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Abstract: Under global warming, the increasing frequency of high-temperature events in lakes, combined with the ecological
restoration project "Cessation of Aquaculture and Return to Lake" implemented in eastern Lake Taihu since 2019, has created
complex interactions that complicate the dynamics of lacustrine methane (CH4) emissions. This study aims to elucidate the
impacts of these high-temperature events and ecological restoration on CH4 emissions in Lake Taihu and their underlying
mechanisms. Using high-frequency observational data from the Dongtaihu site of the Taihu Eddy Flux Network (2018-2020), we

employed the seasonal threshold method to identify high-temperature events and systematically analyzed their effects on CH4
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fluxes alongside the regulatory influence of the restoration project. Results show that the seasonal threshold method effectively
captured short-term high-temperature processes that drive CHa emissions, accommodating both seasonal water-temperature
fluctuations and high-frequency temporal variations in emissions. From 2018 to 2020, 23 high-temperature events were identified.
Their promotive effect on CH4 emissions exhibited distinct seasonal differences, being stronger in spring and autumn than in
summer and winter. During individual events, CHa fluxes typically followed a three-phase pattern: stable in the pre-heatwave
period, a sharp increase during the heatwave, and a decline in the post-heatwave period. The "Cessation of Aquaculture and Return
to Lake" project effectively suppressed CHa emissions during high-temperature periods. In the ecological restoration phase, the
median CHa fluxes before, during, and after high-temperature events were 0.05-0.17, 0.07-0.25, and 0.04-0.15 pgrm2-s™!,
respectively, representing reductions of approximately 72%-95% compared to the prior aquaculture phase (0.42-0.62, 1.05-5.26,
and 0.71-4.60 pg-m2's™!, respectively). This study provides a theoretical basis for understanding the response mechanisms of
carbon cycling in shallow lakes to climate warming and ecological management.

Keywords: Lake Taihu; CHa flux; dynamic threshold; spatiotemporal variation characteristics; cessation of

aquaculture withdrawal and lake restoration
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Fig.1 Schematic map of the study area (a) and photographs of the sampling site (b)
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Fig.2 Time series of CHy4 flux and high-temperature events from 2018 to 2020
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Fig.3 Schematic diagram illustrating the definition of lake high-temperature events based on the seasonal threshold method (red areas

indicate periods of high-temperature events)
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Fig.4 Distributions of key characteristics (duration, maximum intensity, and average intensity) of high-temperature events from 2018 to

2020
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Fig.5 Comparison of CHj4 fluxes between lake high-temperature and non-high-temperature periods for each season and the entire year (*

indicates a statistically significant difference, p < 0.05, shown at the top center of the figure)
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Table 1 Phase-wise response comparison between high-temperature event intensity indicators and CHa flux (only
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high-temperature events with > 60% valid CHa flux data are shown)
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Fig.6 Impact of nine high-temperature events on CHs flux: time series plots for the periods before, during and

after the events (CHa flux data with > 60% validity across all three periods)

‘ \
I\ U )‘-J'

HE A R E >

it BBl IR IR X IR S AR R 2R, BATTHEE T S AR CHA Sl S AR XTI ¢
HEE-AIEED /ATEE X 100%) o ZRER (B 70 , KRR F 7451 % CHy 38
15 67.3.0%, ARG K 24.1%, WINGREEFEIEIE 43.2%. BEAh, 220k b om A oA e i e i

(K 7d> , CAFAF 2 53144 8 Nf,

BN 1.13 FEZE 0.07 ug'm2-s7!, FEIFIE 93.8%, AHXTIGIEM 82.3%F4 % 40.0%. %1,

FEALEE A _Fydb T #1A CHa HEIRTY, 38220 1 el S0 CHa HEUR R 21 T

k=gl

JREERFEMR TR Y (8.9°C. 8.2°C) , {HIKE MARI4xTiE
“RFEIR T



CHaR N ipgm "2 )

v . -
1) — eAmEum i b
| s ARUMm
3
;l‘-l- -
J
. -
-
_
€ ! - . ' J
= ' /
- '
e
" L

* T 1 AAND ' ‘ ) . . . " "
)

