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Abstract: For large areas of degraded shrubland and substantially reduced lands for forest, vegetation restoration can be
applied to convert degraded shrubland to tree forest (CST) in areas favorable for planting trees. Understanding the effects of
CST on ecosystem carbon storage and its components can facilitate afforestation/reforestation efforts and forest carbon
sequestration programs in China. In this study, we assessed larch ( Larix principis-rupprechiii Mayr., LPR) plantations of
different ages (10, 18, 23, 27 and 35-year old ), which were previously degraded shrubland, and adjacent degraded
shrubland in the Guandi Mountain Forest Region, northern China, to explore the effects of CST on ecosystem carbon storage
and its components. Compared with that of the adjacent shrubland, ecosystem carbon storage and its components were lower
at the early stages of afforestation. The ecosystem carbon storage of the 10-year-old LPR plantations was significantly lower
(32.9%, P<0.05) than that of the shrubland; however, not all differences between carbon pools were significant ( P <
0.05). Total vegetation carbon storage was 34.7% lower in the 10-year-old LPR plantations than in the adjacent shrubland,
and above- and belowground carbon pools were 5.4% and 70.9% lower, respectively; however, only the difference in the
belowground carbon pool was significant (P < 0.05). The litter carbon storage was 42.8% lower (P =0.71), soil organic
carbon storage (0—350 ¢cm) was significantly lower (32.6% ) , and carbon storage in the different soil layers (0—10, 10—
30, and 30—50 cm) was also significantly lower (P < 0.05) in the 10-year-old plantations compared with the adjacent
shrubland. The ecosystem carbon storage of LPR was 1.6 times higher in the 35-year-old plantations than in the 10-year-old
plantations, and the carbon storages of the vegetation ( aboveground, belowground, and whole) , litter, and soil organic
carbon ('soil layers and whole) were also higher in the older plantations. Therefore, the ecosystem carbon storage (and its
components) of LPR plantations gradually reached and surpassed that of the degraded shrubland. However, the process to
reach the carbon storage levels of shrubland occurred over different time periods: soil organic carbon pool > vegetation

belowground pool > vegetation aboveground pool, where deep soil organic carbon > surface soil (0—10 ¢m).

Key Words: degraded shrubland; larch ( Larix principis-rupprechiii Mayr.) plantation; carbon storage; age sequence;

Guandi Mountain Forest Region

TEARMRIE —Fh LATEA EAR AR A B A fr i R E Z AR R 2R AR S PR S5
A HLAERR PR AR RS D T A R ARl VR IR AR i 2 M E R —,
T FEVEAMIE AL 1.8x10° hm®, 24 (5 4 [ Bl b E AR 18.5% 0 H1F AR R BRI 2R (52 , K Ti AU E A
AR IR A BE AR BEVR 25 M T 20 ARSI RE (A g K IR AR K 1) FRAR S — R AR LRRED B
T E Zmpoll A2 TR CUn st RV IR BE TR | —Jb RVt &S s A B MR R i TR ) i AT
FMCHL R MR Ik D, SR S SN 08 | 3 ARER A HE I B X B B R R, PR I, 7 3 B PR T AR A B DX (A
HIREK KT 400—500 mm™* ) KR ALTHE AL A5 ] TR AP Ry J&—FP AT AT AR S =T

HAT, AT AR/ PR DA S U0 BRSOl 375 Bl 2 /iR = SRR B RS COL MR BE 1Y
AR, R A R MO R L — R T M R AR RN, K S BT RS
BT (meta-analysis ) 2B, [l AL f AT 4 3R B D7 2000 | 8200 AR B 8 B 4 it 45 PR 3R A ] 4%
il AR A E— SR R COMEE M (An | R b ) B8 SR MRl | AR TR AR AR AR S N TR 1
[ B AR5 T, A XS 5020 Xof VR AR AR 728 S T AR R 5 (D) 3 B G BRI B — i, R 2 1k 12 AR /2 A
AR RGO UATT I MR 7 =6 B B 90 38 bR/ 7305 bR 22 I 5 A e s T %) 1 e ) e, i ko [ ke
TIfemsh& 1A Z

I LR DX S b L B2 I T A 170 BRSO/ A7 R A 1 SE TR B AR IR M bR R i
R RPEREARR GRPERAGEAEE T IER A TR IR | A TH R HE AR AR AR AR B T A K G218
BEVR A5 M SR A TREIR AL 8, AR JL Y% A (Larix principis-rupprechtii Mayr. ) S % [ B 5 H7 IV 2 L1 AR AR
AU ) F A A R AR e LU b DX BT L DX T i L XA b DX 3 BT R L s bR
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23 ) B AR AKX IR TEAIRER ALy R v A PO AR 25 2R Gk i (9 R W) 3

