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Abstrakt

Bilance metanu pro experimentalni Usek na tokuaSitda studovanachem fti letnich
meésial v roce 2012. Byl sestaven jednoduchy model, kberyaklad vstupi (bentické
toky) a ztrat metanu prdsdnictvim Unik do atmosféry v kombinaci s poproudovym
transportem udava bilanci metanu pro konkrétni Usshu. Vzhledem Kk vysoké
produkci metanu uvnithyporheické zény jsmetekavali, Ze mnozstvi metanu uvete
bentickymi toky do povrchové vody vyznaghavlivni celkovou bilanci metanu v toku.
S cilem posoudit tento r@dpoklad byly sotasé mefeny koncentrace metanu
ve vertikalnim profilu sedimentu, bentické toky mmai pomoci statickych komor,
emise metanu do atmosféry a koncentrace metanurelpmvé vod na z&atku a konci
vymezeného Useku. Zatimco koncentrace metanu nsii@lni vod vyrazré rostly

s hloubkou sedimentu, byla nalezena ¢mdavariabilita v bentickych tocich metanu
podporujici fakt, Ze jsou bentické toky owlovany rozmanitymi faktory zahrnujicimi
hlavre metanotrofii v horni vrst/ sedimentu. Obeeénbyl prispévek bentickych tok
metanu do bilance experimentalniho Useku nepatawgak tento fispivek roste
se z¥tSenim zkoumaného Useku,cehoZz vyplyva dlezitost rozséhlejSiho &eni
na toku. Jednotlivé modely bilance metanu pro erpentélni Usek vzdy vykazovaly
na zaklad porovnani vstup a ztrat metanu chyfici zdroj metanu. Tyto népsnosti

v jednotlivych modelech bilance metanu jsou pepediob® spojeny s obtiznou
extrapolaci bentickych tdk na cely experimentalni uUsek. Nicndéntato studie
prokazuje vyznam hyporheickych sedimentdynamice metanu uviiticniho systému

a jeho potencialniho sklenikového efektu.
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Abstract

Methane budget for an experimental area of a simalbnd stream Sitka was studied
during three summer months in 2012. A simple mags rates of inputs (benthic
fluxes) and loss of dissolved GHirough evasion to the atmosphere combined together
with advection inputs and losses to yield a,@inamics (budget) for any particular
section of the stream. Considering that methangrasluced in great amount within
hyporheic zone sediments, we have expected that@nod methane released by the
benthic fluxes into the overlying water should digantly affect the total methane
budget of the surface stream. In order to asses déssumption, we measured
simultaneously methane concentrations within vartsediment profile of a hyporheic
zone, direct benthic methane fluxes by static chEambmethane emissions into the
atmosphere and both upstream and downstream metbagentrations in the surface
water, respectively. While methane concentrationeni interstitial water tended sharply
to increase with sediment depth, we found consideraariability in the benthic
methane fluxes suggesting that there may be vafamisrs affecting rate of the benthic
fluxes icluding methanotrophy in the top sedimexyelrs and stream flow, respectively.
Generally, the contributions of benthic fluxes tethmne budgets of the experimental
area were negligible, however, this contributionl wapidly increase with increasing
study area implying an importance of the whole astremeasurements. Despite
variability in benthic methane fluxes all the meatadudgets computed by mass balance
of the measured positive and negative fluxes inéostream experimental area showed
“missing methane source”. The principal uncertamin the simple budget models we
used are probably the errors associated with iddali benthic fluxes and their
extrapolation for the whole experimental area. Mindess, this study demonstrates the
importance of hyporheic sediments on the dynamigaaihane in river system and its

potential greenhouse effect.
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1. OBECNY UVOD

1. 1. Strtny nahled do globalni problematiky metanu

Metan se podili na sklenikovém efektiibpzné z 20 %. Riznorodé zdroje
metanu jsou fevazré biogenniho fivodu a pat mezi ré hlavre mokiadni ekosystémy,
ryzovis€ a traveni pezvykavaé. Z ostatnich zdrdj prevazuje &ba fosilnich paliv
a spalovani biomasy. Sila jednotlivych slozek hiekmglobalnich zdrdgj a hlavig jejich
trendy nejsou zcela jasné (IPCC 2007, Conrad 2006)globalnich zdrdj metanu
nejsou dosud ddb integrovany vnitrozemské vody jakeky a jezera, fgstoze fibyva
praci o jejich vyznamu pro globalni dynamiku metéBastviken et al. 2011). Je také
potteba zminit rozsahlé potencialni zdroje metanurelwné zasobami v permafrostu
a pod antarktickym ledovymiyrovem, které jsou v globalni bilanci metanu také
zanedbany (Brouchkov & Fukuda 2002, Wadham etCdl2p

Vyvoj atmosférickych koncentraci metanu se v 7080a letech vyznsoval
naristem o vice nez 1 % do¢. Ke konci 80. a v 90. letech doSlo ke zpomalésiu
koncentraci metanu, které se v poslednich letdéiidohule (IPCC 2007). #es vyrazné
zpomaleni #stu koncentraci metanu v atmasfédochazi jak k velkym mezitnim
vykyvam, tak i kvykyvim v pribéhu roku. Vzhledem k roz&ni antropogennich
zdroja (ryzovist, dobytek) a stagnaci koncentrace metanu v posiedihiou dekadach
se neda fedpokladat, Ze by vlivertlovéka v blizké budoucnosti koncentrace vyrazn
vzrostly (Khalil et al. 2007). Za ztaymi mezir@nimi vykyvy stoji nejspiSe emise
metanu z moladnich ekosystéin a jejich pokles také kompenzuje navySeni
antropogennich zdrbj(Bousquet et al. 2006).

Propady metanu v atmogée jsou oproti diznorodym zdrajm metanu
zprostedkovany pevazrié reakci metanu s hydroxylovymi radikaly (QH které
vznikaji v atmosfée fotochemickou cestou (IPCC 2007). Rr&WOH mize byt spojena
stagnace tustu koncentraci metanu v atmdsfé Poklesly totiz emise druhého
nejrozstergjSiho uhlovodiku v atmosfé etanu, ktery je také odsievan
prostednictvim reakce s OHh zbyva tak $tSi kapacita na reakci s metanem (Simpson
et al. 2012). DalSim moznym vy&ienim je zmenSeni mikrobialnich zdianpetanu na

severni polokouli spojené praygbdobr s vyuzivanim hnojiv a efektiggim



hospodé&eni s vodou na ryzovistich v poslednitéch dekadach, #Zgobujicich snizeni
emisi metanu na jednotku plochy ryZoviai et al. 2011).

Nicmére i z divodu nedekavaného afiovného tistu koncentraci metanu
v atmosfée (Rigby 2008) je iejmé, Ze roste pi#ba kvantifikace metanu
ve vnitrozemskych vodnich systémech,uzatiu vyznamu jejich dynamiky v procesu
tvorby a emisi metanu pro globalni koébbmetanu. Je také feba ¥novat zvySené
usili charakterizaci¢asové a prostorové variability emisi metanu z jddnyeh
ekosystém (Ortiz-Llorente & Alvarez-Cobelas 2012).

