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Spatiotemporal characteristics and influencing factors of greenhouse gas emissions
from cascade reservoirs in Hebei Province

Yan Yiman, Wang Fenghua, Liu Yunchao, Li Yinhui, Liu Hong, Hu Yaning, Ding Lin, Liu Jin™
(Hebei Key Laboratory of Environmental Change and Ecological Construction, College of Geographical Sciences, Hebei Normal
University, Shijiazhuang 050024,P.R.China)

Abstract: Reservoirs are a significant source of greenhouse gas emissions. This study investigated the spatiotemporal variations
and driving factors of dissolved greenhouse gas concentrations and diffusive fluxes in cascade reservoirs, focusing on the Gangnan
and Huangbizhuang reservoirs located along the main stem of the Hutuo River in Hebei Province. Two field campaigns were
conducted during the drainage (2023) and storage (2023) periods, employing the headspace equilibrium method to measure the
dissolved concentrations of carbon dioxide (CO:), methane (CHa4) and nitrous oxide (N20), while the diffusive fluxes across the
water—air interface were estimated using diffusion models. Concurrent measurements of physicochemical parameters in the water
column and sediment were performed. The results showed mean dissolved concentrations of 442.16 + 159.64 pumol/L for COs,
0.30 + 0.26 pmol/L for CHa and 0.04 = 0.02 pmol/L for N2O, with corresponding fluxes of 63.26 £+ 69.43 mmol/(m?-d), 42.02 +
49.89 umol/(m?-d) and 3.58 + 3.54 umol/(m?-d), respectively. Over time, the dissolved concentrations and diffusive fluxes of CO-
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and CHa, as well as the N2O fluxes, were generally higher during drainage than storage; however, the trend for N>O concentrations
was opposite. Spatially, during drainage, CO: concentrations and fluxes were higher in Gangnan Reservoir than in Huangbizhuang
Reservoir, while CHs and N>O showed higher values in Huangbizhuang Reservoir. During storage, all three greenhouse gases
exhibited elevated concentrations and fluxes in riverine zones and in Huangbizhuang Reservoir compared to in Gangnan Reservoir.
Redundancy analysis revealed that, during drainage, conductivity, dissolved oxygen and sediment NHa.-N were the main factors
influencing dissolved gas concentrations, while conductivity and sediment pH primarily affected diffusive fluxes. During storage,
water pH and NHa-N controlled dissolved concentrations, while dissolved oxygen and suspended particulate matter governed
flux variations. This indicates that reservoir greenhouse gases are co-regulated by both water column and sediment properties.
Comparative analysis with national averages showed that the two reservoirs exhibit distinct emission patterns, with elevated CO-
fluxes but relatively low CHa and N2O emissions.
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Fig.1 Research area and sampling sites
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2023 4E 9 HHEKEDA 12 H(EKED AT IS RAE. A HIIBEFRER K28 RERJZ KR (10~20 cm), 1 FH 7
PR IR AR AR ZVIAMI(0~10 cm), FAEE AUREE 3 N TATHE, T 4°CEBOLIRTE.

S P T 2 P A5 £ 3 R I 2 3R 2 KR CO2v CHa A NoO A7 IR 260, RIS FH e A =38 i 1)
60mL VS 24 60mL ZKRE, HEH AU, SR HEH 30mL /KBS IR AR m Al RS, KSR 101, 326
= JE R ZE % 2min, B E 30min SN 25mL S AR T E AR SN AR TE, 24h PO SR E SO0
(ZHAE GC6820, 3 [E). 1/ £ ZHUK T/ BT (W 45 HQ40D, 2 [E) P I & /K I(WT). pH. R F(DO)-
B3R (EC). FALIEJE AL (ORP). VA A [ 14 S B (TDS) SR br; A I A Gl O il TH-402, mf ) i)
KR AE.

