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Analysis of vertical profiles of soil CO, efflux in Chinese fir plantation
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Abstract: CO, flux from the soil to the atmosphere represents a major flux in the global carbon cycle. But there remains
some limitations on predicting this flux because of multiple control mechanisms that interact at temporal and spatial scales.
Soil can be described in successive layers and the processes and soil properties were described separately for each layers.
The CO, flux between the layers was driven by diffusion, which depended on CO, concentration, porosity, soil temperature
and moisture content. Soil CO, flux and its major driving factors, especially in vertical profile, may change with great
temporal and spatial variability. Compared to deep soil, soil surface have great difference in temperature and moisture
content. Therefore, investigation of the differences and influencing factors of soil CO, flux changed with soil depth could be
essential for accurate evaluation of soil carbon emission. At present, the soil CO, vertical gradient measurement method is
rapidly gaining popularity because it allows to continuously and automatically measure soil CO, flux at different temporal
scales with minimal disturbance to the natural soil structure. It is also comparable with other methods. The soil CO, gradient
method uses Fick’s first law to calculate soil CO, efflux, relying on both measurements of soil CO, profile and on the CO,
diffusion coefficient in the soil (Ds). Determining the latter with confidence is a challenge. Modelling as an approach can
potentially be used to determine Ds. It is possible if the detailed information on some important soil properties (i. e. total

soil porosity and air-filled porosity) are available.
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In this study, Fick's diffusion method and five kinds of diffusion coefficient models, including Penman, Marshall,
Quirk, and Moldrup, were used to estimate soil CO, flux at different depth of the Chinese fir Plantation ( Cunninghamia
lanceolata) in a Base of Forest Management and Technology in Sanming (26°191, 117°361), Fujian Province, China.
The modeling soil CO, flux were also compared with the results measured by Li-8100 automated soil CO, flux system. The
results were as follows: (1) Calculation of surface (at 5em) CO, flux estimated by 5 kinds of diffusion models had
significant correlation with Li-8100 measurement result ( P<0.01). Among the models obtaining diffusion coefficient, soil
CO, efflux measured by Moldrup model were the closest to the results of the soil chamber; (2) CO, flux in soil different
depths had obvious daily variation patterns, and the mean flux were (2.17+0.06),(2.18+0.13) .0.54+0.04 . (1.65+
0.20) and (1.74+0.04) pmol m~s™ at5, 10, 20, 40, and 60cm depth respectively (mean+SD) ; And (3) by plotting
CO, efflux vs. soil temperature,, we found that CO, efflux correlated exponentially with soil temperature at the depth of Scm,
10cm, 60cm, with Q,, of 1.35, 2.01, 4.95, respectively. But soil water content was not significant correlation with soil
CO, efflux. Using CO, solid concentration detector can automatically and continuously monitor CO, concentration in soil of
different depth soil. The estimated CO, efflux using this method was close to chamber measurements, suggesting that this

method can be use for long-term continuous measurements of soil CO, efflux.

Key Words: soil CO, efflux; diffusion; soil CO, concentration; vertical distribution
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Y ERBEE R R+ mE N RFE Y BRBERRL LS R BE A — 2 22 5, Wik, AR
FF R E AR CO,AMIER (GMT220 R 51, Vaisala 23 7], 25 2%) & 13 CO,MRIE , FH45 & A MRY BRI 2 AN
TARAFREE 3260 CO, B BT, [R5 Li-8100 2h25 i 2 & i 25 R kA7t . AWFssny Hi .
(1) AR Y B RGTRA) CO, M5 Li-8100 shAS i E R EHME 225 ; (2) /i ASFR BE -5 Co,
Y H AR CR A VR BEE A 5 (3) WP R VA [FIVR B HHE Ol 5 H R Bk mE R,
1 Mel5H%
1.1 W5 IR

