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ABSTRAKT

Sklenikovym plynim a souvisejicim biogeochemickym kolobéhim uhliku a dusiku je
v poslednich dvou desetiletich vénovana zvySena pozornost v disledku globalnich
zmén klimatu. Cilem diserta¢ni prace bylo v nékolika védeckych studiich kvantifikovat
a charakterizovat produkci sklenikovych plynd, pfedev§im metanu, v hyporheickych
sedimentech malého vodniho toku Sitka. Studie, které se zakladaji na terénnich
meéfenich, inkubacnich experimentech a analyze stabilnich izotopl, jsou soucasti
SirStho vyzkumu, ktery se zabyva kolobéhem uhliku v tekoucich vodach. Data z péti
studii obsazenych v disertacni praci dokladaji, Ze vodni toky uvolfiuji do atmosféry
vyznamné mnozstvi metanu, oxidu uhli¢itého a oxidu dusného. Déle uvedené studie
dokladaji, ze v hyporheickych sedimentech dochdzi k mikrobidlnim procestim
metanogeneze a metanotrofie a soucasné k vyskytu souvisejicich taxonl archei a
bakterii. Zavére¢na studie prokazuje, ze podil acetoklastické a hydrogenotrofni
produkce metanu v hyporheickych sedimentech je v rozsahu typickém pro sladkovodni
prostfedi. Disertaéni prace pfispéla k védomostem o anaerobnim metabolismu
v hyporheickych sedimentech a o jejich roli v biogeochemickych kolobézich uhliku a

dusiku.

Kli¢ova slova: sklenikové plyny, metan, oxid uhli¢ity, oxid dusny, hyporheicky

sediment, tekouci vody, metanogeneze



ABSTRACT

In terms of the global climate change, a raised awareness is devoted to greenhouse gas
emissions and to the contextual biogeochemical cycles of carbon and nitrogen in the
last two decades. The aim of the thesis is to quantify and characterize, in several
research papers, greenhouse gas production, especially of methane, in hyporheic
sediments of the small water stream Sitka. The research papers based on field
measurements, incubation experiments and a stable isotope analysis are a part of a
long-term research concerned with the organic carbon cycle in running waters. Data in
the five research papers included in the thesis prove that water streams release a
significant amount of methane, carbon dioxide and nitrous oxide into the atmosphere.
Furthermore the research papers demonstrate that microbial processes of
methanogenesis and methanotrophy occur in conjunction with presence of related
taxonomic groups of archaea and bacteria. The last research paper approves that
partitions of acetoclastic and hydrogenotrophic pathways of methane production in
hyporheic sediments are in a range typical for freshwater environments. The thesis
contribute to the knowledge about an anaerobic metabolism in hyporheic sediments,

and about their role in biogeochemical cycles of carbon and nitrogen.

Key words: greenhouse gases, methane, carbon dioxide, nitrous oxide, hyporheic

sediments, running waters, methanogenesis
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UvoD

Sklenikové plyny

Kromé vodnich par jsou tfemi nejvyznamnéjsimi sklenikovymi plyny oxid uhlicity,
metan a oxid dusny (IPCC 2013). Celkovy podil sklenikovych plynii na zménach
klimatu ovliviluje pfedevSim nartst jejich atmosférické koncentrace, ktera od
preindustridlniho obdobi u vSech tfi plynd vyznamné stoupla. V roce 2011 byla
primérna globalni atmosférickd koncentrace oxidu uhli¢itého 391 ppm, coz je nartist o
41 % oproti preindustrialnimu obdobi, za které je povazovan rok 1750 (IPCC 2013). V
preindustrialnim obdobi byla globalni atmosféricka koncentrace oxidu uhli¢itého podle
meéfeni vzduchu z ledovcovych vrth 278 ppm (Etheridge et al. 1996). Primérna
globalni atmosféricka koncentrace metanu je 1803 ppb (IPCC 2013), coz je vyrazny
narust oproti preindustrialnimu obdobi, kdy byla jeho primérna globalni koncentrace
pouze 722 ppb (Eltridge et al. 1998, Dlugokencky et al. 2005), ale predpoklada se, ze
lidsky vliv na globalni kolobéh metanu zacal o tisice let dfive nez na pocatku
industrialniho obdobi (Ruddiman 2003, Ferretti et al. 2005, Ruddiman 2007). V roce
2011 dosahla primérna globalni atmosféricka koncentrace oxidu dusného 324 ppb
(IPCC 2013) a od roku 1750, kdy byla 270 ppb, stoupla o 20 % (Prather et al. 2012).
Mefeni izotopického slozeni oxidu dusného v ledovcovych vrtech naznacuje, ze vzrtst
atmosférické koncentrace tohoto plynu od 50. let 20. stoleti je predev§im v dusledku
pouzivani syntetickych dusi¢nanovych hnojiv (Rockmann et Levin 2005, Ishijima et al.

