl At P 1 3ot A, s e A KR
S50 T B S R GG R IR AR 0 L R E R A SR AR SR £ I T B IR RS 1) R RS R e B R4y
fiR IR Soc

3 HFMTEANBREEFEENNELESSHIES

3.0 AR A P fE A I E T ik
ARK SOC fith it Ak 9 P00 5 7596 T LA D B0 s ANl i vk (3R 1)

F1 TEAVBHEEITESE

Table 1 Methods for assessing soil organic carbon stocks

WikeS FE s BlR

Method Principle Advantages Disadvantages

B vk 1o A SEIMEE+ R R BOfER Pra s RED

Direct measurement BE ST SEDMESCHR G+ R TR BE & M5F TIFETRAR R UERA PR K

)42 5 7 . BEEY Y S ——

Indirect measurement YR A Tl 1] 1) 22 56 L A5 AR AR
SRR RAG IR I R+ R 5K AT DATS AL R H iR AR
T IRV SRR SRR - T Bk Al AR obR L HE AR )2
o falsE R o 14

(1) BT B0 o v SRRt o DT A S TR 1) ok, B 300 A R B T R
AR S A A SRR A 4 L A A R R B SN P S B e I 0 e RN il o DT DX el
St LA, ROV, B SR B AR B S o R ST ik A SRR BRI | GIS Ik A
SRR MR RN AR B AR e - S SRR B () A3 A TR TAMEAR BT . X PRy
LM T[] — LSRR R AN AR Y A 3R SR i 7 2 1) AU B2 B Y F R AR S, GIS A 58 42 IR
TT 25 (R, 2200 1 AR5 IR 7 OSSR SO SEAV J2 Ae S7 22 PR3 AT R SRtk i ek 22 1] ) A 58 22 Tt
BT e o S BB AR R D] ORI AR B A T A . A, 3 T SCRR TR B A e it R SRR
Pelll i, (BRSO i T 92500 1 CREE IS IR — B0 A AT AR R

(2) [tk o P09 P 0 000 o v f o 2 ) e L (R | o RS AR DL R R AR 0 it
(EI IR FE T AN R AR B AR B AR MR A SOC 1 LU 5G 28 T - Jgemefif i, ol 77 b AR 2y it vl Lo ol
SEOTIEREATRIE A1) I, DRHAR Ff A 6 U AELI RT LRI SE SOC R RUEE LA KA ik ] RUBE = i 284K
SR, AR R AE Wy R M m i Bt 2 TA) A LU 1) 5 3R BAT AR RS S, 191, ool F 5 B o el L 07 SR RS f
BEE ARG A P B ZE R SOC R S BLH R XS FRAS AL R, A= 40 ok AR 125 a0 i A7 A AR AN
RETE,

T RRAGEIGE I PR R UL T A B i A A [R] L B T 22 ) B A A LA % SOC R i A s A%
P e, - Sem it it S B AR HE P B4R i R A R - SRR A VAL O T B, JUHAE T
MARARAACE T SOC HYZALTT I AAR A . 2SR E PRl SRR (CMIP6) HR AT T 13
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A ER RGP, T AR e AE R (AR 0X 13 Bk R G0 A Bk - SRR A B ) TS 22 K
ALl 516—2430 Pg €',

I LT AT UL RUE LT Ml BOA R RIS AR | R GRS R SR R HLTT S i 3 U G
KR I, A LT T L 8 S A ) AR 4 S, P - R S S S R T Lk
AT LT B R, 3 LT S R e A R A LI 5 et i AR Ak, T AR AR R T AR B - BE
Ji, R R — SRR, M Ko SRR 25 ) - A AL 8 S T R Y A, A
T R IREAT R A S A S BRNZ O IR S
3.2 RERDR A DURRAH BRI 1t Y 50 1A% JR)

SOC i S i/ 25 R G KPR, Fe 50 AL RS & 3000 . |
B RSP T LT [ A Rz B .o -
R, FIRSE AN AT 2R SOC RGPSt 25 |- - - - - - e ey
(ALK ORISR, DICERFIEEAII 43R 0100 em 9~ 2 1000 Lo
SOC FER/NEARTEhy 504—3400 Pg C, F-31°k 1618 Pg 1950 1970 090 2010
CU(E ), BETHEPR L824k soc 4 A Year
g SRS EAR B A S M E R LS S E1 S IEaymiEeims s
FEHUL (ISRIC) FE R FF & 1) HWSDv1.2  ISRIC il /E Y Fig.1 Global assessment of SOC stocks
WISE30sec il SoilGrids250 m, /245 3k [ [/l —WF 52 Hiie, Pl R 26 7R Bk 0—100 em A HLER A% P34 1

HWSDv1.2  WISE30sec 1 SoilGrids250 m P4 i 42 5Kk +
HE SOC fif &34 25001408 F1 3400 Pg C17' M, 458k SOC fif B (R PEAb RS BE i T it — A5 4T