R L AT TSR TR AR A S TR (R IR KR SRR ) K — 43R AT AR TR A AR AR S AL
VAR, B BIF ST 2GR R AL vE AR A B R A i A T DGR AIRES G fif i S50 I, 1 AN A X A
e 7 R TR SO T PRI AR SCR R B AT AR YR A R A2 T S ) A [ Bl e AL 7 A b, 5 LA AR AR
PEHEAR YA Xk B, T TRl 28 X A 285 AR G it ek S AL 0 (R 52, A R T R e b/ P b PRl k1
Tt H 45 TAR SRR AR A S

1 #MR57EE

11 XL

St INARIX (111°18'—112°18" E,37°20'—38°20" N) , fviF 1L PG PH A0 5 ik B, Sy Ll 2 fi i B
Z A, FEZE SO 2831 m, XS 52549 2000 m, V33 RE 25° A, AR IR U AT R iR 2R RURUA X A
R 3—4°C IR K fE 600—800 mm, TLFGEH] 100—130 d., WL EEA LR A | RRE A S A N
R R T M AR MR i R O L AR | L AR R | 1 AR e L )
1.2 W55k

AR T AR SR 58 e S b s A, T 2 ) 57 b 2% 0 AR B BE N 1] ) 3 bR T 3 (R v L 3 bR
JE) BB (AT JHIE ) A5 D T AR —BUH A [RlE AR [R]  HE, OSBRI R R s, T
2006 4FAEK TR (7T—8 H) B AR MRS (10,18 23 .27 4FH1 35 4F, s 4 | il R B =AM E KB BY) 42
FE7E AN N TR BT b S5 A — B ARAR AR AL HE AR, I 25 8620 m x 20 m WA AR (R 1) .
A ARIRAEAL TE AR S 38 AR HE A YA AR A2 71T 8 5 18 A 9 A U A AR DI 35 32 258 FR AR - ( Ostryopsis
davidiana Decaisne ) | ¥ Ji] 2 ( Rosa xanthina Lindl.) . = 24 55 28 2§ ( Spiraea trilobata 1.) . V% B ( Hippophae
rhamnoides L.) %,

R1 ERRERMELZFHRATHRAERRFRL

Table 1 Stand characteristics of the secondary shrubland and the larch ( Larix principis-rupprechtii Mayr) plantation

HEANE L Mg Stand age/a

Characteristics CK 10 18 23 27 35
BEHBAL Plot number 7 3 4 4 4 3

4K Altitude / m 192139 1902+13 1908140 1935146 1915£25 1943+79
Y Slope / ° 30+2 28+3 31+3 33+3 31+3 3344
Bl Aspect N, NE N N, NE N, NE N, NE N, NE
ABIAIE Canopy density / % 2449 4316 70+14 73+10 70+8 67+6
SE-H 4% Mean DBH / cm — 5.00.8 10.2£0.4 11.8+0.4 13.7£0.6 17.0£0.3
- H4H 5 Mean height / m 1.6+0.8 4.5+0.4 9.10.4 10.8+0.6 11.320.7 14.8+0.6
R4 Stand density / (#k/hm?) 4100+1695 2231+301 1833126 1950197 1669+ 188 1583260
AZEF Pt Human disturbance Int Ext Ext Ext Ext Ext

s BHELLOEME PR UER 227 BB ; CK R HEARM, HOMARACTE A ( Larix principis-rupprechtii Mayr. ) N TARAGXT B N Fl NE 4351 R A0 3%
FZRACHE ; Int A1 Ext 43 ) Z27R 58 B0 TP AR i 28

Xof A FRASE b A 7 R ARG R 00 5 P A AR v, 13301 S8 g A2 R v, A A B 3—4 BRFRTE AR, K bR iR
T HL M), o [ &R0k FH Monsi 202 VIHITE , LIAEBE 1 m 17408 U N3 R 242 . BPAMRIUAS #8 F
(AR T AR AR IR AR ) 9 6 o o | (] B B ML 45 B B AR i 200 g DA bty 5255 %, 85°C fE Il T 4t T 2 48
LSS A E SRS i, THR A E A S (BT i) 36T 57 MR MER I (D, em) W&
(H, m) #REAEYIE (W, ke) FESMESRE, AP EA QR W=a - D"F W=a - (D’H)"""™ #57
B AR AR (3R 2) PRI G RBCR B T AR A N AR AR AL T A I AR W B, AT SR T AR B0
T AR A= Pt (Mg/hm?)
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R2 ELEHRNREEMERE"

