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B paMkax maHHOrO MCCIIENOBaHMS MPOBEJCHA OLEHKA BO3MOXKHBIX OTIMYHHA B OTKJIMKE OOJIOTHBIX HKOCHCTEM
YMEPEHHBIX W MOJIIPHBIX LIMPOT, PACIIONOKEHHBIX Ha PA3IMYHBIX KOHTHHEHTAX, HA SKCTPEMAJIbHBIC SIBICHHS IOTOJIbI
(aHOMaJIBHO BBICOKHE/HU3KHE TEMIIEPATyphl, 3aCyXH/WHTEHCUBHBIC OCAJKH U JIp.). BinsHME 3KcTpeMaibHBIX SBICHUH
TIOro/(bl Ha M3MEHYNBOCTH MOTOKOB CO, 1 ckpriToro Temia (LE) B pa3nndHbIx OOJTOTHBIX 9KOCHCTEMAaX OLEHUBAJIOCH C
ITOMOIIPI0 METEOPOJIOTHIECKHAX JaHHBIX peaHanmu3za ERAS, a takke maHHbix o motokax CO, u LE c¢ 15 cranmmit
MOHHUTOPHHIA TIOTOKOB MapHHUKOBBIX Ta30B n3 riiobansHoi cetn FLUXNET. Anamn3 peakuuu norokos CO, u LE Ha
9KCTpEMAJIBHBIE TEMIEPATyphl M OCAJKM IIOKa3aJl, YTO OTKIMK OOJIOTHBIX 3KOCHCTEM B YMEPEHHBIX M IOJSPHBIX
IIMPOTAaX MOXKET pa3InyaThCs B 3aBHCUMOCTH OT T€OrpaMuecKoro IOJIOKEHUS, PETHOHAIBHBIX KINMATHIECKHX
YCIIOBHH, CTPYKTYpPBI PACTHUTEIBEHOTO TIOKPOBA, @ TAKXKE OT HHTCHCHMBHOCTH aHOMAJINH TeMIlepaTypsl U ocaakoB. Ecin B
YMEpEHHBIX IIMPOTaxX B TEYCHHE TEIUIOro IMEpHOoAa BO BPEMS SKCTPEMAIBHO BBICOKMX TEMIIEpaTyp Haluoianachk
npeobyafaromas mojaoKuTenbHas anoManusi noroka CO, (mpeBblmieHue smuccun Haj moriomienueM CO,), To B
MOJSPHBIX IIUPOTaX OTMEYAJIICS MPOTHUBOMOIOKHBIA OTKIMK — yBenndeHue Herro mnoriomeHns CO, OGO0IOTHBIMHU
9KOCHCTEeMaMU. MTIHOBEHHBIH OTKJINK HA MHTEHCHBHBIE OCAJKH BO BCEX PACCMAaTPHUBAEMBIX OOJOTHBIX YKOCHCTEMAax
ObUT WICHTHYHBIM M NPOSBILUICS B BHIC YCHICHHS SMHcCHM (TonoxuTenbHOW anomanmn) CO, B atmocdepy.
OKCTpeManbHO BBICOKHE 3HAYCHHUS TEMIIEPAaTyphl CONPOBOKAAINCH ITOJNIOKHUTENBHBIMA aHoManmsiMu LE wm3-3a
WHTCHCU(DUKAIMY TIPOIECCOB HCMAPEHHsS C MOBHIMICHHEM TeMIiiepaTyphl. [1oqo0HbI »ddexT HabmromaiIcs BO BCEX
HCCIIeqyeMbIX OOJIIOTHBIX dKocucTeMax. KyMynsaTHBHBINA 3 (EKT OT IKCTPEMaIbHO BEICOKHX OCAIKOB XapaKTepPH3yeTCs
npeobnananuemM smuccud CO, Hajx TOMIIOMIEHHMEM KakK B OOJOTHBIX JKOCHCTEMax YMEPEHHBIX IIHPOT, TaK H B
OTZAEJIBHBIX YKOCHCTEMAX, PACIONIOKEHHBIX B MOSAPHBIX mMporax. OTCYTCTBHE OCAaIKOB HA MPOTSKEHUH HECKOJIBKHX
HeJleTlb CHJIBHO HE CKa3blBasIoch Ha moTokax CO, M CONMpOBOXKIAIOCH U OOJBIIMHCTBA HCCIEAYEMBIX OOIOTHBIX
9KOCHCTEM JOMHUHHUPYIOMINMH OTPUIIATEIEHBIME aHOMaHAMH 1oToka CO, (ycunenne nornonienust CO,).

Knrwouessle cnosa: 00JI0THBIE SKOCUCTEMbI, AaHOMAJIMU TEMIIEPATYPhl U OCAIKOB, MIOTOKH YIJIEKHCIOr0 ra3a, peaHasus,
6a3a ganaeix FLUXNET.

This study conducted a comprehensive assessment of the response of wetland ecosystems in temperate and polar
latitudes, located on different continents, to extreme weather events. These events included temperature anomalies
(unusually high/low temperatures) and precipitation anomalies (droughts/intense precipitation). The analysis of the
response net ecosystem exchange (NEE) of CO, and latent heat (LE) fluxes to extreme temperature and precipitation
events used ERAS reanalysis data [Smith, 2011] and observations of CO, and LE fluxes from the global FLUXNET
database [https://fluxnet.org/data/]. Fifteen greenhouse gas flux monitoring stations were selected for the study,
representing the longest and most continuous time series of observations. These stations are located on different
continents, with eight stations in temperate latitudes and seven in polar regions. It should be noted that this study
focused exclusively on the warm season. The beginning and end of the warm season were defined as the sustained
crossing of the daily mean air temperature above 0°C for at least seven consecutive days.

For each station, daily anomalies of CO, and LE fluxes were calculated as the deviation from the long-term
mean values for the corresponding day of the year. Extremely high/low values of flux anomalies were identified as
exceeding one standard deviation from the overall time series for each calendar month individually.