B 7 “IRFRIEM” TREXTM SR CHy HEBUK R LR & 0T (%, p<0.05; **, p<0.01; ***, p<0.001)
Fig.7 Comprehensive analysis of the regulatory effects of the “Cessation of Aquaculture and Return to Lake” project on CHy
emissions during lake high-temperature periods (*, p < 0.05; **, p <0.01; *** p <0.001)

3 g

1 EREN4X CHyBERFIN

PRI R IR PRI CHa HERI IR BY,  AS 57 e 38 5 AR i il P 53 7 R e~ S8 AT S A i A
L S5 R XU« KRS IR S AR A, IX — AERAE R R DI A BIHIER2 23, B i e R
PIUESIIR FE T e2 CHa HEBCEINAIZ O BT, b A BEARIEL T 57 T R 2 S8 ELH0-100, ARHIT 96 AR Bl
BE— RN M B S TR AR B JIURR IR SE . 35TV CHL 388 S0 vl SR PR e 2 SR 0 2 2 ) T 22
FHWE i g1 ) CHy BB IE ) e T B A2 . REEHTHERFKIRBOvEE, AT RETiM
Pyebr B GE B ARG B0 e At X AN 21130 2 SRR AR DL SOK A K S T R g ), e
Fred et 7B RANURMC. maERZS, hTEMEER R, WL REREEUEE (Qo) ATk
HAEARABS, 35 TR H A e AR AR R D55 s 2l BRI ™ PP e T O 52 L BRI, R T 3 T Ok
L1391, A2 ) PRI 5 A ) 7 B e AT R, S e A B R U B R 0T, AT 5 T vl R 1)
INSL . AR, WEEARRE, iR S AF U598 S35 (et 1A CHa IIHERG il CH. il B — i
HAMAIN 112%. BE4, 2020 FHEFEHRIRER T (7. 8) CHa#EE{H 0.04~0.07 pgm s~ HIEHT B
ez, RWIH CRIFEW” PWANEBN, R GRYA R, BT R R e R e R, EME
REFR SRS . S ER T EAVE T, b T 0 A7 AL SRR 5 DL B AW FEAE A 25 A
REHTHY 9 ANFAF T REFFAE— MR MERIREA . EATR T RS Rl 1) T R AEAE R RSP RRE .
TR AR J0 o 0 2 DR B ok 2 AN AL T A R PR S, T RE S SE AR AR CAnPEBE IR X . RN AR
IR MR (EEE TR SR FROMINZ R, 57T LUy 7 v i i JUIVA CHa HETR SR AR
HEESF,
3.2 “IRFFIEH” X CHa HEREIF M