1.2. Vstupy metanu do vodnich tol

1.2.1. Risun metanu z Filehlého povodi

Vyznamnym zdrojem metanu pro tekouci vody jsou okekosystémy, které
v pripac vhodnych podminek pro vznik metanu mohou dotoweasedni tok. K tomu
dochéazi nafiklad prostednictvim lateralni difuze€i odtoku ze saturovaného lesniho
porostu nebo hnojenych zédélskych pid (de Angelis & Lilley 1987). Na Uzkou vazbu
mezi dynamikou sklenikovych plyna vyuzivanim krajiny v povodi poukazuje také
studie Silvennoinen et al. 2008, kdy se zvySené&ersklenikovych plyin vyskytovaly
v zalesgném povodi s odvagbvanymi raseliniSti  stefh jako v zemddelsky
obhospod#vané krajig. Dominantni postaveni zdfojmetanu z okolnich v dale
potvrzuji napiklad prace Hope et al. 2001, Koné et al. 2010 r&hegl et al. 2012.

Také vtok na metan bohatych podpovrchovych vodréktmohou prochazet
organicky bohatym substratem,tfe ovliviovat koncentrace v povrchové wod
Podpovrchovy tok z pdbznich [id se jevi jako vyznamny zdroj metanu do potoka.
Podporuje to také fakt, Ze p@zni podpovrchova voda je né€hohata na rozpusty
kyslik. Koncentrace metanu v podpovrchové &ada @gimy vztah s podilem toku
pochazejicim ziyd (Jones & Mulholland 1998a). Tento vliv jgStoste v obdobich
nizkych pitoka, kdy maji podpovrchové vody vySSi podil na celkovgiitoku viece
(Jones & Mulholland 1998b).

DalSim dikazem dlezitosti saturace toku metanem z okolnicid pnohou byt

vySSi koncentrace metanu i v malych potocich skatgan dnem, kde je tvorba metanu



v sedimentu tégt vylou¢ena z dvodu nepitomnosti jemgjSiho sedimentu (de Angelis
& Lilley 1987).

Krome prirodnich stanoviSjsou se zvySenymi koncentracemi metanu spojovany
také urbanizovanéasti krajiny, kde maji vyznamny vliv nékglad cisticky odpadnich
vod (Lilley et al. 1996, Yang et al. 2012).

1.2.2. Tvorba metanu v sedimentech a bentické toky

Tvorba metanu v sedimentech

Dalsim moznym zdrojem metanu pro vodni tok je samdfcni sediment.
Vyznam metanogenezeridénim sedimentu jako zdroje metanu pro povrchovownjad
dokazalo gkolik studii (de Angelis & Scranton 1993, WU 20hang et al. 2008,
Wang et al. 2009), avSak kvantifikace tohoto zdiejerelmi komplikovana a ziaé
variabilni. Uloha sedimentu v koldhu metanu tak neni zcela jasna.

Metan vznikacinnosti metanogennich bakterii fiaich do domény Archaea,
piicemz mezi nejilezitéjSi prekurzory metanogeneze ve sladkovodnich ek&sysch
pati vodik a acetat. Rozdil ve vyuzivani vodiku nebet@tu nize byt dan rozdilnou
cestou fermentace organického substratu, jinymiradnimi cestami nebo jinymi
skupinami mikroorganistn (Conrad 1996). Obeénplati, Zze ve sladkovodnich
ekosystémech je zhruba 70 % metanu vigmo za vyuZziti acetatu (Conrad 1999,
Whiticar 1996). Existuji vSak i vyjimky,ipkterych mize byt metan vece az z 90 %
tvofen pomoci vodiku (Zaiss 1981).

Na proces vzniku metanu fiknim sedimentu a jeho mozZznou difuzi
do povrchové vody ma vliv cela Skala fakKiormezi které pdi nagiklad kvalita
a dostupnost organického materidlu, teplota, mroZshetanogenni mikrobialni
biomasygi piitomnost akceptdrelektrori jako NGy, FE*, Mn*", SQ? (Segers 1998).
Produkce metanu poziti¢rkoreluje s dostupnosti organického materialu &4i896,
Gar’kusha et al. 2010), BSK a CHSKiiggmz nezalezi jen na mnozstvi organicke
hmoty, ale je ufovana také jejim slozenim. Tato korelace byla malezjak u velmi
zneistenych rek, tak i utek s nizkym zn@stenim. Se zn&Sténim rostly hodnoty

produkce metanu v sedimentech, a tudiZz se na zékiatto neieni da vyvozovat,



Ze produkce metanu v sedimentechzm byt dobrym indexem z#&igténi vod (Yang
1998).

Mista s ¥tSim mnoZstvim organického materidlu v toku a rdisle zvySenou
tvorbou metanu mohou byt potamalni Usegly (Lilley et al. 1996, Zaiss 1996). Tyto
Useky jsou také mistem sedimentace jemného matedalbylo zjis¢éno, Ze se
koncentrace metanu Uzce vztahuje k podilu jemnédarentu (Baulch et al. 2011).
Sanders et al. 2007 vy&iuje, Zze vySSi produkce metanu spojena s mnozgeimého
sedimentu hromadiciho se vdépri nizkych phtocich, niize byt zgsobena nejen
snizenou propustnosti sedimentu a zamezenim vdtygliku, ale pra¥ i obsahem
organickych latek v hromadicim se sedimentu. O tefalcpavani sedimentu (tzv.
sediment clogging) depozici jemny¢hstic na dno toku pojednava také Nogaro et al.
2010. Mize tak dojit ke snizeni propustnosti sedimenturakiivyraznému ovlivéni
mikrobialnich proces Efekt ucpavani sedimentu byl signifikantni na madyzikalre
chemickych parametrech (vodivost, DO, DOCPONO5) s vyjimkou teploty. Ucpana
mista maji nizsi efektivni porositu. E&nost bakterii nebyla ucpavanim stimulovana,
coz je ale také vystlovano nizkym mnoZzstvim organické hmoty. Vliv ucgai
sedimentu na mikrobiélni procesy je velmi kompleamodava rozporupiné vysledky.
Vysoce homogenni ucpavani tak indukuje delSi dalrdieni vody v sedimentu, a to
vede ke zvySené mikrobialni akt&itNepravidelné ucpavani ovSem redukovalo toky
vody v pigitych zonach sedimentu a prapoddobr limitovalo mikrobialni procesy
v téchto ucpavanych mistech (Nogaro et al. 2010). Uapégedimentu sniZuje také
dostupnost kysliku v hyporhealu, a proto limitugeabni mikrobiélni procesy a zvySuje
podil anaerobnich proaiefako je nap. metanogeneze (Boulton et al. 1998).

VySe zmigné procesy také mohou souviset i &tou sezonni variabilitou
koncentraci metanu v sedimentu (Sweerts et al.)1%@y bthem zimy a @i vySSich
pratocich na jée, steji jako v proudicich Usecich, nedochazi k usazerkuaalaci
organického materialu (Zaiss 1996).

Ve sladkovodnich ekosystémech se redpokladaji vy3si koncentrace 80
jako akceptoru elektrdn pri jehoz spathé by dochazelo k vyraznému omezeni
produkce metanu (Segers 1998). Mohou se vSak wysuytsituace kdy tomu tak je.
Napiklad ve zné&isttnych potamalnich Usecickek (Zaiss 1996) nebo bazZinach
(Westermann & Ahring 1996). Gitym zpisobem niZze metanogenezi v sedimentech

ovliviiovat i pH, pokud se nachazi v extrémnich hodnotdd¢hpiklad ve studii



zabyvajici se koladhem metanu a oxidu ubiiého v rybnice s vyrazZnnizkym pH
pohybujicim se v rozmezi pH 3.3-3.8, byla metanegerjen nepatrnd a metabolismus
sedimentu byl tak séiovan na produkci CNaguib & Adams 1996).