To identify periods with extreme air temperature values, ERAS reanalysis data on two-meter air temperature
every 3 hours with a spatial resolution of 0.25°x0.25° from 1991 to 2021 were used. To estimate extreme precipitation
amounts, data from half-hourly station observations were used. Daily means were calculated from these data in a first
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step. Thresholds for defining extremely hot/cold periods were calculated as daily mean air temperature exceeding the
95th percentile (for anomalously hot periods) or not exceeding the 5th percentile (for anomalously cold periods) of a
normal distribution with mean and standard deviation. The distribution was constructed for a specific month of the year
and then averaged over the entire period considered. Two approaches were used to determine the extreme precipitation
threshold. In the first approach, extreme precipitation days were defined as days with daily precipitation exceeding the
95th percentile of the probability density function (the Weibull distribution was used for precipitation). The second
approach was based on the assessment of the Antecedent Precipitation Index (API), which determines the cumulative
effect of precipitation on CO, fluxes.

For the quantitative assessment of the relationship between temperature and precipitation extremes and flux
anomalies, the percentages of days on which both the NEE/LE anomaly exceeded the standard deviation and the
temperature/precipitation exceeded the 95th percentile for the upper threshold or the temperature did not reach the 5th
percentile for the lower threshold were calculated. The percentage was calculated based on the total number of days
when one of the characteristics (air temperature, daily sum of precipitation) exceeded the threshold.

The analysis showed that temperate and polar wetland ecosystems can respond differently to temperature and
precipitation anomalies. These differences can be attributed to the geographic location of the ecosystem, regional
climatic conditions, plant species composition, and the intensity of temperature and precipitation extremes. During the
warm half of the year, periods of extremely high temperatures in temperate latitudes were associated with a positive
CO, flux anomaly, corresponding to an increased emission of CO, into the atmosphere. In contrast, polar latitudes
showed an opposite response - an increase in CO, uptake by wetland ecosystems under anomalously high temperatures.
This opposite response of CO, fluxes may be related to the different soil moisture regimes in polar wetland ecosystems
and the different plant species composition. Extremely high temperatures were accompanied by positive LE anomalies
due to the intensification of evaporation processes with rising temperatures, a trend observed in all wetland ecosystems
analyzed.

The immediate response of wetland ecosystems to intense precipitation (above the 95th percentile) was
manifested as an increase in CO, flux to the atmosphere at almost all stations analyzed. This observed response could
be related to the "Birch effect" [Birch, 1964], which is characterized by an intensification of soil respiration due to a
sudden increase in soil moisture and, consequently, an increase in the rate of decomposition and mineralization of
organic matter during heavy precipitation and rising groundwater levels. LE flux decreases during intense precipitation,
indicating suppression of evaporation due to high humidity and reduced incoming solar radiation. The cumulative
effect (API index) of extremely high precipitation is characterized by a predominance of extremely positive CO, flux
anomalies over negative ones in wetland ecosystems at both temperate and polar latitudes. It should also be noted that
the percentage of days with increased CO, uptake during the two weeks following intense precipitation is significantly
higher than for the immediate response (10-25% of days in temperate latitudes and 5-20% of days in polar latitudes).
The increase in CO, uptake after heavy precipitation may be related to enhanced photosynthetic rates of the vegetation
cover under sunny weather and optimal soil moisture conditions. A prolonged absence of precipitation, represented by
extremely low API values, is accompanied by negative CO, flux anomalies (enhanced uptake) at most of the studied
wetland ecosystem stations, indicating a high adaptive potential of the studied wetland ecosystems to short-term (less
than 14 days) dry periods. On the other hand, enhanced CO, uptake could be facilitated by clear weather conditions,
which prevail during dry periods and are accompanied by an increase in direct solar radiation and corresponding
acceleration of photosynthetic processes.

It is noteworthy that flux anomalies often did not coincide with temperature or precipitation extremes, indicating
that the functioning of wetland ecosystems is strongly influenced by multiple abiotic and biotic factors, which vary
among different plant communities.

Key words: permanent wetlands, temperature and precipitation anomalies, Net Ecosystem Exchange (NEE) of CO,,
latent heat flux, FLUXNET database, reanalysis.

Hcnonb3yeMble COKpaLieHUS:
LE — cKpbITHIif MOTOK TeTLIa WK 3aTpathl Teruia Ha ucnapenue (latent heat flux);
NEE - nerro skocucremubiii oomen CO, (net ecosystem exchange);
GPP — BanoBast nepBUYHAs IPOAYKIIHS;
API — Antecedent Precipitation Index;
Q — KBaHTHIIb;
CKO unu STD — cranmapTHOE OTKIIOHEHHE.

BBE/JIEHUE

H3meHeHnss B COBPEMEHHOM KJIMMAaTe, XapaKTePU3YIOIIUECs pPE3KUM POCTOM TI00aIBHOM
TEMIEpaTyphl, M3MEHEHHEM pEeXKHMa OCaJKOB, a TaKKe YBEIWYCHHEM KOJIHYECTBA W WHTEHCHBHOCTHU
OITACHBIX SIBIICHWM TIOTOMbI, OKa3bIBAIOT aKTHUBHOE BO3CWCTBHE HA POCT, Pa3BUTHE H YCTOWYHBOCTH
pacturenbHbIX coobmecTB [Ciais et al., 2005; Ummenhofer et al., 2017; IPCC, 2021]. DxcrpemanbHbie
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SIBJICHUS TIOTO/IbI, TaKWe KaK BOJHBI JKaphl, KaTacTpo(uuecKue 3acCyXH, yparaHbl U WHTCHCUBHEIC JIHBHH,
MOTYT TIPUBECTH K HAPYIICHUIO COCTOSIHUS U ()YHKIIMOHHPOBAHHS TIPUPOTHBIX SKOCHCTEM U PaCTUTEITBHBIX
co00IIecTB, M3MEHEHHIO CKOPOCTH TpPaHCIHUpAIUH, (OTOCHHTE3a, IBIXaHHUS PACTEHHH W TOYBBI, HETTO
skocucremuoro oomena CO, (NEE) mexxay pacturensHocThIO M aTMocdepoit [Frank et al., 2015; Kramer et
al., 2020; Ritter et al., 2020; Zhang et al., 2022].