Table 2 Biomass models for Larix principis-rupprechtii tree

wE FERE

Tree companent Model for a (S.E.) b (S.E.) R S.E.E P-value
T Stem W=a - D 0.052 (0.008) 2.489 (0.062) 0.967 0.224 <0.001
W=a - (D*H)" 0.049 (0.007) 0.854 (0.019) 0.973 0.201 <0.001
MiA% Branch W=a - D' 0.215 (0.039) 1.291 (0.076) 0.840 0.275 <0.001
W=a - (D*H)" 0.210 (0.038) 0.442 (0.026) 0.841 0.274 <0.001
Mt Needle W=a - D 0.297 (0.073) 0.852 (0.103) 0.553 0.373 <0.001
W=a - (D*H)" 0.296 (0.074) 0.290 (0.036) 0.547 0.376 <0.001
o %6 Aboveground  W=a - D’ 0.244 (0.036) 1.990 (0.062) 0.949 0.224 <0.001
W=a - (D*H)" 0.234 (0.033) 0.683 (0.020) 0.954 0.214 <0.001
MR Root W=a- D 0.031 (0.005) 2.106 (0.068) 0.946 0.246 <0.001
W=a - (D*H)" 0.030 (0.005) 0.719 (0.024) 0.943 0.253 <0.001
bk Whole tree W=a - D' 0.277 (0.039) 2.004 (0.059) 0.955 0.213 <0.001
W=a - (D*H)" 0.266 (0.036) 0.687 (0.019) 0.958 0.205 <0.001

# ARAEA R 57, HBOA2 (D) R (H) L2008 2.8—17.5 em I 2.7—15.3 m;S. E. N ARAEIR ; R2 NP E B8 S. B E. il HE Y bR
i

FERRE L TR AZIRE S N2 m x 2 m PREARFETFIS A 1 m x | m EAKET, EARFRARAY)
SN R F R AR D7 A3 DN b 1 R T PR A i B i JRYE W0 oR FHAE ORI | RIVICAE 5 A AR
TN IR R T A5 SR BEALIURE & 200 g LA FAF IR 5286 28, 85°C fH iR P ML T Z 45 8, I 5E 4% 34840
) B KRN Bl i, TSR DT HEA  SACRIR 25 W 00 A i SR IR S e A T o AR AR M i (Mg/hm®)

I 5 WOREE B AKE T b AT S M R i, VR S E R B 0—10,10—30 em il 30—50 cm #E47
SYIEDE SR . R 100 em® 28 TIN5 3 2 B (AR + 80 [R] B R G R 4 R 3ERE Ol [l S0 = A
105CHET 24 h 5, 2 42 R R SR TR A2 BN AT, AN, 53)2 7 L2 500 ¢ 4 FEA7 [ SE 8 ==
KT AL B 75 R SRR S 4 100 H 30, 5 3 Bl & i .

YRR T 0 ) B i i 3 SR TT AT Elementar Vario EL( 8 E) 5 5 364 ALk & & % F S5 1R
BRAN AR E
1.3 St

BT A R A S DA | LIEA VLIRS RO  THRAE S R G R (ECS, Mg/
hmz) ,/A\ﬁﬁ[ﬂ::

ECS=TCS+SCS+GCS+LCS+SCOS (1)

X, TCS = TB, - TC,;SCS = Y SB, - SC,;;GCS = Y. GB, - GC,;L.CS =LB - LC;SCOS = Y BD, - SOC, - D,
TCS ,SCS . GCS \LCS F1 SCOS 43 IR FRA FEA FEA P87 YA+ 0 mhs & (Mg/hm?) s TB, I TC 43 AT
ARE i BB (BT B AR RO AR ) 19 B T AR P (Mg/hm®) PSR & (% ) 5 SB,FI SC 43 1 HEAER
AE (Hb L ANHL R ) B T AR ) (Me/hm® ) RNk (% ) 5 GBFI GC A R R HEASS @ 28 B (b L FIHL R )
) BT T B A ) R (Mg/hm® ) IS BB (%) 5 LB T LC 43 500 o U8 96 400 1) BT T AR A 1 1 ( Mg/hm® ) 55 B o
(%) ;BD NS i J2 IR (g/em’) ;SOC, N i JZ2 HAEVIR ST H (%) ;D o0EE | B HIEEE (em) .