ARSI M IR TE AR A — BT R KB AR M B R R 5 (26°19'N, 117°36'E ) |, 7R B 11 AT PG b 1 43531
S5z Ll bk AR 36 1 KRR 32 S MR 300m , S8R 25—35° ) J@ Ol iy 2 XU ARSI 19, 1°C 4R
PR K i 1749 mm ( EEEH T 3—8 A1) AR ZE K& 1585mm , X 81% , IRV E kKB L
B, TR 1m,

WFFEBE A DX I () N TMAZARNVE BRI GE  F2ARBRH AR IRAE ARG 3 B £ Kobe 327 GEMIE AL, 1
PRBREE 9 1800 Fk/hm? . HFIMES 2K 40a , IR 18. 2m, M2 15. 6em, FEAMR PG ], 35 38 30°, #K

http ; //www. ecologica. cn



19 14 Tl FEARNTHARIRE L CO,HE 5713

SR MCT R B 48 ( Tricalysia dubia) B4
Fo 2010 4F 12 A 00 HERZ AR B o R A 3 Bk 20mx20m BUBRHEREHD, ﬂ/\ﬁ‘/ﬁiﬁﬁ‘]?’zﬁﬁ 1 HE 1m
4 T SE R TET | FH R AT BN AN [R]R B2 198 CO, VR JBE e B [T IR A 000 i 4% 22 4 e 22 o A - 9 G LB S
FEAZ I A B A et IR AR M T, DLER 1

F1 EARKRTEERELER(0—80cm)

Table 1 Basic physical and chemical properties of soil in Chinese fir forest

( llex pubescens) .1 H ( Dicranopteris dichotama) N

R EERiIRTS £ KA EX7 AR Foxiy SALBREE

Depth Organic C Total N Hydrolyzable N Total P Available P Bulk density Total porosity

/em /(g/'kg) /(g/kg) /(mg/kg) /(g/'kg) /(mg/kg) /(g/em®) /%
0—5 23.89+3.30 1.03 £0.25 100.62 +£10.72 0.45 +0.10 6.82 +1.23 1.37 £0.15 51.698+6.58
5—10 13.85+4.45 0.54 +£0.02 66.43 +10.29 0.41 £0.12 6.76 £1.20 1.44 £0.13 54.340 +6.56
10—20 9.91+2.69 0.21 £0.01 39.80 +8.51 0.40 +0.13 6.55 +1.42 1.40 £0.05 52.830+5.35
20—40 6.68+2.49 0.16 = 0.01 30.45 +6.86 0.39 +0.09 6.49 £1.36 1.47 £0.11 55.472 +6.67
40—60 4.26+0.82 0.17 £ 0.03 26.76 £9.78 0.40 +0.12 6.44 £2.10 1.54 £0.07 58.113+4.38
60—80 4.02+1.62 0.13 £0.01 22.60 £3.12 0.40 +0.12 6.45 £2.01 1.55 +£0.06 58.491+5.70

Y 45 E2E (Mean=SD)

1.2+ Co, ¥ Huk
1.2.1  +3E CO MRy &

S I AR CO, KM &% (GMT220 R 31, Vaisala 23 W), 75 2% ) W 5 A [A] IR FE 45 CO, MR BE . 3 RAar il 25 b %
Sk AGH BSFILHNZE 3 B LH I, Hoh 453k & DL CARBOCAP® 5 AR Ky JERUAIF A 1437 5 ik R Bt 2T A ) 2%
(NDIR) , S [FEIE  ANT B LAY PTRE 33 38 #8602, B fo CO, ARSI 11 R $2 Mk, SCRER) LK 43k A
PTFE 31 JE 284155 B POM A4 RHMBUS AR FE 484, GMT221 AU S A I 25K 100mm , B4R K 18. Smm , T& 315
0—2% KEHE K +1.5% AL ; GMT222 B S KM #51 145mm, HAE N 18. Smm , I JE F A 0—10000ppm , A%
HN+1.5% = FE(http://www. vaisala. com) ,