OpmauMu w3 Hambonee YSI3BUMBIX THUIIOB HA3eMHBIX OJKOCHCTEM Ha IUIAaHETe K BO3/ACHCTBUIO
AKCTPEMaJbHBIX SIBICHUH MOTOIBI MOXHO CYMTATh OOJOTHBIE IKOCUCTEMBI, TOKPBIBAIOIIKE 0KOMo 2.8% Beelt
3eMHOi moBepxHOcTH [Xu et al., 2018]. OHHM, KaKk ¥ OCTalbHbIE HA3eMHBIE DKOCHCTEMBI, AKTHBHO
pPETYIUPYIOT TpOIlecChl OOMEHa »JHepruei, BOASHBIM TapoM, auokcuaoMm yriepoma (CO,) Mmexay
MTOJICTUIIAONIEH TMOBEPXHOCTBI0O W aTMOC(EpOl, BBIMONHSAS BaXXHYI BOAOPETYIUPYIONIYIO (DYHKIIHIO,
(hopMupys paauarMOHHEIA U TEIJIOBOM 0allaHC 3eMHOM MOBEPXHOCTH, OMPEAEsas MUKPOKIUMAT OOIIHPHBIX
TEPPUTOPHI W TIOTIIONAst U yAepKUBas aTMOC(EpPHBINA YTIIepOJ B CBA3aHHOM COCTOSIHHMHM Ha MPOTSKEHUU
3HAYUTENBHBIX WHTEpBaNOB BpemeHu [Dinsmore et al., 2013; Scharlemann et al.,, 2014; FAO, 2020].
Cy1ecTByeT MHOT'O THITOB OOJIOT, PACIIONIOKEHHBIX B Pa3HBIX KIMMATHYECKUX YCIOBUSX W OTIMYAIOIINXCS
M0 XapakTepy IMHTAIUX BOJ, TOJIOKEHUIO B penbede W ApyruM dakropam. bomora pacmonokeHb
MPaKTUYEeCKH BO BCEX NPUPOAHBIX 30HaX CeBepHOro MONymapws, OJHAKO Haubollee IMHPOKO OomoTa
pacnpocTpaHeHbl B OopeallbHOW M cyOapkThyeckod 30He. OCHOBHOW (yHKIHEH OOTOTHBIX SKOCHCTEM
SIBJIICTCSI HAKOIIJICHHE OPTaHMYECKOro MaTeprana — Topda, KOTopblid 00pa3yercsi B pe3yibTaTe HEMOIHOT O
Pa3IOXKEHUS MEPTBBIX OCTATKOB PACTEHH B YCIOBHSX IMOCTOSHHOTO HM30BITKa Biard. Takum oOpa3om,
00JIOTa SBISIOTCS OJHUM W3 BOKHEHIIMX pe3epByapoOB YyIiiepoAa Ha IUIAHETe, Wrpas BAXHEHIIYIO pOllb B
noj/iepaHuy OanaHca MapHUKOBBIX ra3oB B atMocdepe [Oechel et al., 1993; Sirin et al., 2008; Post et al.,
2009].

Bonpoc BiMsHHS SKCTpeMalbHBIX SIBICHHUH TOrOAbl Ha pa3HbIe THUIBI OOJOTHBIX JKOCHUCTEM B
YCIIOBHUSIX MEHSIOMIEr0Cs KIIMMaTa CCIIEeIOBaH MOKa JOCTaTOuHO ci1abo. MccnenoBanus BIUSHUS aHOMAIILHO
KAPKUX/XONOMHBIX, 4 TaKXKe CYXHMX/W30BITOUHO BIAXHBIX MEPHUOIOB Ha (PYHKIIMOHMPOBAHWE OOJOTHBIX
SKOCHCTEM W Ha M3MEHYMBOCTH B DTHUX 3KOCHCTEMaX MOTOKOB MAPHUKOBBIX TA30B U MCIIAPEHUS ITPOBOIUIIC
B TOCJIEJIHHE TOJIBI B OCHOBHOM Ha IIpUMepEe OTAeIbHBIX 000THBIX 3kocucTeM [Gill et al., 2017; Park et al.,
2021; Mamkin et al., 2023], ¢ npuMeHEHHEM MPEUMYLIECTBEHHO KadeCTBEHHBIX IIOAXOAOB 0€3
WCIIONB30BaHMS JKECTKUX KPUTEPHUEB U KIACCH(UKAIMA aHOMAIMH METEOpPOJIOTHYECKUX TMapaMeTpOB U
ITIOTOKOB, a TaKkXke U 0e3 UX JanabHerero 00o6menns. O4eBUIHO, YTO B TOAOOHBIX HCCICIOBAHUAX Ba)KHO
HE TOJBKO BBISBUTH U OLECHUTH OOIIME TEHISHIHH W3MeHeHHs NmoTokoB CO,, ucnapeHusi Ha M3MEHEHUS
(hakTOpOB BHEIIHEW Cpeibl, HO TaKXKe Ba)XHO M TPOBECTH KOJIUYECTBEHHYIO OIEHKY W WHTEPIPETAINIO
BBISIBJICHHBIX 3aKOHOMEPHOCTEH. OTO SABISETCS 3allorOM Ul JIY4IIero TIOHUMAaHUS MeEXaHHW3MOB
(hYHKITMOHUPOBAHUS OOMIOTHBIX DKOCHUCTEM, a TAKXKe JUIS BO3SMOKHOCTH 00JIee TOYHOTO MPOTHO3UPOBAHUS HX
OTKJIMKa Ha BO3JICHCTBHE BHEITHUX (haKTOPOB.

Llenbt0 JaHHOTO WCCIENOBAHUS SBISUIOCH TIPOBEACHHE KOMWYECTBEHHOW OICHKH W BBISIBICHUE
BO3MOXHBIX oTiinunii B oTkirke NEE u 3aTpat Tenna Ha ucnapenue (LE) 60M0THBIX 9KOCHCTEM yMEPEHHBIX
Y TIOJSIPHBIX ITUPOT, PACIOIOKEHHBIX Ha Pa3IMYHBIX KOHTHHEHTAaX, Ha DKCTPEMAIIbHEIE TIOTOTHBIC SBIICHUS
(3HAYMTENBHBIE TOJOXHUTENBHBIE M OTPUIATENbHBIC AHOMAIHHM TEMIIEPAaTyphl BO3JyXa M OCaJKOB) C
ncnonb3oBaHueM riodanpHoi 6a3pl JaHHbIX FLUXNET u nanHbpIx peananmsa.