AKAEERAL TR AR E SR KA B M T 735 (GEVURRORT. SR B ERAT A fb-2 4h o e e RE v
SE i F(TN), SR FH AN B BE v I 52 R AU(NH4-N), SR S04 00 6 6 BRI 58 IS (N Os-N), AR A
I E B BURIA(SS) (GB 11901-89). YIARMEAL M BTl g S8 (LIER AL #1528, iR
W pH SR BRI 2, A ZU(TN)R T B3 28 0, 2 (N HA )R FH e 9y 3 L 69, A A (N O3 -
N)KH 55053 66 BE(GB/T 32737-2016), DURRMIA HLAR(SOC)R FH B84 TR 1 S8 AL- A N #4%(LY/T 1237-
1999).
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K 7K -SRI % SR HEGE B (F, CO2 A mmol-m2-d!, CHs 5 N2O 24 pmol-m2-d-") 5 JH #3454k
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HR = SRR AR B (umol/L); a AN R AL Sc NS Schmidt FEU53; keoo K7 Sc 2 600 By 7K
XoF LR AR, JEBUE T AE S RE AL A, BRGES AT HPY; ¢ KR (C); W< 3.7m/s B, n
2/3, RG> 3. 7m/s B, n A 1/2; Uno ABE/KTHT 10 m AR # XGE (m/s), 1 2 m A S JRGEE3E T # B34,
1.4 BIESHTEE

3+ Microsoft Excel 1 SPSS 25 #4474 747, K Kolmogorov-Smirnov A5 56 Hd IEA& 14, 437
FIF Mann-Whitney U F1 Kruskal-Wallis JEZ 504656 75 5 H1 7K 2 T = SR HERU 0 Rz i) 22 5. R A
Spearman AHISPE S HTATF LI 35 R T 5 i & SRR S S 2 (RN A DG 1. 221 7 ZIEAK B 7 (VIF) KL 38 Fl
TR HT(RDAR AT IR S S E AR E S5 Bl 2 10 R ZEIREEE 75 7E ArcGIS 10.4 H 2 HlF 7 X
&, £ Origin 2021 P 446 2k EIFIAH 214 73 #7 8], #E Canoco 5 H4:Hi| RDA .
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2.1 KEBESHBFERE

W 2(a~c)FT7R, XEE-FEEFEKFEKMR CO2v CHy Al N2O AFIRELEH KA BIA-T 345.81~593.29
pmol-L-'y 0.09~1.29 pmol-L!. 0.02~0.09 pmol L' Z [6]; E 535l 450.34 pmol-L-'y 0.33 pmol-L1, 0.04
pmol- L. & 7K #1434 T 30.54~810.87 pmol-L-'. 0.04~1.00 pmol-L-'. 0.03~0.08 pmol-L-! 2 [f1]; & 73 5 A4
434.30pmol-L-'y 0.28umol-L'\ 0.04umol-L-'. H 1, K E/KE COx I A7 IR FEAEH /K IR Z %5 T & K
(P<0.001), CH4 & 17K % 0 B35 2575 22 573:(P>0.05), 1M1 N2O IEAFIKEAE & /KR 2 5 THOK H(P<0.001); 3%
BEH K CO2 IAF IR A2 & /K B2 5 T HEK 1(P<0.001), CHa 473 HE/K ) 525 5 T & /K 1(P<0.05),
NoO VAR 5 TG 30 35 28715 22 3 (P>0.05); i T8 X /K A4 =P iR 28 SIS A7 VR FE 3 78 B /K 8. 35 5 T HEZK 4
(P<0.01).
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Fig.2 Spatiotemporal variations of dissolved greenhouse gas concentrations (a~c) in Gangnan Reservoir, river channel, and
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Il T -8B T 7K R R 2 SR A A T A P B T35 R B0 S g R 1 2 ) S o . ZE K M, JRTiE 5 i e K R
CO2 VETFIRE N 501.33464.96 pmol- L1, 464.45+63.80 pmol L™, & 3% 1 T 3% B FE /K FE(411.79+55.43 pmol-L-
1) (P<0.05); #BE 7K FE CHa A TF R BE S, ¥9{E M 0.5420.36 pmol- L', 5 35 7 T 54 B 7K % (0.19+0.13 pmol-L-
1) (P<0.05), {H 5318 X H1[X (0.2040.02 pmol- L) TG i 3 2 F(P>0.05); N2O ¥ A7 IR BE [RIRE 7 1 BE HE 7K J%(0.05
+0.02 umol-L-1)f% &, 18 [X (0.04+0.004 pmol- LYK 2, 341853 & F < B 7K Z£(0.03+0.006 pmol L) (P<0.05).
B KT IE [X 5 3 BE P K PE = PR = SR VA AR IR B 48 B 2 o T K P UK e (P<0.001).
2.2 KEXK-SABERESMKY EHES