2007, Davidson 2009, Syakila et Kroeze 2011).

Schopnost riznych sklenikovych plynt prispét ke klimatické zméné ovliviiuje vedle
atmosférickych koncentraci také jejich efektivita. Jako metrické nastroje prevedeni
efektu riznych sklenikovych plynid na spolecnou stupnici slouzi potencialy globalniho
otepleni (global warming potentials, zkracené GWP). Potencial globalniho otepleni je
definovan jako v daném ¢ase vypoctené radiacni ptisobeni urcitého sklenikového plynu

v poméru ku radiacnimu piasobeni stejné hmotnosti oxidu uhli¢itého (Houghton et al.



1990). Efekt stejné hmotnostni jednotky metanu i oxidu dusného na otepleni troposféry

je vyrazné vyssi nez u oxidu uhli¢itého (Myhre et al. 2013).
Produkce biogennich sklenikovych plyni

Oxid uhli¢ity, metan a oxid dusny jsou soucasti biogeochemickych cyklt uhliku a
dusiku, tudiz koluji mezi rezervodry, ze kterych jsou odstrailovany ztrdtami a
doplilovany do nich zdroji. Vyznamnym rezervoarem vsech tii sloucenin je atmosféra.
Ztraty a zdroje sklenikovych plynid pro atmosféru se mohou rozdé€lovat na pfirozené a
antropogenni. Rovnovaha pfirozenych kolobéht prvkli mezi rezervoary je zpravidla
antropogennimi vlivy naruSovdna. Piikladem je pravé zvySovani koncentrace
sklenikovych plynt v atmosféte. Dilezitou spolecnou vlastnosti vSech tii plynt je, Ze
mohou vznikat mikrobidlnimi procesy, které patii mezi jejich vyznamné piirozené i
antropogenni zdroje.

K pfirozenym zdrojim oxidu uhli¢itého pfibyly v holocénu zdroje antropogenni,
kterymi jsou spalovani fosilnich paliv, vyroba cementu a zmény vyuZiti zemi (napf.
deforestace). Pouze maly zlomek celkového mnozstvi oxidu uhli¢itého uvolnéného
ro¢n¢ do atmosféry je antropogenniho ptivodu, ale pfesto je tato relativné mala Cast
klicova v naruseni rovnovahy ptirozen¢ho kolobéhu uhliku a vzristu atmosférickych

koncentraci oxidu uhli¢itého.

Podle vzniku lze zdroje metanu do atmosféry rozdélit na tifi kategorie: biogenni,
termogenni (fosilni) a pyrogenni, které mohou byt jak pfirozené tak antropogenni.
Biogenni emise metanu tvoii asi 65-79 % celkovych emisi do atmosféry (Wuebbles et
Hayhoe 2002, Mikaloff-Fletcher et al. 2004, Wang et al. 2004, Chen et Prinn 2006). Z
hlediska biogennich zdroji metanu byla zatim vénovana pouze mala pozornost fekam a
vodnim tokiim (Jones et al. 1995, Hlavacova et al. 2005, Sanders et al. 2007, Wilcock
et Sorrell 2007, Trimmer 2009, publikace I. a II.).

K nardstu atmosférické koncentrace oxidu dusného dochézi kvili antropogennimu

naruseni kolob&éhu dusiku. Rovnovéha je naruSovana tim, ze je zvySena produkce



reaktivniho dusiku (vSechny formy dusiku kromé N>) lidskou Cinnosti. Oxid dusny
vznika piirozené béhem mikrobialnich procest nitrifikace a denitrifikace, které jsou
zvysenym obsahem reaktivniho dusiku antropogenné zesilovany (Sloss 1992). Nedavné
studie potvrzuji, Ze feky jsou vyznamnym zdrojem oxidu dusného (Beaulieu et al.