AR TRRAE NGB N AT T, i 2@ b R W CHs HE. &5, KA R ME
CHs HE R T2 — o EIRBHERASRGET, KA ETF 10~20 em 781 REFEE, B 2R CHa



Heit (r=0.985) , H. CHa HEACBE WK IT [HI3GNCS-29T, ok, FEBE RSN CHa 3 & 1RSI R AR 7S RGIREY
Mo AR S K Rt st TRt (PR . BOINFLEED B84 M8 CH. WRUSCE IS I 90%F1
30.8%I20, TEPEAT VDI, FHBIRSEAE CHy WG R I 18.7 pgm > h 13 A 47.6 pgrm > h 1493, g HRE
A2 0 R A B K AL BT R ALK A R (AU IR BE 10 4F JE HOGE T I E I 1387.67
mgkgh ) BT, BRI CHa HER. 7EMIVEAESIKE A, SMIEBER N F ] SRR B IL VT CHa B
e ZEGEEKE YUK, BT BRBIKE ST R EES, RN TE A S H s
o, CHsIBEM 0.23 pgrm2-s7 [£Z 0.05~0.06 pgrm2-s7!, NARKE XK 23.8%0300, ZR A P IFER
i, KENJ15AERE 2 24k, AMIRBEIAIR D, I E R R 25 2N 25%TF & 79%, CHa-C 4F BT HEE
i 2018 £/ 36.01 g-C-m2 f& 2 2020 £/ 22.80 g-C-m2, /NEREE, KAKMH AR EE LT CHa A
AIER T, B RS WRI R YRR B AE G, ARBIL T “IBFRIEW” 7E CHa HEBOR S P I AURAE ]« FFIK, M CHa
AR IR N, CHa @R M 2018 £E=HR AN 3.25 pg-m 25 FIIER BN 1.87 pgrm2-s7' [§
%2019 1 1.02 1 0.76 pg'm2-s7', 2020 FiE—FFFE 0.68 1 0.52 pg'm2-s7'. 2020 FE Z= iR CHa
AR 2018 4F [FHRE miR AR R 87%, R CIRFREH” TR MM T mi AR CHa HEBH
fRHHER . MeAh, BT CiEE. B EBEBEREXGED AR A EDSRE dnfofaeE) mERH
I [R] RUE B R AR SRR M2, AT AHTE 78 i AR B i <R IR0 7 TAZEE ol CHa J8 50X ey iR S
R EARLEE, R RFFEEEMAEDMT GRHTF W GE /e U VR 251D DT S ERHE 21T
IREE PR B A I S - B, 7 o) B 02 TR ] 03T Y CHL HETSONT v il ol ) U, b 1T A T 8 2R
WA CH4 B E M R ENLE
% 2 IR X R S CHL 3B R0 L

Table 2 Comparison of the impacts of high-temperature events on CH, flux across different regions

CH4 &

ARG ARG i X/ 5% SRR )/ 77712 P SCHR
pgm*s
2010—2100 4/
20°—30°N L) %7 wEEbini Jb e HEFE 7 0.2~0.6 [9]
3 S+ AR
Ll o )
30°—40°N iR S AT S 0.15~0.4 [21]
IR
30°—40°N TEWRR R HL [ b 2018 FFEH FET- 0.1~0.4 [10]
30°—60°N ER=E e A N IE-DN SS a 2010—2012 £EHJRAE 0.19~1.48 [23]
30°—60°N INBLR T I REREFIR PIRE 5 TN / [12]
30°—60°N R I AR 1992—2020 4 / [13]
e o
55°—65°N W W B, 252 2018 FEHIR+HRR R 0.46 [22]
2000—2019 4F/
0°—90°N Wi 43K 0.2~0.5 [11]

BRI

AT FUIE TR ARG 2018—2020 4 [ FELL O Bt , 3 I A i 2 P s A AR R v T A
RG] T HX R (CHa) HERIIEEMT, JEPPAG T “IRIRIEM 7 S TREMIRIEIEN . FEA5 R T

(1) iR AR et 7 ORI CHa HE, e YT B BIE iR 0 P P G IEIE 112%, HAFER N
TES, FERFOHRRNT R TEL T, ERRENrT, CHOBEZ 23 iR, PHIB0g. 58
7 7 B2 = B BOAR AR AIE



(2) “IRFFVH 7 FL ORI, ARRE R (2019—2020 4E) 1 CHs HEBUK FEK = 5588 (2018

) BRI 72%~79%, BAEmIRFAE S BRI BEME], ESE T ARKE A 8 =R F
A T L A HE TR IR R

e FAF S A A WA CHa HER R &b = 2%, U075 AT [a] P 21 LI s AR ORI

N8R H AR R 5 KRR
5 &E k-

(1]

(2]

(3]

(4]

(5]

(6]

(71

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

Xie FY, Erler AR, Chandan D et al. Great lakes basin heat waves: an analysis of their increasing probability of occurrence under
global warming. Frontiers in Water, 2021, 3: 782265. DOI: 10.3389/frwa.2021.782265.

Yang YF, Deng JM, Woolway RI, et al. Lakes are experiencing more severe heatwaves than the atmosphere. Communications Earth
& Environment, 2025, 6(959): 1-12. DOL: 10.1038/s43247-025-02907-9.

Saunois M, Martinez A, Poulter B et al. Global Methane Budget 2000-2020. Earth System Science Data, 2025, 17(5): 1873-1958.
DOI: 10.5194/essd-17-1873-2025.