T IN R EE R ) 4 COL MR 7E 3T 5,10 .20 .40 .60 80cm Ab 43l A 3 MR PVC 45 (K 80cm
X HAE 2. 0cm) ,4fi A T3 60cm , FMEREE 1 20em,, S5 8 H] =@ 42 0 512 10 3 AR PVC 8 & ik | il ikt
CO, K ZR4f A FERAS IR, AE209 3 MR PVC 0] LR FNR AR E IR CO, M BE I8/ 482 [B) 53 M 1 1
H., Ak Co, e G I 25 ) ) B R 1E 3R AY 5,10 .20 .40 .60cm TR AL A 15 ECH, O (Em 50, Decagon
o], 52 ED) TR FIK LA 2 A 8RS 1 B R A £ 20em IR
1.2.2 ¥ HOETE CO,@ R

i Fick 38 08 4R BE 1 138

i (F,, pmol m™s™)

F.=-n, 26 (1)
Kb, D 3 CO, MY B ARE(m*/s) ;€ HIEE 2(m) 13 COEIE (umol/m®) ;D i AR (2) 1145 .
D.=eD, (2)

e AR URY BR S D, N R CO, T B R B (T=20°C 8 293. 15K . P=1.013x10°Pa i}, D =
1.47x107m?s™") 1

EAFZIHE & HIXTRAEY BN L BARR AP IT 5 FE WL & AT -5 o, f ik T
i+%:[12.16]:

£=0.66(d-0) (3)

e=(¢-0)"" (4)

8:(¢_0)10/3 (5)

4)2
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£=0. 66(¢—0>(¢f)123m (6)

:(d)_(g)ZS (7)

K, 0 Ry FIEIEFR S KA (em’/em® ) 5 0 HIRFLBREE (b =p,/p,, .0, W T IEE T (g/cm’) p, h HIRILE B
it p,=2.65 g/cm’) sm HHEL3,
1.3 D3R il

A I B 4 CO, TE O MERAE 3P Li-8100 JF &= 49065 8 f 245 (Li-8100, Li-COR /A,
FE) R 20 om AR E X 1 IER ZiE T, RS R R A 5 A PVC IR (N AR 20
emx & 10em) B PVC — 3 H| 493, 1 A 14 3—Sem, HHER 28 & T E H 1Y 9.00—16 .00 FE4T, AR/
1R,

A7 1A B A S T X S S SIS A T 2010 4F 12 H 4 sg T 2011 4E 3 H 3—5, 14—
17 F125—27 HitAT, 3% CO M 25 K 1 7K, 10s iC53% 1 UCF31E ; 38K 43 R B A2k /N % 11K,
R ER TR SN S R 3 €/ TaTue Sir S Tue T o
1.4 FdEadr

FTA BEit 43 B 3T SPSS 13. 0 #4447, H1 Origin 8.0 AR & . LA H 3T 5em 55 5945 /N
VERFZMES Li-8100 & 2 00 & 130 s T2 ML A . SR AT £k RN B AL 3 Hr 358 CO, il 5 - IR
FRIAR DN ; SR FH— B AR R Z3 7 + 48 CO, il i 5 RIS /K B SEE R S RITTFR B RBRL T Q 1,
B FEACPFRE N «=0.05,
2 ZER551
2.1 THERRIREE CO, MR H A8k