MATEPHAJIBI U METObI

Hns ananm3a BpeMeHHOH u mnpocTpaHcTBeHHOM wu3MeHunBoctd NEE u LE Obutn  oToOpanbl
SKCTIICPUMEHTAJIbHBIC JaHHBIC, IOJYYCHHBIE C TIOMOLIBIO MeEToAa TypOYJIeHTHBIX myibcanuii (eddy
covariance) [Aubinet et al., 2012] ¢ 15 craHumii MOHHUTOPUHIa MAPHUKOBBIX T'Aa30B M3 INI0OAIEHON Oa3bl
naaHeix FLUXNET (https://fluxnet.org/data/), koTopble mpeacTaBisuid coboii Hanbonee NpoaOKUTEIbHbBIE
W HelpepbIBHBIE Psiibl HabmoAeHni. CTaHLIMH pacrojiaralich Ha Pa3HBIX KOHTHHEHTAX: 8§ MOHUTOPHHIOBBIX
CTaHUMH B yYMEpPEHHBIX MMpoTax U 7 — B noisipHbIX (Puc. 1) (cmmcok cranumit cMm. B Tabm. II1). Bee
BBIOpaHHBIC I UCCIIENOBaHMS CTaHLMH, corfacHo knaccudukanuu IGBP [Belward et al., 1999], otHocsTCs
K BOIHO-OOMOTHBIM YroAbsAM. METEOpONOTHUeCKUEe YCIOBHS Ha CTaHUUAX aAHAJU3UPOBAIHCH C
WCTIOJIb30BAaHMEM JAaHHBIX CTaHLUMOHHBIX HAOMIOAEHMI M JaHHBIX peaHanm3a EBpomelickoro mneHTpa
nporHo3oB noroasl ERAS [Smith, 2011]. Caenyer oTMeTUTb, YTO B JAHHOM HCCIECIOBAHUH paccMaTpUBAaICs
TOJBKO TEIUIBIA mepuon roga. Hadano m KOHeI TEeIuioro ce3oHa ONpelessUINCh KaK YCTOMYMBBIA Mepexon
CpeIHECYTOYHOH Temmeparypsl Bo3ayxa depe3 0°C Ha NpOTSHKEHHMHM HE MEHEE CeMH IOCIIEAOBATEIbHBIX
TTHEW.
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Puc. 1. Cranumm rnobanpHoi cetm MoHuTopuHra FLUXNET, oroOpanHble i aHaiu3a BIUSHUS
9KCTpEMaIbHBIX MOTOIHBIX yCI0BUN Ha MOTOKK CO».

Fig. 1 The FLUXNET stations selected for the analysis of the CO, flux response to extreme weather
conditions.

Anamn3z u pacuer morokoB CO, m LE mnpoBommics B COOTBETCTBHH C OOMIEPUHSATHIMU
PEKOMEH TAITUSIM MEXKTyHAPOTHOT'O COOOIIECTBA C UCIOIb30BAHUEM CTAHIAPTH3UPOBAHHOTO TPOrPAMMHOIO
obecrieuenus [Aubinet et al., 2012; Fratini, Mauder, 2014]. Ilponycku, BeI3BaHHBIE COOsIMH B paboTe
000pyIOBaHUS U DJIEKTPOIUTAHUS, CIIa0oH TypOYJIEHTHOCTBIO, CHIBHBIMA OCaJKaMH M T.JI., IS BCEX
BBIOPaHHBIX CTaHUMI OBLIM 3alOJHEHBI MPU MOMOIIM mporpammuoro nakera ReddyProc [Wutzler et al.,
2018] m amroputmoB onmcaHHBIX [Reichstein et al, 2005]. CpenHecyrouHbsle 3Hau€HHS ITOTOKOB
PaCCUUTHIBAIIUCH ITYTEM OCPEIHEHUS BOCCTAHOBICHHBIX 30-MUHYTHBIX PSAIOB TAHHBIX.

st KaXKnol CTaHLIMK PacCUYUTHIBAINCH cpenHecyTouHble aHoManuu noTokoB CO, u LE kak pa3HocTts
H3MEPEHHBIX CPETHECYTOUHBIX 3HAYEHUN MOTOKOB AJI1 COOTBETCTBYIOLIETO JHS FOJla U UX CPEIHEMECIUHBIX
3HAUYEHUH 32 BECh MMEIOIINIACS MeprOoT HaOMIOIeHH. DKCTpEeMaNbHO BICOKHE (HU3KKE) aHOMAJIMH TOTOKOB
CO, ObuH ompenenensl kak npebimatomipe =1 CKO BpeMeHHOro psia A1 KaXA0Tro OTAEIHHOr0 MecsIa.