W 3(a~c) 7w, (-5 B FE /K FEHEK A CO2. CHa A N2O 377 B 8585 [l 29 BI#E 3.15~412.60 mmol-m-
2.4\ 0.87~257.35 umol'm2-d'y 0.14~15.38 umol-m2-d"'; ¥J{E 4374 73.44 mmol-m2-d"'. 52.03umol-m2-d-
1. 3.93umol-mr2-d-1. E7KHZ 4 1.30~144.49 mmol-m2-d!. 6.94~123.71 pmol-m?2-d-'\ 0.55~11.26 pmol-m
2.4 M558 53.48 mmol-m2-d, 32.02 pmol-m?2-d'\ 3.23 umol-m2-d-!. AN[E]Hh X IR = AR HCE = 1)
FNZE RN, KE/KE CO2 5 CH i Biul & 2 H K I 535 T 8 /K H1(P<0.05), N2O 4 BUS 70 W35 2=
ZF(P>0.05), WMIEX CO25 CHs ¥ HUE E1E & /KM B2 & T HKI(P<0.05), N2O ¥ EUE & [ AL B 2% 5
FTZE R (P>0.05), BEREFE K R = FPR 2 A4 Bol 2257 2 R AN 8.3 (P>0.05).
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Fig.3 Spatiotemporal variations of greenhouse gas diffusion fluxes (a~c) in Gangnan Reservoir, river channel, and Huangbizhuang
Reservoir

TEHEKH, CO2 A1 N2O 7 HUH 5 (19 25 (7] 22 7 AN B 35 (P>0.05). BEBEFE/KZE CHa ¥ HUE 5:(88.29+84.24
pmol-m2-d-") 5. 2 7 T i M 7K B (33.72+35.13 pumol-m2-d-")FIYAf i [X (18.51+14.10 pmol-m2-d-") (P<0.05). 7E
EKIA, B R K EE =R AR O B B T B B K EE R IE (X (P<0.05).
2.3 FKEEIKARRGRARIIR L M BR A 2 T AL AHAE

It T - B 1 7K 2R KA B T RR BRI T L3R 1 BFF ST IX KA pH N 6.81~8.51, 2 A4 2 55t SS Wi
A 44~210 mg L, PR R B AR 7EHEKIA S 2 = T & /K (P<0.05), 1T DO, EC. TDS 4 ORP £ % /K
T . AR K KRR TN WREEE KA R 3 & T HKIA(P<0.05), 1 i< B /K 5 STl X 2245 22 57 A o 3%
(P>0.05). 38 X /KA NHa*-N IR BEFIB K PE KA ) NOs-N IR BT % — 2, BIfEE/KIE &
(P<0.05). Fi/KEEFFPTR#) TN. NOs-N 5 SOC 7EHE/K I B3 /& T & /K 1(P<0.05); M4 NHs N =45
Z 7R E#(P>0.05).
2.4 KERESHESHEERFHXER