V fekach je mozné pozorovat jistou prostorovou vditabwv tvorbé metanu.
Produkce metanu je neépéi v @ibieznich sedimentech, které jsou relativn
hydrologicky izolované. NejnizSi pak tbe byt v hyporheickych a parafluvialnich
sedimentech, které jsou vice propojeny s povrchoxamou toku (Jones et al. 1995).
Nicmeére i pres vstupy rozpudhého kysliku do hyporheického sedimentu, jsou ty to
sedimenty charakterizovany vysokym anaerobnim noésmbem a vysokymi

koncentracemi metanu (Baker et al. 1999, Hiava et al. 2005).

Bentickeé toky

Difuzni toky metanu ze sedimentu do povrchové vgsiyu v dynamickém
prostedi vodnich tok znané variabilni. Podle propii maze tvdit piispivek
produkce metanu v sedimentu az 40 % z celkovéhastviometanu odvedenéiekou
(Zhang et al. 2008). MnoZstvi metanu difundujicith® povrchové vody se odviji
zejména z koncentaiho gradientu v sedimentu, porozity sedimentu fuzdich
vlastnosti samotného metanu (Berner 1980).

Z dalezitosti koncentréniho gradientu vyplyva, Ze jsou difuzni toky podémiy
dostaténou tvorbou metanu v sedimentu a jejich variabita podléha i fakt@m
ovliviujicich vznik metanu ¥icnim sedimentu (viz. vySe). Variabilita v difuznich
tocich, dana zemami v porozi¢, ma mimo jiné podstatny vliv na dodavky substidu
mist utilizace a na dalSi v@mu mezi vodnim sloupcem a atmosférou (King &
Blackburn 1996).

Celkova variabilita bentickych tdk metanu je tedy dana celym komplexem
faktoni, zc¢ehoz vyplyva, Ze kvantifikac&dhto toki je velmi obtizna. Prawgodobré

Mrivrw s

oxidace metanu (viz. kap. 1.3.1. Oxidace metafidnim systému).



1.3. Osud metanu Wiénim systému

1.3.1. Oxidace metanu ¥i¢nim systému

Mnoho studii dokazuje, Ze mnozstvi rozgagho kysliku je hlavnim faktorem
kontrolujicim koncentrace metanu jak v sedimerala \t povrchové vog (Kuivila et al.
1988, de Angelis & Scranton 1993, Wang et al. 2089klik mize pronikat hluboko
do ficniho sedimentu (Rulik et al. 2000, Fischer et &00%), kde umoiuje
metanotrofnim bakteriim spebovavat metan. TlotKa prokysléeného sedimentu je
tak mnohokrat $Si nez nafiklad v jezerech, kde je oxidace metanu omezenagen
hloubku rgkolika mm sedimentu a i tak do&tge k tomu, aby byla &Sina metanu
spotebovana (Huttunen et al. 2006)alBzitost sedimentu jako mista oxidace metanu
dokazuji i studie, které potvrzuji, Ze oxidace mata sedimentu je mnohem vyssi nez
v povrchové vod (Lidstrom & Somers 1984, Zaiss 1996). Dynamikulikysovliviiuje
jeho spateba, ktera je funkci mnozstvi organického uhliknl@ubky jeho penetrace.
P oxidaci metanu rize byt spatbovano az 63 % dostupného kysliku (Sweerts et al.
1996). Oxidace metanu roste line&mjeho koncentraci (Deborde et al. 2010). Oxidaci
ovliviiuje takeé teplota&i pH, dilezita je i kompetice metanotifof jinymi bakteriemi.
Prikladem jsou NH* oxidujici bakterie, které jsou schopné zaitych podminek
oxidovat metan a naopak metanotrofové mohou oxidaweniak (Bedard & Knowles
1989).

Kyslik je také dvodem sniZeni koncentraci metanu ve &v@ii zvySenych
pratocich vody, protoZze kroénziedni dochazi i k obnoveni zasob kysliku a nasledné
zvySené oxidaci oproti obdobim s nizkymiifpky (Wassmann & Thein1996). Kram
kysliku se do sedimentufipvysSich patocich dostavaji i alternativni akceptory
elektrori (SO, NO3), jejichZ spoteba je pro bakterie energeticky vyhejsi (Zaiss
1996).

Jsou znamyigpady, kdy negativni korelace kysliku s metaneni sesirodatna.
Dobre prokysltend ieka miZze byt velmi bohata na metan a naopak se mohou
vyskytovat nizké koncentrace metanuieece chudé na rozpgsty kyslik (Middelburg
et al. 2002).

Oxidace metanu fZe byt stimulovana bentickymi fotosyntetizujicimi

organismy. V pipact absenceéthto organism je difuze jedinym zdrojem kysliku



v sedimentu. Dostupna data dokonce ukazuji,iz@ysoké abundandias mohou byt
tyto fasy jedinym zdrojem kysliku pro oxidaci metanu.akdvém pipact pak dochazi
ke zvySené oxidaci metanwhem s¥telné casti dne, zatimcoips noc koncentrace
metanu v sedimentu roste a zvysSuji se i jeho beltioky do povrchové vody (King
1990, King & Blackburn 1996).

Mista, kde dochazi k michani rozpustch ¢astic a metanu, jsou prasgbdobré
.hotspots” pro oxidaci metanu. Metanotrofové tramspvani scasticemi se mohou
setkat s vysokymi hladinami koncentraci metanu {Aétr al. 2007). Hyporheal je
idealnim mistem pro vznik takové ,hot-spot”. iivspecifickym podminkam, jako je
anoxie, nfize mit kratké trvani. Také kratké udalosti, jakoujsnapiklad povodsg,
mohou byt ,hot-moments” pro oxidaci metanu ve vatingystémech (McClain et al.
2003).

1.3.2. Poproudovy transport metanu

Povrchova voda je obohacena metanem, ktery se rdostgSe popsanymi
procesy do vodniho sloupce a neni zoxidovan. Kange& metanu se iece niize
menit v prabéhu roku ¢i v podélném profilu. Variabilita koncentraci metan
v povrchové vod v pribéhu sezény mze byt znané ovlivnéna zednim
pii povodiovych obdobich (Kone et al. 2010, Anthony et all20 SniZzeni koncentrace
metanu redénim miZze byt je&t umocréno zvySenymi emisemi metanu do atmosféry
(Hope et al. 2001). DalSimidodem v sezonnich zmach v koncentracich metanu
miZe byt nalist koncentraci rozpuStych castic nad 100 mg™ kdy dochazi
ke zvySené metanotrofii bakteriemi vazanymi na tigstice (Abril et al. 2007). Co se
tyka trendu s teplotou, tak data ukazuji, zeémynv podélném profilu jsou vyrazjsi
nez zmény sezonni (Lilley et al. 1996). Jsou vSak znanpyipady diurnalnich zem
v koncentracich metanu s nejvy$simi koncentraceptipolednich hodinach, korelujici
s teplotou vody, a tudiz jsou vy&hovany moznou akceleraci produkce metaru p
vysSich teplotach (Yang et al. 2012).

Ve WwtSing studii dochazi k néstu koncentraci metanu v podélném profilu toku
(de Andelis & Lilley 1987, Silvennoinen et al. 2Q00¥ pripack, Ze dochazi k poklesu
koncentraci metanu smmem po proudu, je to&Sinou zgsobeno tim, Ze koncentrace
a emise metanu se sildiSi podél toku diky znamym zménam v charakteristikdch



povodi (topografie, jdni typy, tlouska organického horizontu) (Hope et al. 2001).
Dale k takové situaci fize dochazet diky vyznamnému zdroji (hagtok z raselinig)

v hornic¢éasti toku (Hope et al. 2004). Obvykle v turbulentrprostedi toku nevykazuji
koncentrace metanu 2my s hloubkou vody. Dochazi vSak kstu koncentraci
metanu v pomalejSictastech toku. (Lilley et al. 1996, Zaiss 1996). aketdokazana
existence rozdilu v koncentracich metanuiftagorytem u velkych tok. V takovém
piipadt jsou pak vy3Si koncentrace metanuiibifgZnich zonachieky (Anthony et al.
2012).