Jist BeIIEICHUS TIEPUOAOB C SKCTPEMAIIbHBIMU 3HAYEHUSIMU TEMIIEPATyphl BO3/IyXa HCIONb30BATUCH
naHHele peaHanu3za ERAS mo Temmeparype Bo3dyxa Ha YpPOBHE IBYX METPOB 3a KaxKIbple 3 daca ¢
MPOCTPaHCTBEHHBIM pa3zpenieHueM 0,25°%0,25° ¢ 1991 no 2021 roa. [ns BblAeneHUS NEPUOAOB U AHEU C
AKCTPEMaIbHO BHICOKUMH OCAJKaMU HCIIONB30BAIMCH JAHHBIC CTAHIIMOHHBIX HAONIOIEHHUH C MOIy4acOBEIM
paszpemenrieM. [lo >TuM [MaHHBIM Ha TIEPBOM OdTare OBUIM pPAaCCUYUTAHBl CPEAHECYTOYHBIC 3HAUYCHWSI.
[ToporoBsie 3HAYEHUS IS ONMpPEAEIEHUs] SKCTPEMAITLHO KAPKHUX/XOIOIHBIX TIEPUOIOB PACCUNUTHIBAIINCEH KaK
MIPEBBIICHNE CPETHECYTOYHOIO 3HAUCHUS TeMIlepaTyphl Bo3ayxa 95% KBaHTWIS (IUIT aHOMAIBHO YKaPKHUX
MIEPUO/IOB) WM HEMpeBbIllieHne 5% KBaHTWIA (711 aHOMAIbHO XOJOMHBIX MEPHONOB) HOPMAIBHOTO
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pacnpenenenus [Zheleznova, Gushchina, 2023]. Pacnpenenenue cTpounoch Al KOHKPETHOTO Mecsia rofaa
U 3aTeM YCpEOHsUIOCh 3a Bech nepuon 1991-2021 rr. ans kaknoro KOHKpeTHOro mecsina. s onpeneneHus
MOpora SKCTpeMalbHBIX OCAaJKOB OBUIM HCIONB30BaHBl fBa IMOAXoAa. B mepBoM mnoaxome OHU C
HKCTPEMaJIbHO OOMIIBHBIMU OCagKaMH ObUIM ONpeneieHbl Kak THH C CYTOYHBIM KOJWYECTBOM OCaJIKOB,
npeBbmaromM  95% KBaHTWIG (YHKUMM IUIOTHOCTH BEPOSTHOCTH (U1 OCAaIKOB MPHUMEHSUIOCH
pacnpeneneane BeliOymna). Bropolt monxom Opul ocHOBaH Ha oneHke uHAaekca APl (Antecedent
Precipitation Index niau MHaeke npeamecTByIOMUX 0CaIKOB), KOTOPBIN ONpeAenseT KyMyIITHBHBIN 3 exT
BhImaBmmx ocankoB Ha moroku CO, u LE [Gushchina et al.,, 2023]. MHnekc paccuyuThIBAICS COTIACHO
¢dopmyne [Li et al., 2021]:

M
API = ZPtkt ,
t=1

rie P, — KOJIMYECTBO OCAJKOB, BHITIABIIEE B TeUEHUE NHA ¢ (TI€ ¢ — HOMEp JHS, U3MEHSIONHiics ot 1
no M); M — ducno AHeH, A KOTOPBIX PACCUMTHIBASTCS HAKOIUIEHHAs CyMMa OCaJKOB, a k — Mapamerp,
XapaKTepHU3YIOUINI CHIDKEHUE BKIIaJa BBITIABIINX OCAJKOB B TEKYIee BIATrOCOJEpKaHIEe KOPHEOONTAEMOTO
CJIOs TIOYBHI C TEUEHUEM BpeMeHU. B maHHOM ucclienoBaHnU ObUIO MPUHSTO M paBHBIM 14 M, a k paBHO
0,8.

3nauenue API, mpeBrimaroniee 0JHO CTaHJAPTHOE OTKIOHEHUE AJIi BPEMEHHOrO psfa, Ha Kaxaou
MOHUTOPUHTOBOM CTAHIIMKM CYUTAIOCH SKCTPEMATbHO BBHICOKUM. JIJIsi MUHUMHU3AIUN BO3ICHCTBUS CE30HHBIX
KoJie0aHUIl CTaHAAPTHOE OTKIIOHEHHWE BBIUMCISUIOCH OTHCNBHO I Kaxaoro mecsna. Kpurepuem mis
OIIpeNeNeHNs PKCTPpEeMaIbHO HU3KOro 3HaueHus APl ciyxwuino 3HaueHue, He mpeBbImaroniee 5% ot oOmieit
aAMILUTUTYbl BPEMEHHOTO psifia. AMIUIUTYA ONPEAESIACh KaK CPEIHsA Pa3HOCTh MEXAY MAaKCUMAJIbHBIM U
MHUHHUMAJIBHBIM CpeHUMHU 3HaueHus MU AP 3a kaknplil Mecs1], paccuMTaHHasi HA OCHOBE JaHHBIX ¢ 1991 mo
2021 ron. HMcnonp3oBaHHe mopora B OJHO CTaHAAPTHOE OTKJIOHEHHWE HEBO3MOXKHO AJISI OLIEHKH HHU3KHX
3HaueHu API, mOCKONIbKYy CTaHIApTHOE OTKJIOHEHHE MOXKET MPEBBIIATh cpenHeMecsiuHoe 3HaueHue AP,
Jenasi 3HAYCHUs] HIDKE MUHYC OJHOTO CTaHJApPTHOIO OTKJIOHEHHSI TEOPETUYECKH HEBO3MOXKHBIMH IS
H3MEpPEHUS KOJTUYECTBA OCAKOB.

Jisi KOMWYECTBEHHOM OLEHKH B3aWMOCBS3M MEXKIY DJKCTpEMyMaMH TEMIIEpaTypbl U OCAJAKOB U
AHOMAaJMSMH TIOTOKOB OBLUTM pacCYMTAHBI TMPOLEHTHl IHEH, Korma omHoBpemeHHO aHomanus NEE/LE
MpEBhINIalia CTAHAPTHOE OTKIOHEHWE M TeMIlepaTypa/ocalku MpeBbIanud 95% KBaHTWIb Ui BEPXHErO
Mopora Wiau TeMmiiepaTypa He gocturana 5% KBaHTWIS IS HIMKHEro mopora. IIpomeHT paccuuThiBaCs
MCXO/s U3 OOIIEeTro KOJIMYECTBa JTHEH, B TeUeHHE KOTOPHIX OJHA M3 XapaKTEePHUCTUK (TeMIiepaTrypa BO3ayXa,
CyTOYHasi CyMMa OCaJIKOB) TIPEBHIINAja IOPOTrOBOE 3HAUCHHUE.