WA HWSD2 Zdli Tl ) 423Kk 0—100 em FRAK IR 54 447.2 Pg, K)Z LI (0—20 em) fitiff T SiE
(439"  BSRALTT FRARFIIRAT BRAK L AR B 00 21.1 kg € m 7 H1 14.1 kg € m™>, 5 T HAHE /7 34 7R
M(11.2 kg C m™) , HUZ TR/ ARG SRR IR B, R, A BRIy / 7 R AR AR - 3 i 1 ( 183.8 Pyg
C) W& =5 FAb 5 #RAR (157.8 Pg C) FEHFZRHK(100.7 Pg C) (K 2),

AN BTN [R5 12 A [R) 5000 P TP A 118 42 BRARAR T ek i B A4S fL i /N2 S R, A BRARA
0—100 cm SOC fifEEITAL AR 596 Fl N 383—787 Pg CHPO*) | URTRIWFFEIFAN A9 2R ZR AR SOC % 28 1k 3 Rl
KB R 349 Tg C FIAHAERE NN 498 Tg(% 2)

£2 RN 0—100 em HIEmEEMHRILE
Table 2 Global forest soil carbon stocks and sink at 0 to 100 cm soil layers

AR AR R fif e i i AR AL

- " .
;Tﬁq Il od Forest area/ Soil carbon stocks/ Changes in soil carbon SH 3
ssessment periol (x10* hm?) (Pg C) stocks/ (Tg C/a) References
1990—1999 390 383 498 [30]
2000—2007 390 383 456 [30]
1990—1999 400 406 389 [43]
2000—2009 400 401 404 [43]
2010—2019 400 393 463 [43]
1990—2000 400 — -274 [47]
2000—2005 400 — 50 [47]
2005—2010 400 — -349 [47]
2010—2015 400 — -83 [47]
— 387 — 400 [46]
1990 420 787 — [40]
1982 386 470.7 — [44]
— 365 630 — [41]
1980 — 704 — [45]
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2 ERBFHRLEFNREENKENEEDS
Fig.2 Horizontal and vertical distribution of SOC density in global forests
3.3 P EARAR A DA A R A Y 2 A AR SR
o E AEAK 0—100 em SOC AL TG 16.0—34.2 Pg C,FHI{E K 23.3 Pg CH* ) RAFIR L0551y

BT R R A AR T AR SR P A ST R AR AR TR B A 25 5 A HTEE R R A B SRR
[l AR AR SOC fiff i iy 22 Sl 2 7% (3R 3) .

®3 BREFNIEGRESNETE

Table 3 Soil carbon stocks and density in forests of China

U u) g5 pal fodr L £ BRpr
PRARET EHERE Ffijj: ﬁ:re; soﬂjﬁffﬁiks/ sonf:if {jerniily/ Sk
Assessment period Soil depth/cm (x10° ) (Tg C) (kg /) References
1979—1985 0—100 179.48 19.08 10.63 [48]
1979—1985 0—100 150 17.39 11.59 [54]
1979—1985 0—100 271.54 28.81 10.61 [49]
1979—2004 0—100 197.13 20.7 10.5 [50]
1989—1993 0—100 108.62 21.02 19.36 [24]
2004—2014 0—100 195.89 22.59 11.53 [49]
2010—2015 0—100 188.2 19.98 10.62 [51]
1980—2000 0—100 150 215 14.33 [52]
1981—1998 0—100 121.63 23.21 19.08 [53]
1987—1990 0—100 — 16 13.6 [40]
1980—2000 0—100 142.8 2231 15.62 [55]
2004—2014 0—100 151.55 20.63 13.61 [56]
2004—2014 0—100 151.55 21.09 13.9 [56]
2004—2014 0—100 151.55 22.54 14.88 [56]
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PEA KRR iy it BB 2% ik
Aot period Sl depthem orst area/ Soil carbon stoks/ Soil carbon density/ I

(x10* hm?) (Tg C) (kg C/m?)
1980 0—100 208.85 23.83 11.41 [57]
2000 0—100 208.85 25.31 12.12 [57]
2010 0—100 208.85 26.06 12.48 [57]
2010—2018 0—100 255 26.02 10.3 [58]
2004—2014 0—100 273.58 31.34 11.45 [49]
1980—2000 0—100 249.32 34.23 13.73 [59]
2000—2014 0—100 208.85 25.56 12.24 [57]
1980 0—20 248.74 11.96 4.81 [23]
2010 0—20 165.8 8.49 5.12 [23]

FF b E R BE R R BRI T 2010—2018 AFSRAE 1Y 4844 A~ - 400 1 25 10 i 22T 45 A bk
A B PEA A EARAR SOC fifi il 26.0 Pg C, )2 138 (0—30 em) 776 T S 53% , ARAUAKIX L4
WRBRER AR (12.1 kg C/m?) , FAEFARIX R Z (10.5 kg C/m?) , MiAEIL FIPEILARIX (9.6 kg C/m?) Fl 4 AR X
(9.1 kg C/m*) AL 3)

H ] PR MR A ) AR AR A R BB, TR PR ) R AE R U W I , AS R S TR TEA 1)
HE ZRAK 0—1 m ¥R T HERR A AR ALV BB R B4R FRAIR 61.5 Tg C BIAHAERS N 217 Tg ¢ 7072091 (£4) |