K vyraznému obohaceni povrchové vody metanem adich@ipad existence
piehradnich néadrzi v toku. Koncentrace metanu v pmué vod nachazejici se stovky
metii pod gehradou jsou mnohonasabnavySeny metanem pochazejicitevaz
Z hypolimnia vodni nadrze. Na takovem Usglak také dochazi ke zvySenym Uimk

metanu do atmosféry (Guérin et al. 2006).

1.3.3. Uniky metanu do atmosféry

Metan, kterym je voda veétsire piipadi presycena, ma tendencigghazet
difuzi do ovzduSi. Tyto emise metanu vykazujkitou sezonnici prostorovou
variabilitu (Hlav&ova et al. 2006, Ma et al. 2012, Striegl et al.201

Ke zvySenym emisim&Sinou dochazi v turbulentj$ich ¢astech toku, kde je
piechod metanu do atmosféry rychlejsi (Lilley et HD96). Na celkovych emisich
z vodniho toku mize mit ovSem vysoky podil i ebulice (uitol/ani metanu ve forén
bublin) (Rajkumar et al. 2008), ktera je znama epgezer (Delsontro et al. 2010)
amize kni dochazet v pomalu tekoucich Usecich tokie je sediment stabidjsi
(Zaiss 1996). Ebulice tak ine tvait 20 — 67 % emisi metanu z toku. Bylo také
zjisSttno, Ze vysoké koncentrace metanu v bublindch sbuwigysokym obsahem
organickéeho uhliku v sedimentu (Baulch et al. 2011)

Emise metanu dosahuji vysoké variability v letrabdobi (Dahm et al. 1996),
ale kvyraznym emisim metanu (55 %)uie dochazet i vzimnim obdobi
v nezamrznutych¢dstech vodniho toku (Silvennoinen et al. 2008). d€minetanu
do atmosféry koreluji s mnozstvim rozpumho metanu v povrchové vodyang et al.
2012).



Na emisich metanu se mohou vyraznatrau podilet také vyssi rostliny (Van
Der Nat & Middelburg 1998). Ndklad ve studii Sanders et al. 2007 bylo vice nez
90 % emisi metanu do atmosféry zpredkovano skrz lakusnilRanunculus sp)Nyssi
emise metanu byly pozorovany také v mistech s ppragosin(Phragmites australis)
mimojiné i z divodu velké fotosyntetické aktivity (fixovani uhlikua nasledného
vysokého organického opadu (Ma et al. 2012). Zviygemisi metanu progdnictvim
rostin ma za nasledek vyrazné snizeni zasob metasadimentu oproti plocham
bez vegetace, a to i diky zvySené oxidaci metambizosfée (Van der Nat &
Middelburg 1998).

Komplexni studie, ktera &hila zakladni charakteristiky vody a sedimenttege
jasrgé oznaila, Ze emise metanu nejvice owlije oxida&né-redukéni potencial. Dale,
Ze zvySené emise metanu pozitivRoreluji s obsahem TOC a TN v sedimentu.
Regresni vztah mezi emisemi metanu (y) a axigaedulkinim potenciadlem (x) vece
muze byt popsan jako y = -0.825216x + 169.02257. Nat@ezi emisemi metanu
a ostatnimi charakteristikami sedimentuz® byt popsan jako y = 5.0739G2%c) +
2.871245%1.n) - 12.3262. Experimentalni vysledky podporuji, Zeise metanu zek
mohou byt dote predikovany pomocigthto rovnic (s maximalni odchylkou 17,5 %)
a dokonce mohou byt redukovany manipulaci se vtoieganického materialu deky
(Wu et al. 2007).



2. CILE PRACE

V této préci byly vytgeny dva hlavni cile. Prvnim bylo st@asré zn¥fit
jednotlivé komponenty idezité pro bilanci metanu ve vodnim tokuniito slozkami
byly koncentrace metanu v intersticialni a povrehoxod, bentické toky metanu
do povrchové vody a jeho emise do atmosféry. Druhgitem bylo na zéklad
nantienych hodnot sestavit jednoduché schéma bilancanmgiro studovany usek
vodniho toku.

Diplomova préce je tiena strdnym prehledem pouzitych metod a hlavnich
vysledki v ¢eském jazyce a manuskriptem v anglickém jazyce. (Rdloha).
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3. METODIKA

Méteni bylo provadno na dolnim Useku toku Sitk&Hem letnich résiai roku 2011
a 2012. Studovana lokalita byla 45 m dlouh& a 4 &roka.

3.1. Odbkér a analyza vzorki vody

Byly odebirany vzorky povrchové a intersticialmidy. OdkEr vzorki povrchoveé
vody byl provadn na zaatku a konci studovaného uUseku 5-10 cm pod hladinou
do sklegnych vialek opaenych Sroubovym uzéem s PTEF silikonovym septem
zabrawjicim Uniku plyri.

Do stejnych vialek byly odebirany i vzorky intecsini vody. Intersticialni
voda byla odebirana vzdy veéeth hloubkach sedimentu, a to 0-10 cm, 10-20 cm,
20-30 cm. Odér probihal pomoci duté sondy ungist do pozadované hloubky
sedimentu, do které byl umdst tzv. minipezometr napojeny h&kiou na plastovou
stiifkatku 0 objemu 100 ml. Touto i§tackou pak byla oterpana voda ze sedimentu
a umist¢na do skleanych vialek.

Ve vzorcich byly mifeny koncentrace rozpuggho Zeleza (B8, metanu
a acetatu. Koncentrace ¥éyly msteny pomoci absotpi spektrofotometrie po reakci
s 1,10-fenatrolinem. Pro analyzu koncentraci metayiipouzit plynovy chromatograf
CHROM 5 vybaveny 19 FID detektorem (deteklimit 1 pg/l) a 1,2 PORAPAK Q
kolonou (i. d. 1,8 mm), s dusikem jako nosnym pignéoncentrace acetatu byly
meéteny pomoci kapilarni elektroforézy vybavené diodovgetektorem HP 3D CE
Agilent (Waldbron, Germany). Det&k limit 6.2 umol I,

3.2. Odker vzorkd sedimentu
Vzorky sedimentu byly odebirany pomoci namrazowwmidy (,freeze-core®)

s vyuzitim N jako chladiciho média. Byly odebrany vzorky sedimedo hloubky 50

cm, které byly posléze rogény po 10cm vrstvach na 5 éith vzork.

11
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Obsah organické hmoty v sedimentu byl stanoven néosevzorku pi 105 °C
do konstantni hmotnosti a naslednym Zihanim5p0 °C po dobu 5 hodin. Vzorky

sedimentu pro granulometrickou analyzu byly su§#ng05 °C.

3.3. Méfeni toka metanu ze sedimentu do povrchové vody

Bentické toky metanu byly stanovovany jednakmym mefenim pomoci
bentickych komor a jednak pomoci vyo.

Bentické komory byly n&dhodnrozmistny uvnit studovaného Useku tak,
aby nedoslo k naruSeni povrchové vrstvy sedimevitorky vody z vnitniho prostoru
komor byly odebranyiied zapoetim a po skateni doby inkubace, ktera byla 24 hod.

