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Abstract; Boreal inland waters are hotspots for greenhouse gas emissions, and they play an important role in quantifying the
regional carbon budget, but seasonal variations in their emissions are not well understood. In this study, we observed the
concentration of carbon dioxide (CO,) and methane (CH,) trapped in the ice during the ice cover period of the Fukuchi
River and its diverted oxbow lakes (late successional stage) in the permafrost zone of the Great Hing’an Mountains.

Differences in dissolved CO, and CH, concentrations in the two water bodies during three periods (ice cover period, open
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water period, and spring thaw period) were also compared. The results showed that there were differences in the seasonal
variation patterns of dissolved CO, and CH, concentrations in the two water bodies. Concentrations of dissolved CO, and CH,
were highest in the water column of oxbow lakes during the ice cover period. There was a significant accumulation of CO,
and CH, under the ice layer. The mean dissolved CH, concentration in the water column was (2.21+0.54) pwmo/L, which
was 5 and 14 times higher than the CH, concentration during the open water and spring thaw periods, respectively. River
had the highest dissolved CO, and CH, concentrations in the water column during the spring thaw period, which were
significantly higher than during the open water period and ice cover period ( P<0.05). Dissolved CO, and CH, in water were
influenced by various environmental factors and were positively correlated with dissolved organic carbon (DOC) (P<0.05)
and negatively correlated with dissolved oxygen (DO) and water temperature ( P<0.05). CO, and CH, were also trapped
within the ice as bubbles when the ice formed during the ice cover period. CO, was the main component in bubbles, with
concentrations of about 90% or more within the bubbles. As CO, and CH, concentrations in bubbles are about 19%—30% of
those in the water column under the ice, ignoring the greenhouse gases stored in the ice would increase the uncertainty of
carbon emissions from boreal inland waters. This study clarified the seasonal characteristics of dissolved CO, and CH, and
the winter storage capacity of two water bodies in the Great Hing'an Mountains permafrost region. The results provide

important data to understand carbon cycling processes in the water bodies of this region.

Key Words: dissolved CO, and CH, concentration; ice cover period; inland water; ice bubbles
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L1 R XL

WFFE XL T B R4 22 W TR BT T P s Aol Jay iy SF bz 1 v L B2 e 2 Il 3855 ol A 2S5 i R
HAWR I (52°56'34"N,122°51'19"E ) , TR J T A7 KB ET KR , S H4FFOK N 450 mm , 4571
TRE A -3.9C " | BT IR HBBR 2 A0 1 T 2 HUHE A DR 2R i LA AT | 38 4317 A T 5 3T 37 2 L, DAL 3
FELY) =B SEME ( Betula fruticos) T84, ( Vaccinium uliginosum) /N FEHS ( Rhododendron lapponicum) B
¥ ( Ledum palustre) | fa) ¥t ( Chamaedaphne calyculata) . H &£ F 5 ( Eriophorum vaginatum ) | £ % 22 &
(Carex globularis) &Y‘Eiﬁﬁ‘%(sphagnum spp. ) ) o BBAN, Z X EFR E A R A A DXORITME — A8 B 46 R R 1
X, 7 FRRIE %+ X A R 2%, TG 32 R R 1.0—1.5 m"7  fE AR RIS Sh AR R, 247 % £ X
AU MR IR T R R R RN
1.2 REERBE

TERRAIF 5 DX A JARY (3T BT T b 508, BT P26 4 T) 5 RO TR B i) — A~ A B (2 e 1) it 5k
Lo FHOIE RS K R i ZE AR A OC TR R FE R IH I , TR 2R AL K SOk
PES BT (R ATD ) RS . ASBIFSE A 2R B R R R BE 1.6 m, THIARZY K 200 m?* , 5 Y] i SR A s BE 5 244
100 m, AHEWIBCEAT 6 ARAE R (WO U R IXI) o R A3 R DA BT A2 2] (BRI VL — S0 ) SO, 2 K4y
N 44 km T GE 14 m 2y S FEIKIRZY 0.5 m, 7Kt S, PERETE K G 22 A4 v il Be A B 1) SR A W T
[FIREBE S 6 D RAE AL, B RAERIRIFRZI 1 m, A5 DR 2 X
1.3 FRaRIES T