TR b, KK EE KR pH EFE PR 23 i T3 BE FE K BERIATE X, T H: TDS Al ORP R AiK
(P<0.05). & 7K W 5 B 7K e KA 55 2R (TN NHa =N 1 NO3s-N) i & 1 8 ZAK T K, SS 5 55 (P<0.05).
HEAK I _F 37K BE 7K A8 NHa*-N F1 NO3-N IR BE 43 70l &2 2 AT i 7K 2 FINATE [X (P<0.05), SS Al TN ik £ 7 [A]
ZE R AR (P>0.05). KEGKEEHUIARY) SOC & 2 7E P25 0 K T8 (P<0.05). & /K < B /K B DTARY)
TN FI NHa"-N 75 52 1 25K T 18 A0 B RE K 2, ThTHEZK 3 i R 7K PE TR P NOs~-N & 5 5 3 (P<0.05).
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Tab. 1 Spatiotemporal variations of environmental factors in the Gangnan Reservoir, river channel, and Huangbizhuang Reservoir
W R, S BV AF RS T BER R[] — KR FEIAEE R TAA1E S 2R T 2 7(P<0.05); BUE MK B MKIRFRICA A, B;
NG FERFRORIF —Z 1 A R T A7 75 3 22 W) 22 57 (P<0.05), FUE K EAMKIRFRIE N a, b, c.

KB R T — ﬁrﬁjfﬁﬂ — giﬁ\{.ﬁﬁ
< R 7K B AITE HERE K E < P 7K B HRE K B
W _pH 8.35+0.13Aa 7.69+0.41Ab 8.05£0.22Ab 8.04+0.39Ba 7.19+0.37Bb 7.60+0.15Bb
WT/(°C) 25.14+1.25Aa 21.40+0.10Ab 24.37+1.18Aa 3.98+1.74Ba 1.53+1.20Bb 3.00+1.80Bab
DO/(mg-L") 8.29+2.05Ba 6.82+1.59Bb 7.41£2.24Bab 13.12+1.11Ab 13.70+3.71 Aab 14.19+1.22Aa
EC/(ps-em™) 459.254+26.91Bb 497.56+21.17Bb 602.38+34.08Aa 471.25+112.71Ab 652.00+£108.00Aa 552.57£151.89Ab
TDS/(mg-L") 229.63+13.66Bc 252.33+11.45Bb 302.19+15.19Ba 257.50+22.94Ab 340.67+46.03Aa 376.14+29.39Aa
ORP/(mv) 127.36+£11.88Ab 169.90+13.89Ba 165.96+21.18Ba 136.36+25.57Ab 216.97+25.27Aa 240.74+25.00Aa
SS /(mg-L") 175.08+37.83Aa 162.50+28.75Aa 147.52+44.78 Aa 73.35+11.75Ba 55.06+9.56Bb 56.67+16.04Bb
W_TN/(mg-L") 4.00+0.50Aa 4.42+0.82Aa 4.21+0.90Ba 3.954+0.73Ab 4.80+1.59Aab 5.01+1.34Aa
W_NH4*-N/(mg-L") 0.04+0.01Ab 0.06+0.02Bab 0.10+0.07Aa 0.08+0.17Ab 0.194+0.06Aa 0.244+0.35Aa
W_NO;5-N/(mg-L") 2.87+0.45Bb 3.73+0.85Aa 2.73+1.15Bab 3.70+0.56 Ab 4.29+1.72Aab 4.44+1.10Aa
S _pH 7.87+0.17Ab 7.92+0.32Aab 8.05+0.28 Aa 7.75+0.42Aa 7.66+0.29Aa 7.504+0.29Ba
S _TN/(mg-kg™) 637.21£290.10Aa 482.31+£226.47Aa 571.32+178.25Aa 275.41+241.53Bb 478.33+112.57Aa 411.40+264.63Bab
S NH4*-N/(mg-kg™) 21.34+4.20Aa 21.43+11.30Aa 27.62+12.73Aa 20.62+1.23Ab 22.93+2.93Aab 30.28+12.45Aa
S NO5-N/(mg-'kg™) 4.28+0.81Aa 3.49+0.34Ab 3.37+0.70Ab 1.97+1.00Ba 2.00+1.52Ba 2.33+1.47Ba
SOC/(g'kg™") 14.62+7.80Ab 24.38+6.33Aa 20.41+8.71Aab 5.95+4.83Bb 9.87+1.17Ba 8.99+4.45Bab