Stanoveni bentickych tékmetanu pomoci vymtu je mozné na zakléd-ickova
prvniho zakona (Berner 1980):

J=-Dgsx @ x (AC/AX)
kde J je difuzni tok v pg nf s*, @ je porozita sedimentDs je difuzni koeficient
sedimentu v cfi s, AC/Ax je koncentrani gradient metanu v pg éhemit. Difuzni
koeficient sedimentuls) je zaloZen na difuznim koeficientu metanu ve&/@d,) a
turtuosit (0) podle rovnice:
Ds= Do #7°
Tortuositu @) je mozné vypditat z porozity podle rovnice (Boudreau 1996):
0% =1-In@?

3.4. Méreni tokiad metanu do atmosféry

Emise metanu z povrchové vody do atmosféry byltemy @Fimo pomoci
plovoucich komor rozmishych na hladinu uvnitstudovaného useku. Plyn z \initho
prostoru komor byl odebirdn pomoci plygsié stikacky skrz gumovou zatku
po uplynuti doby inkubace, ktera byla 2 hodiny k&g hodnoty pak byly porovnavany

s hodnotami v okolnim ovzduSi ziskanymii zapaeti inkub&ni doby.
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3.5. Bilance metanu

Jednotlivd vySe uvedenacieni byla provedena vzdy s@sré. Nejprve doslo
Kk umiseéni minipiezomett pro odkr intersticialni vody. Néasledovalo umist
plovoucich a bentickych komor proékeni toki metanu. Nakonec byly odebirany
vzorky povrchové vody. VSe bylo prowaw tak, aby nedoSlo k ovli¢ni ostatnich
méteni.

Vysledné hodnoty pak slouzily k vygtoi bilance metanu na daném Useku
v daném ¢ase. Mnozstvi metanu naifjoku a odtoku ze sledovaného Useku bylo
vypacitano na zaklatlkoncentraci metanu v povrchové ¥aa piitocich Sitky khem
24 hodin. Namsfené hodnoty bentickych téka emisi metanu do atmosféry byly
piepaiitany na plochu studovaného Useku200 nf), piicemZ bentické toky metanu
byly redukovany o podil plochy, na které nebylyotytoky pozitivni. Plocha

s pozitivnimi bentickymi toky tvidla v praméru 38 % vymezeného useku.



4. SHRNUTI VYSLEDK U

Koncentrace metanu v povrchové ¥dolyly vzdy vysSSi na konci studovaného
Useku. Koncentrace metanu v intersticialnide#dy rostly s hloubkou sedimentu. Byla
nalezena silna pozitivni korelace meziampgrnou koncentraci metanu v sedimentu
(0-30 cm) a bentickymi toky metanu do povrchovéwod

Primo mefené bentické toky metanu zm& presahovaly hodnoty bentickych
toka ziskanych vyp&tem. Emise metanu do atmosféry ve vSeidhguech pevysSovaly

hodnoty bentickych takdo povrchové vody.

Bilance metanu vykazovala zfmu ¢asovou variabilitu ghem nEfeného
obdobi. Rispivek bentickych tok metanu byl na studovaném useku nepatrny,
avsak jejich podil vyraznrostl @i prepaitu na delSi usek toku. Na 5km uUseku toku tak
mohou bentické toky ze sedimentu do povrchové voayit az 15.4 % z celkové
bilance metanu. V této praci vzdy vystupy metantesphovaly jeho vstupy
do bilartniho schématu, &hoz se da vyvodit chyfici zdroj metanu. Tento chyjici
zdroj Ize gevazre vyswitlit variabilitou uvnit jednotlivych komponent bilance metanu,
a to gredevsim kvantifikaci bentickych tbka daném useku.

Z vysledii této prace vyplyva, Ze bentické toky metanu i jebmise
do atmosféry jsou tdezitymi procesy v dynamice metanu vodniho tokusakvjejich

piispivek jecasow i prostoro¥ variabilni.
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Abstract:

Methane budget for an experimental area of a small lowland stream Sitka
was studied during three summer months in 2012. A simple model uses
rates of inputs (benthic fluxes) and loss of dissolved CH4 through evasion
to the atmosphere combined together with advection inputs and losses to
yield a CH4 dynamics (budget) for any particular section of the stream.
Considering that methane is produced in great amount within hyporheic
zone sediments, we have expected that amount of methane released by
the benthic fluxes into the overlying water should significantly affect the
total methane budget of the surface stream. In order to asses this
assumption, we measured simultaneously methane concentrations within
vertical sediment profile of a hyporheic zone, direct benthic methane fluxes
by static chambers, methane emissions into the atmosphere and both
upstream and downstream methane concentrations in the surface water,
respectively. While methane concentrations in an interstitial water tended
sharply to increase with sediment depth, we found considerable variability
in the benthic methane fluxes suggesting that there may be various factors
affecting rate of the benthic fluxes icluding methanotrophy in the top
sediment layers and stream flow, respectively. Generally, the contributions
of benthic fluxes to methane budgets of the experimental area were
negligible, however, this contribution will rapidly increase with increasing
study area implying an importance of the whole stream measurements.
Despite variability in benthic methane fluxes all the methane budgets
computed by mass balance of the measured positive and negative fluxes
into the stream experimental area showed “missing methane source”. The
principal uncertainties in the simple budget models we used are probably
the errors associated with individual benthic fluxes and their extrapolation
for the whole experimental area. Nevertheless, this study demonstrates the
importance of hyporheic sediments on the dynamics of methane in river
system and its potential greenhouse effect.
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Abstract

Methane budget for an experimental area of a small lowland stream Sitka was studied during
three summer months in 2012. A simple model uses rates of inputs (benthic fluxes) and loss
of dissolved CH4 through evasion to the atmosphere combined together with advection inputs
and losses to yield a CH4 dynamics (budget) for any particular section of the stream.
Considering that methane is produced in great amount within hyporheic zone sediments, we
have expected that amount of methane released by the benthic fluxes into the overlying water
should significantly affect the total methane budget of the surface stream. In order to asses
this assumption, we measured simultancously methane concentrations within vertical
sediment profile of a hyporheic zone, direct benthic methane fluxes by static chambers,
methane emissions into the atmosphere and both upstream and downstream methane

concentrations in the surface water, respectively. While methane concentrations in an
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interstitial water tended sharply to increase with sediment depth, we found considerable
variability in the benthic methane fluxes suggesting that there may be various factors affecting
rate of the benthic fluxes icluding methanotrophy in the top sediment layers and stream flow,
respectively. Generally, the contributions of benthic fluxes to methane budgets of the
experimental area were negligible, however, this contribution will rapidly increase with
increasing study area implying an importance of the whole stream measurements. Despite
variability in benthic methane fluxes all the methane budgets computed by mass balance of
the measured positive and negative fluxes into the stream experimental area showed “missing
methane source”. The principal uncertainties in the simple budget models we used are
probably the errors associated with individual benthic fluxes and their extrapolation for the
whole experimental area. Nevertheless, this study demonstrates the importance of hyporheic

sediments on the dynamics of methane in river system and its potential greenhouse effect.