LI 307 P 2 /N Bt ] B 4 35 CO, MR (Y H AR AL UL 1, 5—80cm 4% ¥R JEE 13 CO, Wi H A AL aC AT
Yy 5 I AR A 2 . (ELUGE A 1 B0 P ) ) WS A 22 S B A BE R SN, ViR BE B B T, 5.10,20,40 .60
80cm TR +3E CO, e H ¥I{H /3514 892. 6 3049. 8 5041.3 .5210. 8 7714. 8 F16644.2 wmol/mol , A [FTRHEE
R A K R IR — B, — RZ AR (B 1), LB R 3 1 n ek B 5 7K i #8A BT
REAR
2.2 PEESEEREGRELT

i FH GMT220 F 51 CO, i B2 A I 25 S5 007 3% 22l 2 T HHERRIREE Y CO, Wk B2 AR Ak, I Fick 56— 1L
BN EE R APPSR S B2 A A UAY RO AR AN AR ZE (Sem) il 5 5 Li-8100 5k
DA S5 AT L G5 R L3R 2. 9 BOk T HA A E (AR T Li-8100 B A SMZE AL, 78 5 P BlR Bt
AU | Penman #5570 ) 35345 SR A9 4B 5 17 , Moldrup A5 AU 3530 9 45 51 5 S e B30T . Pk T I 437 245 2R
R YRGS R AE RS Li-8100 i 2 3 SEIME AR A S T A 3 IEAH K &R (P<0.001) , Hirf Moldrup 37
RPN NSRS Li-8100 i 2 SeMEHE M REU(R?) T K B i TP EMZEE L 6 N mmi
H 3% ] Moldrup 808 BB AL A3 1840 M AR RIS CO, 3l &= 1) A8 1k
2.2 HEEAFREE CO,iE & H AL

fiiFH Moldrup SRS B R BRI 45 )2 CO, i HAIMZ (B 1), AREITRE 45 Co, i H 4
AR 25 A K Sem 4b 3 CO, AR LI ZE 5 “ W R, 43 BIAE 8:00 1 1700 25 A7 H B A~ g, Hovp
17:00 AYUEMH 5 Sem BREE 1 ST B W (E ) BEAY B RI AR 10em AL HHE CO, @ 528465 10em 158 i 2 AR fh A
K2, R R T, R CO, il s B W, 5 B ; 5 5 A 10em il 522 (AN [F], 20em R EEAL 124 CO,
i H AR SR K 1200 2247 A ARAE , S (B A2 R 100, 38 BUGX AP IS AT fig /2 B ol 20—
40em + ZZEA V2R 150 FHX, T CO, 78X AN D™ Az FAZ R s 2, AR 1) bR T 28 4 g 4 2

&
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Fig. 1 The daily variations of CO,concentration, flux, soil temperature, moisture in depth

f#i15 CO, H 1 2 3% H 1028 {3 2 32 40 1 60cm 1Y CO, il 1 H AR AL I ZR AT | 52 A A | 5 KAl
HPLAE 12:00—14:00 Z ], + 4 5—80cm £ IR EE CO, @ & H X E /9~ (2. 17£0.06) . (2. 18+0.13) |
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60cm 4b 35 CO, 38 5 A+ 3R B LA OR B b, $4aR B0 3 56 R (P<0. 001) , P 5E 2250 R 43518 0. 293
0.297 F10.273, 1M 20 40cm TREE -8 CO, 38 AR LG SR A W3, T A8 5 A 4 8 B ) H AR fh A
KAX(E 1), +HES 10 .60cm &b Q205109 1.35 2. 01 Fl 4. 95, Bl S50 R B2 B9340, 0, (E-U A B T
RS, HHEEKESKRE CO, M X RIS, FE R —RZHN S KENBIAR(E L),

F2 YHEEETEMNRE(Scm) B2 Li-8100 75 &N R EAIXFLE
Table 2 Compare soil CO, efflux determined by the gradient method with obtained using the Li-8100 soil chamber on days march 3—5,14—
17and 25—27 in 2011

T3 CO, i i TR REL
IR Estimated soil CO, flux(pmol m™ s™') Parameter
Gas diffusivity models
Maximum Minimum Average Slope Inercept R?
[12] 5.06 3.16 4.43 1.624 1.332 0.432*
[13] 4.86 311 4.27 1.589 1.239 0.517*
[14] 3.44 2.40 3.03 1.184 0.775 0.621**
[15] 2.43 1.72 2.12 0.835 0.525 0.538**
[16] 3.79 2.54 3.34 1.276 0.903 0.640 **
Li-8100 Jiik 2.05 1.58 1.82