Yang PZ, Ji YF, Lu JH. Transformation of ammonium to nitrophenolic byproducts by sulfate radical oxidation. Water Research,
2021, 202: 117432. DOLI: 10.1016/j.watres.2021.117432.

Xu H, Li H, Tang Z et al. Underestimated methane production triggered by phytoplankton succession in river-reservoir systems:
Evidence from a microcosm study. Water Research, 2020, 185: 116233. DOI: 10.1016/j.watres.2020.116233.

Gudasz C, Sobek S, Bastviken D et al. Temperature sensitivity of organic carbon mineralization in contrasting lake sediments.
Journal of Geophysical Research: Biogeosciences, 2015, 120(11): 2211-2225. DOI: 10.1002/2015JG002928.

Pu YN, Zhang M, Jia L et al. Methane emission of a lake aquaculture farm and its response to ecological restoration. Agriculture,
Ecosystems & Environment, 2022, 330: 107883. DOI: 10.1016/j.agee.2022.107883.

Beaulieu JJ, Delsontro T, Downing JA. Eutrophication will increase methane emissions from lakes and impoundments during the
21st century. Nature Communications, 2019, 10: 1375. DOI: 10.1038/s41467-019-09100-5.

Bansal S, Burg MPv der, Fern RR. Large increases in methane emissions expected from North America’s largest wetland complex.
Science Advances, 2023, 9(9): eade1112. DOI: 10.1126/sciadv.adel112.

Wang HT, Jurasinski G, Tédumer J et al. Linking transcriptional dynamics of peat microbiomes to methane fluxes during a summer
drought in two rewetted fens. Environmental Science & Technology, 2023, 57(12): 13456-13465. DOIL: 10.1021/acs.est.2c07461.

Xu M, Zhang J, Zhang Z et al. Global responses of wetland methane emissions to extreme temperature and precipitation.
Environmental Research, 2024, 252: 118907. DOI: 10.1016/j.envres.2024.118907.

Bartosiewicz M, Laurion I, Clayer F et al. Heat-wave effects on oxygen, nutrients, and phytoplankton can alter global warming
potential of gases emitted from a small shallow Lake. Environmental Science & Technology, 2016, 50(6): 3111-3119. DOI:
10.1021/acs.est.5b06312.

Edwing K, Wu ZL, Lu WF et al. Impact of Marine Heatwaves on Air-Sea CO; Flux Along the US East Coast. Geophysical Research
Letters, 2024, 51(4): €2023GL105363. DOI: 10.1029/2023GL105363.

Chen ZY, Liu GM, Wang YX et al. Effect of temperature on methane production in sediments of thermokarst lakes/ponds on the
Qinghai-Tibet Plateau. Journal of Glaciology and Geocryology, 2023, 45(2): 548-557. DOI: 10.7522/j.issn.1000-0240.2023.0042.
[RAFER, XIRELR, MBS, 5 7 5 s SR A A S U AR ) e P i (s . KR L, 2023, 45(2): 548-557.]

Qin Y, Li YB, Zhang YY et al. CO, and CH, fluxes variation across water-air interface and influencing factors in Chongging’s
central urban area of the Three Gorges Reservoir during the flood season. Journal of Wuhan University: Natural Science Edition,
2024, 70(1): 27-38. DOI:10.14188/j.1671-8836.2023.0050 [Z= 5%, ZE4R¥Y, KBRS, = WkoK )% 8 PR L IRBEAUI /K-S A
CO, 5 CH, JBRAS L R LI 2. PO 22 (B AR, 2024, 70(1): 27-38.]

Huttunen JT, Alm J, Liikanen A ef al. Fluxes of methane, carbon dioxide and nitrous oxide in boreal lakes and potential
anthropogenic effects on the aquatic greenhouse gas emissions. Chemosphere, 2003, 52(3): 609-621. DOIL: 10.1016/S0045-
6535(03)00284-3.