Key words methane, benthic fluxes, methane budget, emissions, stream

1. Introduction

Methane belongs among important greenhouse gases and changes of atmospheric
methane concentrations indicate irregularity in methane sources and sinks (IPCC 2007, Khalil
et al. 2007). There are reported significant emissions of methane from the rivers and estuaries
to the atmosphere (Lilley et al. 1995, Hlavacova et al. 2006, Zhang et al. 2008), however,
quantification of the methane sources isn’t absolutely clear in these ecosystems. Main role for
the river methane concentrations play surrounding ecosystems (de Angelis & Lilley 1987,

Silvennoinen et al. 2008, Hope et al. 2001, Koné et al. 2010), nevertheless the sediments can
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also significantly contribute to the methane budget in the river (Yang 1998, Gar'kusha et al.
2010, Gebert et al. 2006, Wang et al. 2009).

The methane produced by archaeal activity in the sediment diffuses into the surface
water (de Angelis & Scranton 1993). Both in surface water and in the sediment, the methane
is oxidized (Segers 1998, Deborde et al. 2010). Remaining amount of the methane contributes
to river methane concentration and is further emitted to the atmosphere mainly by surface
diffusion and turbulent transport (Maclntyre et al. 1995). Importance of the river hyporheic
sediment for the methane budget can be inferred from high interstitial concentrations of the
methane (Gar'kusha et al. 2010, Hlavacova et al. 2005). Even the ebullitive transport, which
is important for the sediments of lakes (Shalini et al. 2006), can achieve high values in
streams (Baulch et al. 2011). The methane benthic fluxes are significant despite of high
oxidation in considerable layer of the sediment in lotic ecosystems (Baker et al. 1999, Jones et
al. 1995), while the layer of dissolved oxygen in lakes is limited on a few millimeters (Kuivila
et al. 1988, Huttunen et al. 2006). Existence of the benthic fluxes from oxygenated sediments
are possible because of the spatial variability of oxygen level (Jones et al. 1995, Jones &
Mulholland 1998a) or due to the occurrence of anoxic microzones just below the sediment
surface (Deborde et al. 2010).

The aim of this study was to construct simple model of the methane budget for the
study site with emphasis on quantification of benthic fluxes. The methane fluxes from the
sediment are characterized by high spatial and temporal variability and their quantification
and extrapolation is rather complicated. Our study provides further evidence that hyporheic
zone and subsequent methane fluxes into the surface stream might be an important source of
the methane for surface water. It also shows differences between two methods employed for a
detection of fluxes at the sediment-water interface. Complex measurements are conducive to

determine the simple models of the methane budget for the study site.
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2. Material and methods
2.1 Study site
The study area is located on downstream part of the Sitka stream, Czech Republic. The
Sitka is an undisturbed, third-order, 35 km long lowland stream originating in the Hruby
Jesenik mountains at 650 m above sea level. The catchment area is 118.81 km?, geology being
composed mainly of Plio-Pleistocene clastic sediments of lake origin covered by quaternary
sediments. The mean annual precipitation of the downstream part of the catchment area varies
from 500 to 600 mm. In study area the Sitka stream flows through an area of agricultural
fields. River bed sediments are characterised by finer sediment with a median grain size of
2.8 mm. Bottom sediments were without vegetation cover. More detailed characteristics of the
geology, gravel bar, longitudinal physicochemical (e.g. temperature, pH, redox, conductivity,
0,, CHy4, NOs3, SO,) patterns in the sediments and a schematic view of the site with sampling
point positions have been published previously (Rulik et al. 2000, Rulik & Spacil 2004).
Earlier measurements of a relatively high production of methane, as well as potential
methanogenesis, confirmed the suitability of the field sites for the study of methane cycling
(Rulik et al. 2000, Hlavacova et al. 2005, 2006).
The study area was =45 m long and 4.5 m wide. Measurements were carried out
during the summer months of two years. Mean monthly values of temperature and water

discharge at the study area during the sampling are shown in Table 1.

2.2, Water samples
Surface water was collected from running water at a depth of 10 cm below the surface
level at the beginning and the end of the study area. Interstitial water samples were collected
using a set of 15 minipiezometers (Trulleyova et al. 2003) placed at three different depths (0-

10 cm, 10-20 cm, 20-30 cm). The initial 50-100 ml of water was used as a rinse and
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discarded. As usual, two subsamples of interstitial water from each minipiezometer were
collected from a continuous column of water with a 100 ml polypropylene syringe connected
to a hard PVC tube, drawn from a minipiezometer and injected into sterile, clear vials (40 ml)
with screw-tops, covered by a polypropylene cap with PTFE silicone septa (for analysis of
dissolved gasses) and stored before returning to the laboratory.

Dissolved ferrous iron (Fe’") concentration was measured using absorption
spectrophotometry after reaction with 1,10-phenanthroline. Concentrations of dissolved
methane in the stream and interstitial water were measured directly using a headspace
equilibration technique. Dissolved methane was extracted from the water by replacing 10 ml
of water with N, and then vigorously shaking the vials for 15 seconds (to release the
supersaturated gas from the water to facilitate equilibration between the water and gas
phases). All samples were equilibrated with air at laboratory temperature. Methane was
analysed from the headspace of the vials by injecting 2ml of air sub-sample with a gas-tight
syringe into a CHROM 5 gas chromatograph, equipped with the flame ionization detector
(CH4 detection limit = 1pg I'") and with the 1.2m PORAPAK Q column (i.d. 3 mm), with
nitrogen as a carrier gas. Gas concentration in water was calculated using Henry’s law.
Concentrations of acetate were meausred using capilary electrophoresis equipped with diode
array detector HP 3D CE Agilent (Waldbron, Germany). Limit of detection was set as LOD =

6.2 umol I,

2.3. Sediment samples
Hyporheic sediments were collected with a freeze-core using N, as a coolant
(Bretschko & Klemens 1986). Three cores were taken for subsequent analyses. After
sampling, surface 0-25 cm sediment layer and layer of 25-50 cm in depth were immediately

separated and were stored at a low temperature whilst being transported to the laboratory.
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Sediment organic matter content was determined by oven-drying at 105 °C to constant
weight and subsequent combustion at 550 °C for 5 hours to obtain ash-free dry weight
(AFDW). Organic matter values were then converted to carbon equivalents assuming 45 %
carbon content of organic matter (Meyer et al. 1981). Sediment from another freeze-core was
oven-dried at 105 °C and subjected to granulometric analysis. Grain size distribution and
descriptive sediment parameters were computed using the database SeDi (Schonbauer &

Lewandowski 1999).

2.4. Fluxes of methane across the sediment-water interface
Fluxes of methane across the sediment-water interface were estimated either by direct

measurement with benthic chambers or calculated by applying Fick's first law.

Benthic fluxes

The methane fluxes across the sediment-water interface were measured using the
method of benthic chambers (e.g. Sansone et al. 1998). The plexiglas chamber (2.6 dm?®)
covered an area 0.0154 m’. The chambers (n = 7) were installed randomly and gently
anchored on the substrate without disturbing the sediment. Samples to determine of initial
concentration of CH4 were collected from each chamber before the beginning of incubation.
Incubation time was 24 hours. Samples of water were stored in 40 ml glass vials closed by

cap with PTFE/silicone septum until analysis.