PE3VYIJIBTATBI U X OBCYXKXJIEHNE

AHam3 OTKJIMKa MOTOKOB Ha 3KCTpEeMalIbHbIC IMOTOJHBIC YCIOBHS BBIIBHJI BBICOKOE pasHOOOpasue
peakunii NEE u LE B 60n0THBIX 3KOCHCTEMax Kak B yMEPEHHBIX, TaK U B MOJSIPHBIX MIKMPOTax. B TedeHune
TEIJIOro MOMYTOAUSl B MEPUOABl 3KCTPEMATbHO BBICOKMX TemmepaTyp (TmpeBbluaromux 95% KBaHTWUIb) B
YMEpEeHHBIX IIMpOTax HaOmoganack monoxkuTenbHas aHoManus NEE, cooTBeTcTBYyIoIasi yCHIICHHUIO
amuccun CO, B atMocepy. B Teuenue 18-44% nHelt ¢ aHOMalIbHO BBICOKHMHE TEMIIEpaTypaMu OTMEYaIINCh
nonoxurensHeie anomannu NEE, npespimatomue 1 CKO (Puc. 2A, xpacHble cTonOIB1). DTO MOXET OBITH
00YCIIOBIIEHO KaK BO3MOXKHBIM YMEHBIIEHHEM CKOPOCTH (POTOCHHTE3a M CHIDKEHHEM BAaJOBOH NMEpBUYHOM
nponykuuu (GPP) B 0osoTHBIX 3KOCHCTEMax NPH aHOMAJbHO BBICOKMX TEMIIEpaTypax, TaK M POCTOM
skocucremMHoro gpixaHuss (RE) [Anjileli et al, 2021]. B mnomspHBIX MmHpoTax HaOMOAAICS
MPOTHUBOIIONIOKHBIA OTKIUK — yBennueHue nornomeHus CO, OOMOTHBIMU SKOCHCTEMaMH MPH aHOMAaJbHO
BBICOKUX Temrmepartypax (16-44% nmeii) (Puc. 3A, cuaue cron6Oisl). B maHHOM citydae MpOTHBOMONOXKHBIH
otk NEE Moxer ObITh CBsI3aH C OTIMYMSAMH B PEXHME YBIaKHEHHS MOYBBHI B OOJOTHBIX SKOCHCTEMAX
MOJSIPHBIX IIMPOT, a TAaKXKE PAa3IUUUIMH B aJallTALIMOHHBIX MEXaHU3MaX K BBICOKUM TeMIIepaTypaM BO3yXa
Y Pa3HBIX pacTUTENbHbIX coobmectB. Taxke noriomenne CO, B TaHHOM clydae MOXKET OBITH CBS3aHO C
TEMIIEPaTypPHBIM PEXUMOM MOJSIPHBIX IIMPOT: TEMIEpaTypsl Bble 95% KBAaHTHIS B 3THX PETHOHAX
COOTBETCTBYIOT TeMIlepaTypaM, OJarompuaTHBIM A MHTeHcH(UKanuu (QoTocuHTe3a (MPH JOCTATOUHOM
YBJIQXXHEHUH ), TIPH 3TOM PaCTUTEIBHOCTH B OOJBIIMHCTBE CIydaeB HE UCTIBITHIBACT TEIJIOBOIO CTpecca.

Otknuk NEE Ha orpunaTtenbHble aHOMalud TEMIIEPAaTypbl B TEMJIOE BpeMs Tolla 3HAYUTENBbHO
BapbUpYyeT MEXIy HKOCHCTEMaMH B IIpelefnax OZHOro OWoMa B 3aBHCUMOCTH OT Teorpaduyeckoro
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MOJIOKEHUSI, XapaKTepUCTUK JlaHAmadTa 1 BuaoBoro cocrasa pacturensHoct (Puc. 2b u 3b) [Charrier et
al., 2021].
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Puc. 2. Tlpouent nuerr ¢ aHomamusmu notokoB CO, (NEE) m LE, mpeBbimaromumu 1 craHmapTHOE
orkioHeHne (STD), BO3HMKAIOIIMMU OJHOBPEMEHHO C JKCTPEMAIbHO BBICOKUMH (A) M 3KCTpEMalbHO
Huskumi (b) Temneparypamu B 60OTHBIX SKOCHCTEMaX YMEPEHHBIX IUPOT.

Fig. 2. The percentage of days when CO, flux anomalies (NEE) and LE greater than 1 STD occurred
simultaneously with extremely high (A) and extremely low (B) temperatures in temperate wetland
ecosystems.
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Puc. 3. llpouent nuerr ¢ aHomamusmMu notokoB CO, (NEE) m LE, mpeBbimarommumu 1 craHmapTHOE
orkioHerne (STD), BO3HHMKAIOIIMMU OJHOBPEMEHHO C JKCTPEMANbHO BBICOKUMH (A) M 3KCTpEMalbHO
Huskumi (Bb) Temnepatypamu B O0OTHBIX SKOCHCTEMAX MOIAPHBIX IUPOT.

Fig. 3. The percentage of days when CO, flux anomalies (NEE) and LE greater than 1 STD occurred
simultaneously with extremely high (A) and extremely low (B) temperatures in polar wetland ecosystems.

194



OKCTpEMalbHO BBICOKHME 3HAYEHUS TEMIEPAaTypbl TakKe COMPOBOXKAAIUCH IOJOKUTEIBHBIMU
aHomanusiMu notoka LE Ha Gomorax mu3-3a MHTEHCH(HKALMU IPOLECCOB HCIAPEHUS! C TOBBIIICHHEM
TeMIIepaTypbl. JTa B3aMMOCBS3b HAOIOAAETCS BO BCEX PAacCMOTPEHHBIX OOJOTHBIX dKocucTemax: 18-68%
IHEH C aHOMAaJbHO BHICOKMMH TEMIIEpaTypaMy, OTMEUYAINCh MONOKUTeIbHbIE anoManuu noroka LE (Puc.
2A u 3A, 3enenble cTtonOubl). XOJOIHBIE MEPHOABI, MPHUXOJSIINECS Ha TEIJIOe BpeMs roja, BO Bcex
HCCIIEyEMBIX SKOCHCTEMAax B OCHOBHOM BBI3BIBAIOT CHIIbHBIE OTpULaTeNbHbIe aHOoManuu LE B 8-75% nHeit
13-3a MOABJICHUS HCTIapeHns Ipu HU3KuX Temneparypax (Puc. 2b u 3B, xentblie cTonOmp!).