HPAIRAEIS ] T 2021 4F 6 HIT45,2022 4F 6 A45W, WA A £ R K 242000y 3 A SRR mf 4,
BOARREE I (KT 58 A iH R :6 HH1—9 H Pl RS (K2 L= S 2R EY) .9 H T RI—IR4E 4 A T,
FRMACH (KRS I IRIERE =SS 2mAe) .5 A—6 A%, WT 12 A5 sE 4 UREs 2 IR JC ik BUKFE |
ZEIIAE 9 H—WRAE 1 AT A 1 ARG VKRR B R ARG I IBORE R A 22 55 7 4—5 W, HUACRFEI
HRILFE,

F1 ZETHAKEEREESRE
Table 1 Sampling frequency for each period

SRAERT I AR R4 IRE5I FE=mie
S A (6 A®I—9 Ah4)) (O A FH—H 4 H) (A5 H—6 A#I)
Sampling periods . . . .
Ice cover period Ice free period Spring thaw period
SREE B (T Sampling times ( river) 12 5 5
KA (A4 HEW ) Sampling times ( oxbow lake) 9 4 4
SKAENIFG Sampling interval PR 1R YA 18k 2 Ik —H 485K
FE i 24 B Sample name IKFEE(n=126) IKEE(n=27)/VKEE(n=6) IKFE(n=27)

FEREE ] SRAE 0.3 m TR AY/KEET 500 mL FES T, 4 °C (IRIRBOEIRTE . URES AR S I Fh /K A R 45 1R
AORAEKHEE AP T, 0T TR BRI VK2, PR TR DK TS B EL AR 200 10 em B/NRZRERVK R 7K
B, XETFRR MR, T KRS, KA ST A E R VKIZ , UKIZ R MO 2 20O 2R 25 1, L B 30k 47K
FEIRAE  SRAE R /K FE [FIRERE A 500 mL #F SR, b ik G R S K FEZEARIR T VRS, , BT A /K RE R A DR IR AR vh Al
SARAE . AKREHS M SEBG 28 5 7E 2 d N SE MUK IR CO, Ml CH, MR EE BV (TN) S (TP) | Al i M AT Bl
(DOC) A5 . KRR CO, RN CH foff FH 002 - SR € i e 0 2 207 0 32007 1 38 T3 JR 0 4 s 2 A
R A, AT P A AR B T K MR IR S SRS AR B RN . S 4R R0(99.99% ) T Uk 1 5
FE B 20 mL AU, G AT SR T A AR R R i A BN T A b N A KRR K B Sk HE TR 4

http ; //www.ecologica.cn



54 BEBR A5 RO AR VR b X K AR 3 MR B S 25 5 & AP R AIE 1921

A BN T AN 5 OGP T Sk o ARG CE BIR G #% b, MR 5 min J5 U TS & /N kA
SIS BRI T HEER K Trace- 1300 SAH 351 ( Thermo fisher, EE) #4701 E .

KA TN TP 735l R 48 B ZE PR B OR3P v ( GB11894- 89, GB11893- 891 ) Hh Ay ARl 1 ik A7t R 491 41 it 55 Sh 43t
JERE B 5 AR B A O CREE I AE . JKAK DOC 3@ 1 0.45 wm JEME S {5 F Multi N/C 2100 TOC 4% ( Analytik180
Jena , FE[E) M, HABKBHEbR , aiA#E(DO) pH AR (HL A (EC) BV A RURL (TDS) | Ak IE i
HLAZ (ORP) (R 3 (SAL) filf FHAE#E K BT3B (YSI 556 MS, &) - WL s 337 00 7

PRat B VK2 AR 0 = AR R Bl et DD R A v R A BRI, pKAEERFE#E 2022 4F 1 A 4T, Ik
A 5 DX I BE AR I, VK2 AT Bk B R KRGS TR BE . DRI DKAE T, X vk TR 1 7 R 25 16 2 LA ZE 98 vk 2 4l 38t
BT BRI 0 B S PR gl A A ) KA A T 050, D10 T e S e 4 DB =0 BT 6 1 KA
VIRIGF DA 7 B2k A SR Mt e FL s A il i A vh 2 SR B AR AR S B L2 480 ] S 40 =8, (- AR 250 T il
b, Frvk i ah AL , B ZS A8 R 43043 LA A2 VK2 T TR = SRS Y i W JORe i K/ 0K) ¥R
“AEA,