Diffusive fluxes
Fluxes of methane between the sediment and overlying water were calculated from
Fick’s first law as described by Berner (1980):

J=-Ds x ® x (AC/Ax) (1)
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where J is the diffusive flux in pg m? s, @ is the porosity of the sediment, Dy is the
bulk sediment diffusion coefficient in cm™ s, AC/Ax is the methane concetrations gradient in

> em™. Bulk sediment diffusion coefficient (Ds) is based on diffusion coefficient for

pg cm:
methane in the water (D) and tortuosity (6) according to the formula:
Ds=Dy 0 )

Tortuosity (6) is possible calculate from porosity according to equation (Boudreau
1996):

0° =1—In(@°) (3)
2.5. Fluxes of methane across the air-water interface

Gas flux across the air-water interface was determined by the floating chamber
method. The open-bottom floating PE chambers (3.1 L domes with an area of 0.024 m?) were
maintained on the water’s surface by a floating body (Styrene) attached to the outside. The
chambers (n = 7) were allowed to float on the water‘s surface for a period of 2 hours.
Previous measurements confirmed that time to be quite enough to establish linear dependence
of concentration change inside the chambers on time for the gas samples collected every 30
min over a 3 hour period. The fluxes were calculated using linear regression based on the
concentration change as a function of time, regardless of the value of the coefficient of
determination (cf. Duchemin et al. 1999, Silvenoinen et al. 2008).

Due to trees on the banks, the chambers at all study sites were continuously in the
shade. On each sampling occasion, ambient air samples were collected for determining the
initial background concentrations. Samples of headspace gas were collected through the
rubber stopper inserted at the chamber’s top, and stored in 100ml PE gas-tight syringes until
analysis. Emissions were calculated as the difference between initial background and final

concentration in the chamber headspace, and expressed on the Im? area of the surface level

per day according to the formula:
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F=[(ci—cr) * V*24/t*1000] / p )

where F is a gas flux in mg m'zday'l; ¢/ 1s a concentration of particular gas in the chamber
headspace in pg 1"; cgis a concentration of particular gas in background air; ¥ is volume of

the chamber in L; ¢ is time of incubation in hr; p is an area of chamber expressed in m”.

2.6. Methane budget

The potentially important source and sinks terms for dissolved methane in the water
column of the Sitka stream are shown in Figure 1. Previously calculated rates of inputs
(benthic fluxes) and loss of dissolved CHj through evasion to the atmosphere can be
combined together with advection inputs and losses to yield a CH4 dynamics (budget) for any
particular section of the stream.

Individual components of the methane budget were measured simultaneously in the
same place during three summer months in 2012, as well as measurement of other parameters
(temperature, river flow, Fe’"). Firstly, sets of minipiezometrs were placed into the sediment.
This was followed by installation of floating and benthic chambers. Finally, samples of
surface water were taken. The whole process was performed so that manipulation in study site
did not affected other measurements. Resulting values enabled assemble simple model of
methane budget for time-separate situations within the Sitka stream.

Values of the advection in and advection out were calculated from the methane
concentrations in the surface water and water discharge of Sitka stream during 24 hours.
Detected methane benthic fluxes and emissions to atmosphere were converted to area of the
study site. Positive fluxes were not found at the whole area of study site, thus, resulting values
of benthic fluxes were reduced by proportion of an area without positive fluxes. Proportion of

an area with positive methane benthic fluxes was an average 38 %. The difference among
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losses and inputs of the methane expresses strength of missing source and it may be

determined from individual models by calculating of this difference.

2.7. Statistics
Data analyses were performed using NCSS 2007. Sample differences were compared
statistically using a one-way analysis of variance (P < 0.05). To investigated the relationships

among variables, Spearman’s correlation analysis of data was performed.

3. Results and discussion
3.1 Enviromental parametres
Temperature of surface and interstitial water measured during sampling period ranged
from 12.03 to 28.25 °C and 13.24 to 20.62 °C, respectively. Temperature of interstitial water
differed by only a few tenths of a °C on days of measurements. Therefore, we conclude that
temperature was not responsible for variability of methane benthic fluxes. There were found
also no correlations among temperature of surface water and other parameters (benthic fluxes,
methane concentrations in surface water, river flow).
Other parametres of the hyporheic interstitial water and sediment are shown in
Table 2. Parametres were measured up to 30 cm of the sediment depth because sufficient CHy
concentration gradient and our main emphasis to diffusive processes in the upper sediment
layer.
Concentrations of Fe*” in the interstitial water ranged from O (under detection limit) to
19.29 mg I with an average of 1.71 + 0.41 mgl'. Values of interstitial Fe*" positively
correlated with CHy4 concentrations in July 2012 (p <0.01, r= 0.76). However, no clear
relationship was found in other months. This might be due to large temporal variability of

both Fe*" and CHa,.
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The concentrations of Fe" and CHy in interstitial water were compared with assuming
that rising concentrations of Fe*" should indicate redox potential conditions suitable for the
methanogenesis (Wang et al. 1993, Segers 1997). However, results of this study showed
certain obscurity in the relationship among Fe’" and CH, concentrations in hyporheic zone of
Sitka stream.

Concentrations of acetate in interstitial water ranged from 0.23 to 5.25 mg 1" and
tended to increase with sediment depth (Tab. 2). Concentrations of acetate were identified

because of their suitability as a substrate for methanogens (Conrad 2009).

3.2 CH, in surface and interstitial water

Methane concentrations in surface water ranged from 7.89 to 18.34 g I and were
always higher in a lower part (i.e. downstream) of a study area. Mean concentrations of
stream CHj in the sampling periods of 2011 and 2012 were 8.20 + 0.25 pg 1" and 15.99 +
0.70 pg 1", respectively. The Sitka stream CH, concentrations are comparable with those from
rivers reported by Sanders et al. (2007) and Kone et al. (2010) or from estuaries (Zhang et al.
2008 and literature cited here).

Generally, methane concentrations in an interstitial water tended to increase with
sediment depth (see Fig. 2). Significant difference was found between 0-10 cm and other
depths in the first sampling period (2011), whereas the depth 20-30 cm was significantly
different from others during the second sampling period (2012). Methane concentrations in
the interstitial water ranged from 8.59 to 11789.19 pug "' and measured concentrations of CHy
were significantly higher during the first sampling period (2011) with an average of 2362.9 +

439.7 ug CHy I compared to 712.1 + 99.4 ng CHy I"in year 2012, respectively.

10
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3.3. CH/ fluxes across sediment-water and air-water interface

According to our data, the sediment of a Sitka stream was found to be a source of CHy4
for surface water. Benthic fluxes measured directly by static chambers ranged from 0 to
202.09 mg m™ day™', while calculated fluxes ranged from only 0.009 to 2.082 mg m™~ day™.
Thus, mean values of measured benthic fluxes significantly exceeded calculated fluxes (11.90
+ 4.54 and 0.38 + 0.10 mg m™~ day™"). From this comparison we inferred higher suitability of
direct measurement of benthic fluxes for river sediment with these conditions (shalow depth
of surface water, sediment without vegetation). Values of measured benthic fluxes tended to
increase with methane concentrations in the upper layer of the sediment (0-10 cm) in first
sampling period (2011), while opposite trend was observed in second sampling period (2012)
(Fig. 3). It might be partly caused by overall lower values of methane concentrations in
interstitial water in 2012, although methane concentrations in the upper layer of the sediment
(0-10 cm) were similar.

Strong possitive correlation was found between mean concentrations of CHj in
interstitial water (0-30 cm of depth) of the sediment and measured benthic fluxes (r = 0.88, p
< 0.05). Benthic fluxes measured by chambers were found to be higher compared with other
studies carried out in rivers (e.g. Sansone et al. 1998, Zhang et al. 2008).

Despite higher average values of methane concentrations in the interstitial water and
methane fluxes from sediment, there was found lower average methane concentration in
surface water within the first sampling period in 2011. One possible explanation could be
dilution, as described by Kone et al. (2010), because four times greater average river flow was
observed within the first sampling period. River also receives water primarily from surface
runoff, which is low in methane. The reverse is true during periods of low flow, when there is
an increase in the concentration of methane in the surface water flows through subsurface

waters rich in methane (Jones & Mulholland 1998b). Except dilution, there are at least two

11
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other processes affecting stream methane depletion — higher emissions to atmosphere (Hope
et al. 2001) and increased oxidation of CHy4 can occur due to the higher river flow (McClain et
al. 2003). However, the opposite effect of high flow occurs when the river is surrounded by a
methane rich habitats (Zhang et al. 2008).