[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

(27]

(28]

[29]

[30]

(311

(32]

[33]

[34]

Xing Y, Xie P, Yang H et al. Methane and carbon dioxide fluxes from a shallow hypereutrophic subtropical lake in China.
Atmospheric Environment, 2005, 39(30): 5532-5540. DOI: 10.1016/j.atmosenv.2005.05.044.

Ren YJ, Deng ZM, Xie YH et al. Estimation of methane diffusion and ebullition flux and water environmental controls during
flooding period in Lake Dongting wetlands. Journal of Lake Sciences, 2019, 31(4): 1075-1087. DOI: 10.18307/2019.0418. [{EZ
T, BIEWT, WS, T R S S F e O SR HE GE R Al S ORISR A A, AR, 2019,31(4): 1075
1087.]

Xiao W, Liu S, Li H et al. A flux-gradient system for simultaneous measurement of the CH4, CO,, and H,O fluxes at a lake-air
interface. Environmental Science & Technology, 2014, 48(24):14490-14498. DOI: 10.1021/es5039488.

Podgrajsek E, Sahlée E, Bastviken D et al. Methane fluxes from a small boreal lake measured with the eddy covariance method.
Limnology and Oceanography, 2016, 61(S1): S41-S50. DOI: 10.1002/Ino.11316.

Cui MM, Ma AZ, Qi HY et al. Warmer temperature accelerates methane emissions from the Zoige wetland on the Tibetan Plateau
without changing methanogenic community composition. Scientific Reports, 2015, 5: 11616. DOI: 10.1038/srep11616.

Humborg C, Geibel MC, Sun XL et al. High emissions of carbon dioxide and methane from the Coastal Baltic Sea at the end of a
summer heat wave. Frontiers in Marine Science, 2019, 6: 493. DOI: 10.3389/fmars.2019.00493.

Bartosiewicz M, Maranger R, Przytulska A et al. Effects of phytoplankton blooms on fluxes and emissions of greenhouse gases in
a eutrophic lake. Water Research, 2021, 196: 116985. DOI: 10.1016/j.watres.2021.116985.

Wang XW, Shi K, Zhang YL et al. Climate change drives rapid warming and increasing heatwaves of lakes. Science Bulletin, 2023,
68(12): 1574-1584. DOI: 10.1016/j.s¢ib.2023.06.028.

Woolway RI, Anderson EJ, Albergel C. Rapidly expanding lake heatwaves under climate change. Environmental Research Letters,
2021, 16(9): 094012. DOI: 10.1088/1748-9326/acle4b.

He TH, Ding WX, Cheng XL et al. Meta-analysis shows the impacts of ecological restoration on greenhouse gas emissions. Nature
Communications, 2024, 15: 2668. DOI: 10.1038/s41467-024-46991-5.

Ye X, Liu DY, Zheng H J, et al. Simulation of production potentials of nitrous oxide and methane and nitrogen removal capacity
of soils in restored and natural marshes and paddy fields near Xingkai Lake. Wetland Science, 2022, 20(2): 251-259. DOI:
10.13248/j.cnki.wetlandsci.2022.02.014. [, XIZEHE, MEALE. MU RPHSIEH, RIATEFFFEH LI T
R, B AIE IR AR I 7T, W RN, 2022, 20(2): 251-259.]

ZhaoY Q, Ma X J, Zhao W J, et al. Impacts of wetland restoration after reclamation on greenhouse gas emissions in the Sanjiang
Plain, China. Chinese Journal of Applied Ecology, 2023, 34(8): 2142-2152. DOI: 10.13287/j.1001-9332.202308.001. [i¥ A 25, 4
F5it, BB, =01 R RN R AR HR . BT ARSI, 2023, 34(8): 2142-2152.]

Zhang T B, Liu X H, An Y, et al. Laboratory study on greenhouse gas emission from top soils of lands of returning farmland to
wetland under simulated water levels. Wetland Science, 2019, 17(6): 765~772. DOI: 10.13248/j.cnki.wetlandsci.2019.06.014. [5K
RE, XL, M5 EABAUKA FEIHEERZ H3E = AR H 7. R, 2019, 17(6): 765-772.]