MrHOBEHHBIH OTKIMK OOJOTHBIX D3KOCHCTEM Ha HWHTEHCHBHBIE Ocaliku (mpeBblmaromue 95%
KBAaHTHJIb) MPAKTUYECKH HA BCEX PACCMATPHUBAEMBIX CTAHLMSIX MPOSBIUICS B BHJAE YBEIUYCHHUS dMHCCHHU
CO, B atmocdepy: 33-57% naHeil B OONOTHBIX 3KOCHCTeMax yMmepeHHBIX mmpoT (Puc. 4A, kpacuble
cron6upl) 1 7-60% mHell B 3xocucTeMax noysipHbIX mupot (Puc. 4b, kpacHble cTONONBI) € SKCTpeMaIbHBIMU
OocaJKaMHU CBA3aHBI C TMONOKHUTENBbHBIMU aHoManusMu NEE, NmpeBblIaolMMu CTaHJAPTHOE OTKIOHEHHE.
Habnronaemblii OTKIMK MOXKET OBITH cBsizaH ¢ «3¢pdexrom bupua» [Birch, 1964], kotopslii mposiBiisieTcs B
WHTCHCHU(HUKALUN TOYBEHHOTO IbIXaHUS B PE3yJbTaTe PE3KOro MOBBILICHHUS BIAKHOCTH IMOYBBI M, Kak
CIIEZICTBHE, YBEMUYEHUS CKOPOCTH PA3JIOKEHUS U MHUHEPATN3alMi OPTaHUYECKOro BEIECTBA NMPU CHIBHBIX
ocaZKkax W TOBBILIEHMH YPOBHS T'PYHTOBBIX Box [Manzoni et al., 2020]. Ilorox LE mpu MHTEHCHBHBIX
ocaJKkax yMEHBIIIACTCS W COMPOBOXKIAETCS OTpUIlATeNbHON aHoManmed motoka (Puc. 4A m 4b, xenThie
CTONOLBI), YTO YKa3bIBaeT HAa yYMEHBLICHHWE CKOPOCTH HMCIApEHHs H3-32 BBHICOKOW BIAXKHOCTH BO3IyXa H
CHIDKEHUS IPUXOASIIEH COTHEUHOH paguaiyy.
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Puc. 4. llpouent nuerr ¢ aHomamusmMu notokoB CO, (NEE) m LE, mpeBbimarommmu 1 craHmapTHOE
otkioHeHne (STD), BOSHHKAIOIMIMMHU OJHOBPEMEHHO C 3KCTPEMAaJIBHO BBICOKMMH OCaIKaMH B OONOTHBIX
sKOCUCTEMax yMepeHHbIX (A) u nossipHbIX (Bb) mmpor.

Fig. 4. The percentage of days when CO, flux anomalies (NEE) and LE greater than 1 STD occurred
simultaneously with extremely high precipitation in temperate (A) and polar (B) wetland ecosystems.

Anammz kymynstuBHoro s¢dexra (umHgekc API) skcrpemansHO BbIcOKHX ocaikoB Ha NEE
MOKa3bIBaeT MpeobianaHue MOMoXHUTENbHbIX aHomManmuii NEE Han orpunaTtensHbIMA B - OONOTHBIX
9KOCHUCTEMaX KakK B yMepeHHBIX mmpoTax (Puc. SA), Tak M Ha HEKOTOPBIX CTAaHLMIX B HOJSPHBIX IIUPOTAX
(Puc. 6A). Crenyer Taxke OTMETUTh, YTO HMPOLIEHT JHEH ¢ yBenndeHueM noriomenus CO, mpu MakCUMyMe
BBINIABIIIMX 32 MPEABIAYIINE IBE HENEMN OCAIKOB CYILIECTBEHHO BBIIIIE, YEM JUIsI MTHOBEHHOro oTkinka NEE
Ha KpaTKoBpeMeHHbIe TuBHU: 10-25% nuel B ymepeHHbIx mmpotax (Puc. SA, romxy0sie cronbust) u 5-20%
nHell B mosspHbIX 1mmportax (Puc. 5b, romyOple crombusl). YBenuuenuwe mnornomenus CO, B mepuop
BpEMEHH IIOCJIE BBINAJICHNsI OOMJIBHBIX OCaJKOB MOXKET OBITh CBSI3aHO C YCHJIGHHEM CKOPOCTH ()OTOCHHTE3a
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PACTUTENBHOIO IMOKPOBA MPHU COJHEYHOM IMOroJe€ M ONTHUMANbHBIX YCIOBHSX MMOYBEHHOTO YBIIAXKHEHUS.
Taxoke mociae IpOAOIKUTENBHBIX OCaIKOB yBenn4nBaeTcs MoTok LE Bo Bcex OONOTHBIX 3KOCHCTEMaX, UTo,
B CBOIO Ouepellb, MOXKET OBITh CBS3aHO C BHICOKOW OOBONHEHHOCTHIO OOJOT W BHICOKMUMH 3HAYCHUSIMHU
MNPUXOJSIICH COMHEYHOUN paTuanuu.
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Puc. 5. Ilpouent nuerr ¢ anomamusmu notokoB CO, (NEE) m LE, mpeBbimaromumu 1 craHmapTHOE
orkioHerne (STD), BO3HHMKAIOMIMMU OJHOBPEMEHHO C JKCTPEMAIbHO BBICOKUMH (A) M 3KCTpEMalbHO
Huskumi (b) 3sHauenusmu naaexca APl B G0IOTHBIX KOCHCTEMax YMEPEHHBIX IIHPOT.

Fig. 5. The percentage of days when CO, flux anomalies (NEE) and LE greater than 1 STD occurred
simultaneously with extremely high (A) and extremely low (B) API values in temperate wetland ecosystems.
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Puc. 6. Ilpouent nuerr ¢ anomamusmu notokoB CO, (NEE) m LE, mpeBbimarommumu 1 craHmapTHOE
orkioHeHne (STD), BO3HMKAIOMIMMU OJHOBPEMEHHO C JKCTPEMAIbHO BBICOKUMH (A) M 3KCTpEMalbHO
HuskuMi (b) 3Hauennsmu naaexca APl B 00J0THBIX 3KOCHCTEMAax MOJIPHBIX MIUPOT.