Methane emissions from surface water to atmosphere ranged from 1.14 to 11.72 mg
m? day™” with an average of 5.94 + 0.59. It corresponds to the range of methane emissions
from rivers (e.g. de Angelis & Scranton 1993, Jones & Mulholland 1998b, Kone et al. 2010),
however it is relatively low compared with our previous studies on the Sitka stream
(Hlavacova et al. 2006).

Methane concentrations in surface water were always higher in downstream site
compared to the upstream site although methane emissions to atmosphere were always higher
than input of methane from the sediments. This discrepancy between sources and loses of
methane to its total surface concentration suggests existence of more methane sources within
study site, such as drainage of adjacent soil (de Angelis & Lilley 1987), or failings in

quantification of benthic fluxes.

3.4. CH, budget
The result of integrated measurements is shown in Fig. 4. Budgets were characterized
by distinct temporal variability during the sampling period. The contributions of benthic
fluxes for methane budgets of the experimental area were negligible (ranged from 0.1 to
1.2 %), however, this contribution will increase with increasing study area. Therefore, after
conversion to several kilometres long section (e.g. 5 km), the contribution of the methane
fluxes from the sediments to methane budget of the section increases several fold (ranged

from 1.3 to 15.4 %). Emission fluxes of CH4 across the water-air interface are expected to

12
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behave in the same manner. Hence both benthic methane fluxes and emission fluxes can play
an important role in methane budget of the Sitka stream.

Spatial and temporal variability of methane budget may be explained by the different
conditions and therefore it’s required more measurements to assess the strenght of individual
components of the budget.

In our models of the methane budget losses always exceed inputs of methane,
therefore there must be missing source of the methane in the study area, which was not
detected in our measurements. Strenght of the missing source was different in each methane
budget, as well as values of other components of the budget. The values of the missing
sources for individual models are included in figure 4.

Missing source may be partly explained by quantification of benthic fluxes. Benthic
fluxes were temporally and spatially variable and in this study we calculated benthic fluxes
from proportion of study area with positive fluxes; it could understimate considerably
methane benthic fluxes. Importance of benthic fluxes increase with generalization of positive
benthic fluxes on the whole study area. This conversion explained substantial part of missing
source, but not all. Values of benthic fluxes and missing sources of methane for individual
models after this conversion are shown in Table 3.

Next possible factors influencing the final value of the missing source are
overestimation of methane emission to atmosphere or too different methane concentrations at
the beginning and the end of the study site because of variability of individual measurements.
The combination of factors mentioned above can substantially reduce the amount of missing
source. In our case we do not expect existence of drainage of adjacent soil as methane source
(de Angelis & Lilley 1987) because of a short length of the study area. Therefore, it is
necessary to do more mesurements to quantify the benthic fluxes in the study area. In any

case, we have proved the hyporheic sediments are potential source of the methane for the
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Sitka stream, however their contribution to the stream methane budget is highly variable,

both spatially and temporally.
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1 Tables

3 Table 1. Stream flow and temperature conditions in study area during two summer periods
4 (mean monthly values). Long term observation of interstitial water temperature was carried
5 out using temperature dataloggers Minikin (EMS Brno, Czech Republic) buried in the

6  sediment depth of 25-30 cm for a period of one year.

temperature (°C)

. B
year month water discharge (157) surface water interstitial water
June 191.18 17.22 15.60
2011 July 537.48 16.38 15.59
August 447.48 16.73 15.72
September 60.39 15.39 15.12
June 77.44 17.17 15.60
2012 July 98.33 19.36 18.06
August 77.47 18.59 17.80
September 69.27 14.84 15.19
7
8

9  Table 2. Selected environmental parameters of the hyporheic interstitial water and sediment

10 of the study area in the summer months of 2012 (mean values + SE).

parameter/ sediment depth 0-10 cm 10-20 cm 20-30 cm
CH, (ng1h 251.71 +£55.83 641.28 =£108.34 1243.26 +242.95
Fe’" (mg 1) 1.29+0.57 2.68 +1.09 1.26 +0.35
acetate (mg 1) 2.21+£0.26 2.33+0.23 2.55+0.27
conductivity (uS cm™) 526.9 £ 13.67 516.5+9.41 516.6 £13.62
grain median size (mm) 1.92 +£0.55 2.38+0.25 0.72+0.30
grain < 1 mm (%) 29.60 +3.04 20.33+1.63 4328 £11.80
TOC (%) 1.27 £0.03 1.04 £0.20 439+£2.24

11

12

13 Table 3. Values of benthic fluxes and missing sources of methane after generalization of

14 positive benthic fluxes on the whole study area (compare to Fig. 4)

year month benthic fluxes (mol day ') missing source (mol day™)
June 0.112 0.353

2012 July 0.068 0.508
August 0.041 0.062
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Figure legends

Fig. 1. Simple box model used to calculate a CH4 budget for the Sitka stream experimental
section; advection in + supply = advection out + removal (box adjusted after de Angelis &

Scranton 1993)

Fig. 2. Concentrations of methane (ug 1) in different depths of an interstitial water during

two sampling periods 2011 and 2012, respectively (mean monthly values + SE).

Fig. 3. Comparison of CH, concentrations (ug 1) in the upper layer of the sediment (0-10
cm) with measured and calculated CH, benthic fluxes (mg m™ day’l) for two sampling

periods (mean monthly values = SE).

Fig. 4. Comparison of simple box models expressing CH, budgets (mol day') for
experimental area in each month of the sampling period 2012. There are interpolated values of
the missing source in parentheses. Note that advection out values are always higher that

advection in values in spite of lower benthic fluxes compared to emissions to atmosphere.

21

Page 22 of 27



Page 23 of 27

International Review of Hydrobiology

removal (emissions to atmosphere)

advection out advection in

supply (benthic fluxes to surface water)

217x101mm (96 x 96 DPI)



month (year)

Vii(2011)

Vil (2011)

1X(2011)

Vi(2012)

VII (2012)

Vil (2012)

International Review of Hydrobiology

Page 24 of 27

00-10cm
@10-20cm
B20-30cm

0

1000

2000

3000 4000 5000 6000 7000
ngl?

188x101mm (96 x 96 DPI)

8000

9000

10000



Page 25 of 27

International Review of Hydrobiology

45 -+

40 1

30 9

25 9

mgm-2den!

20 -+

10 1

e

i_-.

VII(2011) Vi1 (2011) 1X(2011) VI(2012) VII(2012) VIII(2012)

OCH4 (-10 cm)

month (yvear)

B measured benthic fluxes

1200

1000

800

600

400

200

M calculated benthic fluxes

134x177mm (96 x 96 DPI)

pg !



International Review of Hydrobiology

VI

0.095

6.66 —-—E—— - 6.29
MS 0.384)

188x101mm (96 x 96 DPI)

Page 26 of 27



Page 27 of 27

International Review of Hydrobiology

VII

0.086

T

1093 -— - 1044
(MS 0.567)

|

0.009

188x101mm (96 x 96 DPI)



International Review of Hydrobiology

VIII -

582 - ~-€—— 3576
(MS 0.091)

—

0.012

188x101mm (96 x 96 DPI)

Page 28 of 27