Fan SM, Gu Y, Chen H et al. Effects of submerged plant restoration on methane release in Lake Xuanwu, a typical urban lake.
Journal of Lake Sciences, 2025, 37(3): 784-797. DOI: 10.18307/2025.0314. [B&iti8, BT, FEAS4E. VisKHE I S T M A
T Z PO R BRI sE . SIEFY, 2025, 37(3): 784-797.]

Cheng Q, Ye YB, Bevacqua E et al. Human influences on spatially compounding flooding and heatwave events in China and future
increasing risks. Weather and Climate Extremes, 2023, 42: 100616. DOI: 10.1016/j.wace.2023.100616.

Qin B, Xu P, Wu Q et al. Environmental issues of Lake Taihu, China. Hydrobiologia, 2007, 581(1): 3—14. DOI: 10.1007/s10750-
006-0257-7.

Chen Y, Fan H, Peng K et al. The impact of baseline selection on heatwave event calculation methods. Journal of Henan Normal
University, 2025, 53(2): 123-130. DOI: 10.16366/j.cnki.1000-2367.2025.02.015. [FFiT, Y878, ©9l4%. L RFAHORE
FETHEE TR R AT RS T YE DR 2% 541, 2025, 53(2): 123-130.]

Hobday AJ, Alexander LV, Perkins SE ef al. A hierarchical approach to defining marine heatwaves. Progress in Oceanography,

2016, 141: 227-238. DOI: 10.1016/j.pocean.2015.12.014.



[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Beaulieu JJ, Smolenski RL, Nietch CT e al. High methane emissions from a midlatitude reservoir draining an agricultural
watershed. Environmental Science & Technology, 2014, 48(17): 10091-10099. DOI: 10.1021/es501871g.

Yvon-Durocher G, Allen AP, Bastviken D er al. Methane fluxes show consistent temperature dependence across microbial to
ecosystem scales. Nature, 2014, 507(7493): 488-491. DOI: 10.1038/nature13164.

West WE, Creamer KP, Jones SE. Productivity and depth regulate lake contributions to atmospheric methane. Limnology and
Oceanography, 2016, 61: S51-S61. DOI: 10.1002/In0.10247.

Marotta H, Pinho L, Gudasz C et al. Greenhouse gas production in low-latitude lake sediments responds strongly to warming.
Nature Climate Change, 2014, 4(6): 467-470. DOIL: 10.1038/NCLIMATE2222.

van den Berg L. Effect of temperature on growth and activity of a methanogenic culture utilising acetate. Canadian Journal of
Microbiology, 1977, 23(7): 898-902. DOI: 10.1139/m77-132.

Miao Y, Wang CR, Li Y et al. Effect of bioaugmentation on psychrotrophic anaerobic digestion: bioreactor performance, microbial
community, and cellular metabolic response. Chemical Engineering Journal, 2023, 455(6): 140173. DOL
10.1016/j.cej.2022.140173.

Liu WY, Feng X, Niu ZC et al. Temporal characteristics and vertical profiles of atmospheric CH, at the northern foot of the Qinling
Mountains in China. Atmospheric Environment, 2024, 337: 120786. DOIL: 10.1016/j.atmosenv.2024.120786.

Xing Q H, Cheng H, Liu S Q, et al. Seasonal characteristics of CHy flux in a restored salt marsh wetland at Liao River estuary.
China Environmental Science, 2023, 43(11): 6123-6131. DOI: 10.19674/j.cnki.issn1000-6923.2023.0410. [JFK <, F2is, XiE
A W MAESBE X CH, HBCREZE TR, o E R, 2023, 43(11): 6123-6131.]

Wang B, Duan Y X, Wang W F, et al. Effects of vegetation restoration on soil CH4 and N,O fluxes in the non-growing season in
the Hobq Desert, China. Acta Ecologica Sinica, 2020, 40(6): 2028-2038. DOI: 10.5846/stxb201902260362. [ T {8, Bt K4, T
P0G, R S X A FR b AR A KR 3 CH,. NyO B R MIEEM. £ 243), 2020, 40(6): 2028-2038.].