1.4 HdEabr

{8 Kolmogorov-Smirnov K 5 1A 1) 1 A5 M RN IR) Bt XFAS T 2 2% A28 B9 3000 320 47 X6 450 2 48 LAt A2
Geitleis, i B R 2R 5 28 S A AN [l I S /K AR il 28 SRR BE 19 22 S . PRI s fig 1 €O, A CH, 57K
S E AR DG E R E A3 501 (PCA) o Geit s ffi ] SPSS Geit i fFik AT, BUEAL IR ) Origin 2021 il
BIEAFSE R, BB PEKF R 0.05,

2 ER5H5H

2.1 PRPOK AR A R E SRR S A R SR R T C R

XFAHEIN & KR R R CO, MR EE BRI VR 25 A > 5 2R A0 101 > JE R 45 1, (EAS ) B 40 ok 3 2 5%
AWZE(P>0.05) . AHUIAKIARE i CH, MR BEAE R 2Rl AL I 8 I TR 45 1 (P<0.01) FIEEZRZ5 1 ( P<0.05) ,
WREEH CH,ZEVK N A U A FR BRI S48 (2.21+0.54) pumo/ L, 43 51 Sy =1 4% 435 300 R0 25 2 b A 380 1) 7K 44
CH, YRR 5 f5F0 14 £, 548Kk CO, 5 CH, Mk B iy 25 AR A=A ], Tl 2E A = Al AL s 7K AR 5 A7
B ) CH, A COLMRBE . Tl KA T CO, Mk BE 7 ZE Rl AL i 10 Bl 2 5 TR 245 30 ( P<0.01) , CH YR FETE R 2=l
Fhist 3 5 2 T AEVRES I (P<0.05) o S Bk A= i WA Al 5 P FR K 4R 1 CO, R CHL IR BE RN, AR B K (e b i
i (R = SRR B34 TR (B 1)

X6 A B8 FIAT i AR iR = AR B S K IR 2 S RO AT 40T, PCA Bl PCL il PC2 [ i
A 60.1%, A4 HT B, A4 H0 i -5 0] 5 B R OK R R S 80 2 [ A e B35 25 57 (P<0.05) , KR+
DOC TN DO K 5% CO, M CH, .35 M5 (P<0.05) , Hrf DOC H1 TN 5K &b fi CO,, CH, IEAH
5, DO JKIE(WT) FUKE % CO, , CH, TAHIE(E 2) .

2.2 UREEHIRI B FOKARVK 2 h AR = AR S 5

BRUK KRR R0 = S AR 240, 8= 30 0] DL I G A7 k)2 b SO =2 R Co, Ml
CH,,HHr co, by EE Ry, FE UM P IR 5 90% LA L (4 H0i0.97.7% , i : 97.9%) , % & .3 & T CH,
(B 3) . HA iR UARS i 5 URES KRR = SRR EEXT L (3R 2) P g7 1Y CO, il CH, & i A7 2
TIREE AR s SRR BE 1Y 19%0—6% F1 2.71%—29.41% .,

3 it

3.1 R[] WA R A b R I A R e S S R PR R
TEAMEGTE Hh, HE B8 T P b 7K A A TR] s 39 4 3L % AR ok B2, 08 O R 4 Ak SR AR VR A5 I, 45 R
(R T 2245 U A DX MY ft) PR S R 1) (33 o 32 T3 S v - B3 B JE i T DURR ) v 5 A K A A BILJSE
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®2 REHEKTRESKSES CO,F1 CHRE T L

Table 2 Comparison of greenhouse gas concentrations in the water column under ice and ice bubbles during the ice cover period

KR RAERT B €O,/ di ke CH,/ di ke
Water body type Sampling period (pmol/L) Contribution/ % (pmol/L) Contribution/ %
4B Oxbow lake UK A 2.65+0.17 — 0.06+0.02 —
IRES K A 508.42+41.36 0.52 2.210.54 2.71
[ River VKB A 4.43+1.19 — 0.100.01 —
IRES K A 73.37+3.89 6.03 0.340.08 29.41
B A PRI b iR