F4 HERKTEDBES
Table 4 Soil carbon increment in forests of China

ARARTER bRk fif AR

P 8] TR o 275 3k
Assessment period Soil depth/cm Forest area/ Changes in soil carbon References
(x10* hm*) stocks/ (Tg C/a)
1980—2000 0—100 249.32 1.7 [59]
2000—2014 0—100 208.85 0.9 [57]
2010—2020 0—100 249.32 75.5 [61]
1982—1999 0—100 130 4 [62]
1980—2019 0—100 249.32 217.3 [63]
1981—2000 0—100 131.5 16 [64]
1982—2009 0—100 273.58 90.4 [65]
1988—2001 0—100 229,01 -61.5 [66]
1980—2010 0—20 165.8 -115 (23]

3.4 R HEE PR S 4155 19 2 ()R S 4B

FF 2R AE S R G AL T, Zhang 55 & IS5 | M AR AR ALXT MAOC # & 19
(4% ) L5 T HXF POC SR AEBER (17%) ', MAOC 1 POC 75 K BEAE -2 38 B8 1 T v i FAARR , Ji [
SR T i BN IR R TR AR TE . TR AUE I EE MAOC & &, HIXT POC & &1 I 5
M, Zhang %538 & BLFEMRHT £ MEMORITRAT ZR AR POC & & 835 T HGH 2R AR (H MAOC & & 76 & 1R &t
AR R BRI PGS ZRAR A T B — I BRI A M ) & BRI HE ZR AR MAOC A B d5 A, A R bk ik
2 FETHET AR I, T S BT CRARTRE SR i BE B T VR S P
EERBEITER R EANFNEE R TR B0 REETT L, Lugato S5 AE RN A9 R R BERF I K I, 48
EFAR e RS + S AR T R AR AT R TR ASHR, (AT AR BRI MAOC 25 B F k)

AFIFFE ST MAOC 1 POC XA ARAE AL B UR A AE BRI, Lugato 95 & B AZ AL X KM 2R AR
POC [ R0% B 5 355 T Hoxh MAOC (0 , 2B POC XA B8 AL A Wi IS L MAOC BEAINARUREE ), KT,
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3 HEZHTEFNREENKENERES S
Fig.3 Horizontal and vertical distribution of SOC stocks in forests of China
SE: AR ; SW: PY 1 ; NO . AL AIPE L s NE: AL

Diaz-Martinez 2555081 & PRI K 2 FR S H 42 258 2 48 MAOC Fil POC 3 SR AR AR AU AR [R] 70 sz AR Ry ek
1 SOC THEELH 43 , IR A S HT MAOC F1 POC S BUEMA B FH 7R SOC XA 4k id [ ot i, FE T4k
PR A T-B Bl & A BRI 2 138 MAOC Fil POC XA 28 B i RV E 2 i 3 TR 2

4 HHRTEEBHARKTES

A1 AR T HE R B K AT I )

R BF 0T A ) A BR B ARBR A BRI RS EK . BRI b A 25 RAEBCR M0 SOC 1 m R
TR A7 ROTR 2 5 4 BRAE AL 25 R0 AT B 459 , 240 5 4 Bk E MR R 520057 | ARMRELAT 200
SRR G M 5 2 D K B L SR 60 00 B 7 Sl o 8 K FOHLAR AR 53
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R, UL, X BRAR R A i 3023 (R A AT SRAFAEAR KA a2 1

5T 200, FEREZ PRI A3 I B AR, BRAK SOC 5 i it i S BB I #4 . al sd 7E AN [R) SR b 2 X
(IR AR 2505 T K A2 Wl | a] DL oA AR bk SOC R B 554 i shZ8 A8k ML AE | 7 s e £ 338 [ 5k 2
RE 10 DB H5ORN = M S Ao [ 5 2, 90 200, o R I 4 g b DX 5 08 L R MR A 2l 3 3 A BT 25 4 (1979—
2003 4F) (A O B | A& BEK R WA B ) AR MR AT AR B AR BE 7, SOC 5 i - 34 4 4R
B4 11 0.035% ,SOC ABEHEIEAN 0.61 t hm™ a™' 7 | Cai 2R FH AR [ 7745 R - 5L T 3365 AN ZRAAUE A0 EF Sh
BHE, AL T 3 FhiE AR 3 R AR 5T 2010—2060 4F H [E BEAG FLET AR A AR A7 R0 EAS
Ui A TR I I BL T, o [ ARARE- Y Bk [ 47 460 (0.358£0.016) Pg C/a, He i A 4 it Rl 4 43 5331l
$9(0.211+0.016) Pg C/a F1(0.147+0.005) Pg C/a,

IR A AE 20 A HT 1 RE 3RS P A TR AR I B 48 10 2 R RS b e AR e
AR 2 5 (MAOC) 23 bifi 2 NIRRT A S I AS TR0 7 0 00 8 A AE A 2 i T i R A LI, BRSOk
YRR E T LG B RRE JT 1A DK MAOC A0 B0 S 5, IR 0 A L R T
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