WA ZH B (B) 19 25 5 R ¢ KB EAT A s W2 DA b 8580 B) 119 2 53 R FH B IR 5 25 0 M itb AT b, A5 4L 1
#5103 (P<0.05) ,Duncan L TPIMI LS, ¢ A 50 R0 5 N 2 22 70 Fr B 78 B4 SPSS Statistics 23.0 H158
B, il E 8 OriginPro 2016,

2 #HR

2.1 HEYARTE YR
AEILVE A A BRI B 5 A (51.3£1.0) % CFIE AR HEM 22, TR | (51.7£0.5) %,
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23 ) B AR AKX IR TEAIRER ALy R v A PO AR 25 2R Gk i (9 R W) 5

(50.4+0.4) %F1(50.0+0.6) % (&l 1) , BT RIS 1 25 i 350 S 38 o T4 I R AR ( P<0.05 ), {ELARS T iR A
Z I LA R b R AR 2 B B A ik B T C B 2 (P =0.20 Fl P=0.18) . HEAFIRLA Y | 2% B 00 & i &t
(48.6%F142.2% ) #FH i v T HML R 285 (47.7% 1 38.6%) (P=0.02 F1 P=0.02) (K 1), FrA (Hbignt
P B & i (50.7% ) W35 THEAR (48.2% ) (A (40.4% ) RIS Y (41.4% ) | (H B AT 8 v ) 2 1] 506\
FEER(P=0.14) (K1),

5 -

AR i AR i HA i Bk
S 1 e : : L
£ t - b b T
£ 50 + + T a b 1 b
% T T T
g T !
S a5 | !
E 2 : : T
: i |
® 40 | I : |
ES) ' 1
Rt J '

T MBS R RMR sk b0 . o WF R R AR WEY
Stem Branch  Needle Root Above  Below  Above  Below Tree Shrub Herb Litter

1 B BEAMEA) FAZEYHEHE
Fig.1 Carbon concentrations of plant (tree, shrub and herb) and litter

P iR 25 R bR 22 , AN ) /NS e SO RER R 2 18] 22 7 % (P<0.05)

2.2 HEBRE S Y s

THE AR T 75 0 B BB B 0 91 R (11.3922.65) Mg/hm? F1(1.22+0.29) Mg/hm? , Hi s g b |- Fidh
Bt A (6.29+1.83) Mg/hm? H1(5.10+1.07) Mg/hm® (8] 2) , SHEAMAA L, 10 S22 RO R DD B AW
T AR TR IS D R AR T 5.4% 70.9% 34.7% 1 42.8% B R REgh T Bcfis 2 250 1Y ( P<
0.01) (& 2), MM 10 423 35 4, FedbVE M FAMRI B T A B T | 5 R4 R R T 400 ) e s et 2 1) 344
T 11.9.6.2.10.7 5801 24.5 £, BEK 27 4F R 35 AF (A # b T B it 1 2 () A9 22 R O0F AR 3 (P =0.24) (&
2) . MRS E A RIS R AT AREIR (36 3) o AR KA B AR i e BEARIS i34 T4, B i
HbEATTFERRIE 22 (8] 1 22 5 34 1 2 (P<0.05 ) 5 HEAR SR B (R R A 12t 22 S 3 0 = el /N 1) e 3 AR 23 T 8%
BB A AR (HLRR RN R, 18 AR AR AR B L b AR AR 75 ) B Rk e B e T
KR P<0.01) , ifif HIC A AT B T it i 5 2 A 5 25 5% (P=0.89) , W& MRIK 4k 2238 K Mg
it A AR (B 2) o (EJR, TCIR AR 2K, AR AU T I A MRHE AR | BAR S HL3 B i fids 1t 1) B /N T
AI(P<0.01)(F£3),
2.3 HHEA R E