(TOC:>20%) , BEMSRER H il 28 AR AR5 I K AR TR A A 2 4 B2 LA L 25 S A AR A 0 S AR
HE(TOC:0.44%) | BARMEIFAL ™ A i VR BE IR % AU o XD &, VRZS /K P b CO, ke BE UM Tk v
S5 0 rh T ORGSR RE R ATG | LSRR | TT AT M A K AR b A I AR A ok YR T S A I T B
JE i 3L ISR SRy S22 K SO A R T AR G I KR P M AR R AT, VA A R 3
IKSORVARML, A 1L BIK RS CO, M CH, YRR RERAE 1T 24 i 1k iK1 a] AR BUE K= | K2 B9 UG
B2 AU, iR AR AR SRR TARRE M IREE . R KRR El  7E A 8 A YR ES Z i AL T
BRI SR A Fh T s B i 1T RIS 2 AP KA T CHL AL S B0 I S A CHL e BEAR T4 40 181
(%£3).
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DO A4 EC : HUS3 W KR TP 808 TN BV CO, KR CO, 3 DOC: AT HE A HLAK ; CH,, /K T % CH, 5 ORP - AL S L0
SAL: b B TDS - LI e I [

ASBIEFE R, AT I R A S0 TR A A e 1 s A

B, W TURG I RARRZS I, fEdL X, 2 f S) Y | W
RSN 47 25 T 017K P o 7 VA T e B 1 Soof 3 T B
CO, M CH, ™" T i B A K AR £ P BEFE Y B oo

BRI EOM R T o AT ST R 5 5 sof |

L TR O, RO R 5 SRR, R S Se0t 1

WA A AR S AR BRI 02§ 200 = 1

— AR E B WA R CHLABERT  £520) | i
AEVRLE I IE , 5k AR DRSS 2 W A e , T A g rop |

/N TEARZ K I A B IR P AR CHL B 2600 i R =T

PGP HE B R R P S BOZ I R L
BRI S A, B AT DL ks Al T 2 H3 KREREKERHESERE CO,H CH,RE
AR A KNI B TR SR S R L I E Fig.3 €O, and CH, concentration in captured bubbles in ice
A5 Fei A3 8 SO R £ during freezing periods

KR TE CO, Ml CH, ¥ 12 5 K IR A
W, Z RN ZRIRER RS, DOC /K DO 76 7= e i A A CO, Al CH i i oA BB A AR AT,
AWFFERRE & I A#E CO, M1 CH, 5 DOC TEAHX: , 57KIRA DO $ikH G, DOC /K A AE 4 2R 40 T (AR IS
Je R CO,HER IR Sh &R | ol LIg A P e = o, M CH, P . JeRi I BFFE R, DOC & & & 17K
PR AP TR CO, R CHHERCEE" | eAb, BF 7 [X K {4 Hh s i SR SHE T T e 408 98 ., T 32 95 b 28 70 K3 4
R R Ml Ve AR ML B K s i DOC S EUK R s gtk Co, & s, ARAK g fg i Co,, CH,
G P I PR AV i 32 BB P v T 08/ D, DR A > B T e B, AR o3 328 B ORI K, B4 5 K I iR
HES L RIS TR CO, IR TR DG JEL R 5 B P WA A G, PRI PR FTE RE K (b 580K, 3=

http ; //www.ecologica.cn



1924 xR 44 %

ZPEYR €O, T CO, FEZK b B8 LU M A K rh i i 107 ek O Rk, KR b CO, e BE T 9 )
I, U B A, o I AHSE G R

£3 AATRKGLEERERE(ASHEERL) BRE CO,H CHREXTLL

Table 3 Comparison of dissolved greenhouse gas concentrations in boreal waters at different period ( excluding spring thaw period)

"y @ﬁiﬁ ‘ COZ/(p‘mol/L)‘ | CH,/ ( ;.Lmol/L% PR
Tocations °r body HREEM ARREE ViRl E[R7RA ] References
types Ice cover period  Ice free period  Ice cover period  Ice free period