* RN REMIE R 5% , + * Rom WEWAKTEH 1%

3 i
3.1 I CO, Y O R 5 0 L

FI R 3 CO, 38 A AIFFE— R B B T3 05 3, M 5od o o 4 A 1—2 ™| R g dske 2k
TR SR 18 CO, & AR I, R AR R I) Wit A (iR SRR K A ) R R -3 O, il
B AR AR I T AS BEAERG 22+ OB R A H 7 sh 28 Ml i3

E A WIRh A 3h L 3 oM a ke — Rl H Sh T/ i a0 e T LUAE R
T P I 3 O, I REAS B 4 T AT S T 38 CO, 3l 1 AR AR 1) TR 22, (E G Y4 U2 S0 Al % SR U 114
TSR 22 o) — R SR M E AR CO, MG #5220 &+ HEH] i Y Co, %U“vzt P R IR T
(] B 0 - 498 K i LR | 3 A R AN S K B SR Y B S HOR TR €O, il o JE X PRI
A B, ARAE LR Hh & B A A B A A DG 2

*3 AREEELECO,BEE(F)5XER(T) . EKE(M)WXE
Table 3 Relationship between soil CO, flux ( F) with soil temperature(7) and soil moisture( /) in depth

. +HER P Soil temperature/ (7/°C) 3 7K & Soil moisture ( M/ (em’/cm®))
W > .
ZH0 Parameter %0 Parameter
Depth/cm
a b Q]o Rz a 1) RZ

5 1.436 0.033 1.35 0.293 " —-1.444 2.405 0.033
10 0.900 0.070 2.01 0.297 " -7.351 3.054 0.179
20 0.002 0.377 — 0.122 1.159 0.009 0. 006
40 0.631 0.025 1.28 0.002 0.522 0.776 0.000
60 0.090 0.161 4.95 0.273*" -1.227 0.713 0.022

* FRRBEMWKT R 5% , + + RRBEHKFER 1%

FERE Y IR CO, B, RHEURM Y BOREUE — BRI S Y , 2t B S A=
PIBLADL I 7 vk 5t — S R AU R B S S AL, I (7 ax S AU XS IR [R] TR FE 11 CO, il 5315,
[R5 S 45 SRR AT A2 Jassal %52 BFSE R R, 78 3SR FLBR E BRI, Penman 1 Marshall fit 45
THE A 45 5 S BR e 5 , T Millington 11 Moldrup #5550 f 25 5 UAwAK . Tyamada 2578 #F 58t 26 W | Millington #5
RUTE AL I O KT D 3 B, 23 I A RT3 s 1 38 SIE B F) 83 2t ; Pingintha 52 {1 6 Fh 4 U A
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HAELE RS Li-8100 B kT L& I, U B0k 5 45 R K T %0k, o Penman BRI AG 45 0 B35 5 T
JiE 23k, 1 Moldrup A7 AR D i, (HL Rk 1m0 U5 407 S, BT A 7 BIORSE R 143 65 1 5 s = 9k 39 174
P 35 IEA N, ARIFFT A SRS Pingintha 45707 25 SRS, s 28 vk S Pl o A 25 SR A0 /N T4 HOE TR A0 45
(%% 2) ,Penman Marshall , Quirk , Moldrup F Moldrup TR ity 238 SR 45 1) Bl s 2 9 I BUEL = 58. 9% \57. 4%
10.0% 14.2% F145% , Hrft Moldrap AYREIAELZE 5 S H2 3 SR, X 7] B2 K A Moldrup 55 8 J& %) Penman Fil
Quirk 2 AMEAEIAYIL A | RES S - AOARIEL 38 CO, Y B R ,
3.2 EHHEARRREE CO, i & i ARfb A