Fig. 6. The percentage of days when CO, flux anomalies (NEE) and LE greater than 1 STD occurred
simultaneously with extremely high (A) and extremely low (B) API values in polar wetland ecosystems.
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[IpogomKkuTenbHOE OTCYTCTBHME OCAaJKOB, KOTOPOE TPEACTABICHO OSKCTPEMAIbHO HH3KUMU
3HadeHusimu  API, conpoBoxmaercsi B OOJBIIMHCTBE PAacCMAaTPUBAEMBIX  OOJOTHBIX  JKOCHCTEM
orpunarenbHbiMu  aHoMaiusimu 1oToka NEE (ycunenme mnormomenuss CO;) (Puc. 5b m 6B). Dto
XapaKTepU3yeT BHICOKUI aJalTHBHBIA MOTEHLUAN UCCIEYEMBIX OOJOTHBIX 9KOCUCTEM K KPaTKOBPEMEHHBIM
(menee 14 nuelt) mepmomam 0Oe3 ocamkoB. C apyrod ctopoHbl, ycuienwro moriomeHus CO, moria
cmocoOCTBOBAaTh MaslooONayHasi —Morofa, mpeoOiajamom@as B I[epuoAsl  0e3  0ocaIkoB, KOTopas
CONPOBOXKIACTCS YBEINYCHUEM NPUTOKA CYMMApHOM CONHEYHOW pagualvi U WHTEHCHU(PHUKALNHU MIPOLECCOB
¢dorocuHTe3a y pactutenbHbIX coobmectB. llomoxurtensHble anomanuun NEE Bcrpewanuch darie
OTPHULIATENBHBIX BO BpeMs MPONODKUTENBHOIO OTCYTCTBHSA OCAagKOB Ha HEKOTOPBIX CTaHIMAX,
pacnionoxeHHbIX B 30He MHoroinerHed mepsnotsl (RU-Che, US-ICs, CA-WP1). B nannbpIx pernoHax Ha
YBEUYEHHE SKOCUCTEMHOIO AbIXaHUS MOXKET OKa3blBaTh BIMSHHE YCHUJIIEHHE TeTepOTPO(HOro ObIXaHUsS 32
CUeT BKJIaZa OTTASBIIMX, OOraThIX OPraHUYECKUM BELIECTBOM MHOT'OJIETHEMEP3JIbIX MOYB.

Ba)kHO OTMETHTB, YTO aHOMAJINU MOTOKOB 3a4acTyl0 HE COBIAAAIM C SKCTPEMYMaMH TEMIIEpaTyphl
WM OCaJKOB, YTO YKa3bIBaeT Ha CHJIBHOE BIMSHUE PA3IUYHBIX a0HOTHYECKUX U OMOTHYECKUX (PaKTOpOB Ha
(GyHKUMOHUpPOBaHWE OOJOTHBIX OSKOCHCTEM, KOTOpBIE MPOSBISIIOTCS MO-pa3HOMY B OTACIBHBIX
pacTuTenbHBIX cooOmiecTBax. Hekoropeie CBSI3M, BBIABICHHBIC HAa PA3JIMYHBIX CTAaHIMAX YMEPEHHBIX H
MOJSIPHBIX MIMPOT, MOTJIHM (OPMUPOBATHCSA BCICACTBHE KOMOWHUPOBAHHOTO BIIMSHHS Cpa3y HECKOIBKUX
BHEIIHNX (akTopoB. Bo MHOruX ciryyasx Takoe KOMOMHHPOBAaHHOE BO3ACHCTBHE TEMIIEPATYPhl U OCAIKOB
MOXET MPHUBOANTH K onoxuTensHeiM aHoMamusiM NEE u LE (kpachble u 3enenblie cton0isl). BozaelicTBue
COJHEYHON pajualiM TaKXe OKa3blBAJIO BIMSIHHME, NPUBOAA K OTpuuaTensHbIM aHoManusM NEE u
MOJOKUTENBHBIM anoMamusiM LE B mepruoasl cHerotastaus (BKJII0Yast IEPHUOABLI 0€3 0CaIKOB).
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MNPUJIOXXEHUE
APPENDIX

Ta6muna II1. Craamun cetu FLUXNET, BoiOpannbie ans anamm3a otknuka NEE m LE Ha anomanuu
TEMIEpaTyphl U OCATKOB B OOJIOTHBIX IKOCHCTEMAX.

Table Al. The FLUXNET wetland stations selected for analysis of flux response to extreme weather
conditions.

Tun 6rnoma Cranus (Kox Tun knmumara upora u gonrora Bricora Hax [epuon
(xnmaccudpukanust IGBP) FLUXNET) (mo YPOBHEM HU3MEpeHuil
Kénmneny) MOpSI, M
WET RU-Che Dfc 68.61 c. 1, 161.34 B. 1. 6 2002-2005

Bomo-Gonorakie yroms: Mg R7E Dfd 64.70 c. uL., -148.31 3. 1. 95 2011-2021

3eMIM  C  IIOCTOSIHHO

crosmei Bozoit, | US-ICs ET 68.60 c. mr., -149.31 3. 1. 920 2007-2021

TPaBSHACTOH W | QE-St] Dfc 68.35 c. L., 19.05 B. 1. 351 2012-2014

JIPEBECHOI

PACTHTEIBHOCTBIO, SJ-Adv ET 78.18 c. mr., 15.92 B. 1. 17 2011-2014

[TOKPBIBAIOIIIE GL-NuF ET 64.13 c. mr, -51.38 3. 1. 50 2008-2014

3HAYMTENBHbIC TUIOLIAIH
CA-SCB Dfc 61.30 c. 1., -121.29 3. 1. 280 2014-2019
CZ-wet Dfb 49.02 c. 1, 14.77 B. 1. 426 2006-2014
DE-Akm Cfb 53.86 c. mr., 13.68 B. 1. -1 2009-2014
DE-Spw Cfb 51.89 c. mr., 14.03 B. 1. 61 2010-2014
CA-DBB Csb 49.12 ¢. 11, -122.98 3. 1. 4 2014-2020
CA-ARB Dfb 52.69 c. u1., -83.94 3. 1. 90 2011-2015
CA-ARF Dfb 52.70 c. mr., -83.95 3. 1. 88 2011-2015
CA-WP1 Dfc 54.95c. 1., -112.46 3. 1. 540 2003-2009
US-ALQ Dfb 46.03 c. ur, -89.60 3. 1. 12 2015-2022
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