JIEoN Vs FRF T 1349 541 318 34 [21]
I AL E LN 108.9 97.5 0.1 4.2 [27]
[TENE I i 855.2 170.1 2.5 12.3 [28]
oF AR 210 22 0.43 0.2 [29]
T e S5 ECIR A ND ND 0.03 0.011 [30]
HHERI SCIRid ND 136.83 ND 1.04 [24]
(LY (SERINIA I ND ND 0.01 0.04 [23]
HEARIL IR 73.37 133.38 0.34 0.23 AW
T E AR LR 508.42 415.69 2.21 0.42

ND /R B4 $

3.2 URZSIABE R KR IK)Z HR = SR A7 RE

AR 7K AR A ZR DK 2 R I8 BB AR 19 A, R B e CO, (P 2R 4 . 97.7% , W3 :97.9% )
ZHTBIEFEIRIRE R B VK2 3t CO, OB 25 o BRI 50% A Y X 500N CH, kA i €O, 47
K UKIE PR AR I R EOR A IR E AR HEI < B iR R N X B A T EKOK R
BT 5, VK2 A BESRUE T B, 1M 2 Fe) f s )] O F AR R 2, OF Ll T2 0AE A, w2 i L3RR
SEE TR, RS0 2 UREE 1, 3% I VK2 i S 40 T e 2 VK E7E T8 el A2 s e SR, S 80K 2 B
BB, B AR " IS o 2 TR T U K I TR & A S B, AR AR v O L T A
SPE R UK S, ARG CO, i (2.65+0.17) wmol/L, CH, 5 24 (0.061+0.02)
wmol/ L, 25 SR T HAE 151 vhoWLim 21) ) 25 2 ( €O, : 35 mmol/m?, CH, :6 mmol/m*) , VKA i Hh il = SR & i 54k
WA B R PO KIBVREE MU 22 R Y KRG €O, CH MR EEARF /R M
) A Y T R4S K AR TR R CO,FI CH, 19 0.52%—29.41% , 3% SUABAEAEVKZE TP S S AE R 2Rl
PR 23 1 5 DAl A 8 25 1l 4 A VK 2 R B ok, PR T A A TR SR S RSO . RN, 25 T R BRI
RIE , ARTAR /DA B9 DG T A ZR VK2 il 2 SR I A7 RE 0, ARG B 2t Ab TR 2 MRS ke T e 1, A%
TIFSE 14 45 SR U5 A 7 2249 U o DX MR TR 2 A0 M o 18 O v | 7 3 4 k) ) 328 5 W DA a8 30 T R ) s
O
3.3 XA KR RIK BRI 15 R

X T RRLAL W S5 AR5 4 X PRI G AF 55 6 B, CO, BN CH 7 19 Fft K s rb i 775 HE s O 28OS ], 3 ke
TR A K SRS, PRI, 36 T A FE 45 9%, 0 10 88 X4 AS [ S ik CTd 3 sl Ie ) LIRS ff 2= fk i i
SO AN A P BRSO X A0 A )2 R I AR AR R - 35 B T B ) A Rl s e v
{FLER Tt S8 U8 A Hb , o AR 2 A ph DR e LB A2 A rP i A A WL 5 A A R A A 1R R K
AR BRI 5T T FE - Xo) 3k L 7K AR L 3 A A 1 U

FERERAR I 5T K AR RS 23 O K SO, A8 HE T/t 58 1 T8 L 3k, 18 23 38 i Al
R T YAT A A At T AN AR AR I 5 SO Y DK R B R 0, S T A RS R AR HE B A B ] 3 R T
RE 2 3BT S DX K AR R o 25, T BE6F DX 3 A AS TR K A4 BRI AR 5% H X S A A8 AR i) i 5k
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4 Zig

ARBIFFEI T K44 Z2 A7 VR X PR K (A CO, M CH VR BE ZE AR RIS I 2B Ak, LA Je 4 ZR DK 2 vh 4
AR 2 SRR EE . X FABEWIT &, RES VKR CO, R CH, YR B B W & TR VRS A AN 5 2R mil Ak s 3 3 02
Fh T A= ) R PR SR il 3 AR K N AR o TRDA Hh T KR B3 3l URAS I oA LI B3 = AR R R 1
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