SHEARMA L, L& AAMEZ T3 (0—10 em) WA T A H AL (P=0.30),10—30 cm il 30—
50 em 1 JZ 7 HAEE ARV B A B B A (P>0.05) , A 40 B 208/ (P<0.05) (K 3) , SR, +35
A BB i S A R RS AR B TR IR B Y R R (P<0.05) (1 3) o 10 AR MRS AN [R] 4= 2 10 A HILIR 7% 5
B fif BEAHAS THEAMS TR 1 27.1%—36.0% (P<0.05) , AT LAk (0—50 em) WH R TFE T 32.6%
(P<0.01) , BEEMRES G , SLI0TETAAMOR [F] 2 B AR 75 8 S A et 24 S 38 I e 3 g ELAR G+ 30—
50 cm )2 ,0—10 cm 1 10—30 em 2 FH HU0K & 5 A6 & A3 NS B (- 3) . 3 MR % & (0—
50 cm) i F RIS 3G B B N, BAR I A I MRS 2 TR 1Y) 22 S b 2 (18 3) ., 18 ARAE MO iR )Z I
F LR & S S AR Z (A 0 S 22 5 (P>0.05) ,fH 10—30 cm F130—50 cm + )2 A HLRR & 2 S it
PRI THEARM(P<0.05) , TIEAHLERAE 5 (0—50 cm) WARTHEAM(P<0.05) (& 3) . 23 FEAMIFH) 10—
30em M30—50cm + 24 HLAK 75 & S it i S5 A M R .35 22 5% (P>0.05) |, 1 H 36 MLk it = (0—
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B2 EHFEEREEERREEYL
Fig.2 Carbon storage changes in vegetation and litter with stand age
® ALK A ( Larix principis-rupprechtii Mayr.) N T O AN, Ko AEI0I5 Py N TRRAG X IR (CK) 5 B Hh 8 28 367 HE AR RS sk i B 4
I3 BRI KOF s AR [) /N S S RER R MR ) 1 22 572 8. %5 (P<0.05)

£ 3 HEWERHOBIEE (Mg/hm?®) BEHE AL

Table 3 Carbon storage changes in forest vegetation layers with stand age

= e M Stand age/a

Layer Component CK 10 18 23 27 35

FF K Tree B+ — 2.49+0.67e 15.34£2.04d 24.91+2.54¢ 35.66+6.79b 63.74+6.04a
R — 1.70+0.15¢ 3.80=0.81d 5.20+1.06¢ 6.89+1.33b 8.7620.82a
Rt — 0.940.21d 1.68+0.17¢ 2.09+0.45bc 2.43+0.65h 3.2520.71a
M - — 5.130.66e 20.81+2.52d 32.20+3.26¢ 44.99+8.15b 75.74+7.49a
AR — 0.62+0.17¢ 3.63+1.03d 6.12+1.52¢ 8.64=1.51b 10.25£0.90a
/Nt — 5.7420.74¢ 24.44+3.41d 38.32+4.77¢ 53.63+8.81b 86.00+7.30a

HEA Shrub M- 5.88+1.81a 0.59+0.06¢ 1.75+0.54bc 2.35+0.40b 1.15+0.43bc 0.68+0.31c¢
W 4.23+1.05a 0.49+0.21¢ 1.4020.32h 1.75+0.42h 1.02+0.35bc 0.29+0.13¢
/it 10.11£2.68a 1.08+0.27cd 3.1520.81bc 4.10+0.70b 2.170.74bed 0.96+0.43d

K Herb HE 0.41+0.16a 0.23+0.03b 0.12+0.03bc 0.12+0.04bc 0.09+0.05¢ 0.06+0.03¢
W 0.87+0.41a 0.38+0.12b 0.18+0.04b 0.15+0.04b 0.06+0.03b 0.14£0.02b
N2 1.28+0.54a 0.62+0.15b 0.30+0.04bc 0.28+0.05bc 0.16+0.08c¢ 0.21+0.05bc

w CK JRABHEAM, HoMAEILTE AL (Larix principis-rupprechtii Mayr.) A T ARAY T BR ; AT AR [6) /NG 32 30 F R R R MRS R 19 22 7 .3 (P<
0.05)
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23 ) B AR AKX IR TEAIRER ALy R v A PO AR 25 2R Gk i (9 R W) 7

50 cm) W5 Z WA WFHIZER(P>0.05) . FEEMEAARSEIE I, LA HUBR 5 i S i R AR R O i
I HEAM(E3)
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1.3 |
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1A E
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THEAHRE =
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B3 AELELERE TEENRLISETLEFVBRMESHERRHENL
Fig.3 Changes in soil bulk density, soil organic carbon content and soil organic carbon storage with stand age
©® AL ML (Larix principis-rupprechtii Mayr.) AR O, EAM, FAILTE A8 N AR 4 BE ( CK) 5 181 P b e 26 32 /R AR AR 1 3 e
I B34 K 5 AR RN 30 B b ] 19 2% 57 8.3 (P<0.05)

24 ERRGGE

TEARMAZS RGWAH N (125.61+18.55) Mg/hm® , o ol | 8 75 4 F1 - HEF- Y 647 T AR 25 R Gumifit it
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