+HE CO, BEBCRT LATRT B A5 43k 2 AR Wil i S AR ( - 3R W Fn 38 5l ) Rl B SRIE I (R AR
)P0 ORTRIVREE Y S5 AR ) AR ZR A3 A AL B A 25 3 S 80 O, VR A i LA I 22 7
ARHFFEH AL ARMOR[RIGR BE £ 358 CO, vk B ELAE AL A & | B VR FE 38 -+ 18 Co, W FE i Tt = (&1 1), {HAE 60em
N RHE CO MG NI, BB RONIRZ LA PR S BT (£ 1) . BIRE CO, MR H AR LRI N
H o (g BRI Y HE PRAE 15:00—17:00 2Z[8], 338 CO, 3 AN [R) R i A8 fL A 8, 322 5 . 10em 18
HIBES N 2. 17 2. 18 wmol m™ s H— K P I HEICR K B HEBCR 1Y 52. 4% |, 3% 5 — e H 1Y 45 5 2%
&L, Davidson %" Xif 0. St AR RIHE H A 5% & B, T TR N H 358 CO, HER 5 8 18 (3m VR ) R 1Y
70% —80% ; Gaudinski 25" BF 53 F B | IR AR+ IR )Z 15em N H3E CO, M 5 S 1 63% ; Davidson
25214 Massachusetts F IR AZARBIFFTAG | O J2 L0060 ST 9 BTk R A5 40% —48% FeAq . (HAHFSE [F it
KI,RIZR (40em LUF ) 1458 CO @ 7E S h S AR KA LT (41% ) , iX T RE A TR 2 IR LI
AR, HHEALBR AR, CO, KN R E R RERUH R, S BO T A M R K, Pumpanen 25 BF5E 2 BH, & %
JBEJ2 438 CO, 3 0] S B 1Y TTRR SR T3 2 5 1M Risk 2504 UBIFFE IE W 2 e 1e A4 K 1 19 5 )+
R B P BTRR AR,
3.3 AN[AIREE 1338 CO, &0 - 13 RE 2 7K 5 e

T B A 7K iR S 1 CO, HE P B 2R [A) I A T2 B S Y 2 [A) A8 Sk | UL AE e o B
Dt R R AR MRS T, kS AR B ED R R 2 Ak B ARk
— L IRBEAR AR R AN TRIVR B - S HE 2 PR A T B R K A i s AR AR Ak, ARBIFSE L5 .10
M 60em VREE 13 CO, i 5 EA WEERR, THEMN Q, H3 50 1.35.2.01 F14.95, K& R
38N, 1 CO, 8t 1 I BE RO Q) LB A, 3 3 B 5 AN ) VR B - A AL A ol iR | SRRk A G
Goulden %5 X WK =AM F 2 B0, TR J2 UK 1 384 HIURR T 30 B A B0 L 38 J2 385 s Hinseh 4577 52
B R IR B A AR E T CO, il SR SR SE R Reik % FEMI B K Nova Scotia FRFRAYHFSTIERA T
WIZ K L3 CO, M i S5 iRE R IEMHSM:, (EARMF H 20 1 40em 4b 43 CO, 38 1 5 7 B 18] i) A0 SR A 1k
B M X R R A E gl s, oE R EUR A, Co, R R E DY HUE s
T TABESE P AZ AR L IETE 20—400m REEAL , F PR AR —  10—20 ,20—40 1 40—60cm [i] + 45
FAAEREER (R D), FEERALB A S B R HHAR () 5 — 2R CO, i & RS 1T fE 2 2
AT

FEAMEGE o, AR RREE 35K 5 1 CO, TR AY 56 R IR 33X T B -5 LI A e o] )L A S, R
— RN HES KRR E N, R, IR 1) 1 CO, 5 A K i O RIE R AE— E 4L, R
B 1] AL, LAAS B — R S
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