B K B KA = SR VE AR B RN HOE & S K AR AT I PEAL FE AR E/T  Spearman A<t Hr, 45
RUE 4 s, ARAFRESAESHAEER T HRAHSHEAR. HKI CO BRI E 5 % B TR FRAH I 1
AN E(P>0.05), CO2 B EN 5UTIRY) pH 2 &35 H A 5(P<0.05). CHa ¥ 7K FEFIIE & 5 K& EC.
TDS(P<0.01). NH4"-N(P<0.001)2 &3 [EAH O, CHa WEAFIREIE 57K pH. ST NOs-N 283 511 58
(P<0.05). N20 ¥ 173K J¥ 5 7K4& ORP(P<0.05)F1 NH4*-N(P<0.01)2 IEAH 2%, 57K 4K pH(P<0.001). DO(P<0.01)
FPTERM NOs-N(P<0.05) £ 2. 3E F1 A, N2O 1l & 57K & EC. TDS(P<0.05)- NH4*-N(P<0.01) 2 . 3Z IEAHK.
EIKHH COLVBAFIR B & 5Kk pH. WT. SS 223 fik55(P<0.05), 5 TDS. Vi SOC KKk 5T
FAW) NHa™-N 5 i 2 1235 IEAH 9G(P<0.05); CHa VAR BEFIIE f 57K 4 pH 2 2.3 A 55 (P<0.05), 5 TDS.
ORP £ 23 IEAH(P<0.05), CH4 B EIE S WT. SS 2 B3 71/155(P<0.05), 5 DO AU/KATLHI AR EEIE
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PR pHWT.SS £ i3 71 4H 9(P<0.05), N2O 3@ & 57K 78 DO TN NH4*-N(P<0.05) L K JT M NO3s-N(P<0.001)
BIEAR.

B 22 7 2 WK R AL B0 bR B 26 M S, 0% H BRIl T (VIF<S) 5 7K P & AR VA A7 9 AN
BB R AT RDA 2B 5). ZEHEK I, 7KK EC. DO FIPTARY) NHa™-N & 5 0I5, 35 S S ARk P i 2 5
F T (B Sa), Xl = SRIEAF IR EZ R AERER 3 308 27.9%. 21.2%. 11.8%. H A, EC. YR NH-N 5
CHav NoO VEFFIRE R IEA DR, 5§ CO VAR FE B F1UAH2C; DO &5 =il &8 SARVE A7k FE 35 5 UM O AR )
pH I EC fE 54 MiE = S A UM B A 32 2 K (B 5b), SHE =AY §0E 52 R AR R 508 16.8%.
14.9%. Hr, iAW) pH 5 =FPil &= SR Hos =45 2 71858, EC 5 CHay N2O ¥ Bl 2 IEAHR. 7B K
1, 7KAK pH. NH4*-N 2 R0 = SRV ARIR B 1) = Z2 R 7 (B Sco), fRREZE AN BN 35.7%. 16.4%. ForhKik
pH 5 =R S SRR S RS, KK NHN EE Y N0 ISAAR 1 B8 ¥ IEH. /KK DO. SS
SRR E S AP Bl R R ER KA 5d), BREERSHN 33.6% 22.2%. HH DO 5 =FiiEE S Ay fum
HEIEADE; SS 5 =il & Sy Hos = 2 fukE K.
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