2011, Rosamond et al. 2012, publikace I.).

Kvili obavam z globalni klimatické zmény navrhuji mnohé studie mozné zpasoby a
strategie snizovani emisi sklenikovych plynt z antropogennich zdroji. Na druhou
stranu nékteré pfirozené zdroje téchto plynd jsou opomijeny (Frankignoulle et
Middelburg 2002), piestoze je inventarizaci zdroju sklenikovych plynti vénovano
znacné usili. Koncentrace oxidu uhli¢itého, metanu a oxidu dusného je ve vodnich
tocich nékolikanasobné vyssi nez rovnovazna s atmosférickou koncentraci (Cole et
Caraco 2001, Hlavacova et al. 2006, Striegl et al. 2012, Yang et al. 2012), coz
naznacuje, ze vodni toky mohou byt vyznamnym zdrojem téchto plynt. Ackoliv panuje
vSeobecna potieba kvantifikace potencidlnich zdroji sklenikovych plynt, nejsou
obvykle vodni toky mezi zdroje metanu pfimo zapoditany, jako je to v pfipadé oxidu
dusného. Pfesto jiz existuje napf. mnoho dokladt, ze vodni toky uvolfuji také

vyznamné mnozstvi metanu (Sanders et al. 2007, Wilcock et Sorrell 2008).
Hyporheické sedimenty

Hyporheicka zéna je oblast ficniho dna vyplnéna poréznimi sedimenty, které jsou
saturované ficni a podzemni vodou. Hyporheické sedimenty maji zasadni ulohu v
procesu samocisténi vody a jsou metabolickym centrem vodniho toku zodpovédnym za
zadrzovani, ukladani a mineralizaci organického materidlu, ktery je transportovan
povrchovou vodou (Grim et Fisher 1984). Fyzikalni a chemické parametry

v hyporheickém sedimentu se vyznacéuji prostorovou variabilitou.

Diky hyporheickému biofilmu mohou v aerobnim prostiedi vedle sebe probihat aerobni
a anaerobni procesy, které se odehrdvaji v jeho riznych vrstvach. Protoze

polysacharidova matrix udrzuje propojeni mezi jednotlivymi mikrokoloniemi riznych



bakterialnich a archealnich typli, mohou vznikat mista specifickych limitovanych nik.
Mikroorganismy pozadujici specifické substraty, jako jsou napf. metanogeny s
pozadavkem na vodik, jsou schopny rdst diky tésnému prostorovému nastaveni s

ostatnimi typy bakterii a archei, které produkuji tyto substraty (Korber et al. 1995).
Metanogeneze

Biogenni metan hraje ulohu pfi rozkladu organickych latek v sedimentech a ptdach,
protoze je findlnim produktem anaerobni dekompozice organického materialu.
V anaerobnich podminkédch je organicky materidl nejprve rozlozen fermentaci na
jednoduché latky (oxid uhlicity, kyseliny a alkoholy); posledni krok anaerobniho
rozkladu pak probiha, az pokud jsou spotfebovany alternativni anorganické elektronové
akceptory (zejména dusicnany, zelezité ionty a sirany) a je nazyvan metanogeneze.
Tento mikrobialni proces je umoznén funkéni skupinou zvanych metanogeny
(metanogenni archea), které fylogeneticky nalezi do nékolika taxond v doméné Archea
(Chaban et al. 2006). Metanogeny mohou vyuzivat pouze omezené mnozstvi substratd.
Ve sladkovodnich ekosystémech se vyskytuje prakticky pouze redukce oxidu uhli¢itého
vodikem (tzv. hydrogenotrofni metanogeneze) a rozklad acetatu (tzv. acetoklasticka
metanogeneze) (Davidson et Schimel 1995, Conrad 2007). Ve vét§iné metanogennich
prostiedi probihaji tyto typy metanogeneze soucasné a lisi se svym podilem na celkové

produkci metanu.

e

("*C) v poméru k metanu z moiskych sedimentd. To je diky relativng vétSimu vyznamu
acetoklastické metanogeneze ve sladkovodnich prostiedich oproti mofskym
sedimentiim, kde pievlada hydrogentrofni metanogeneze (Blair et al. 1993). Pfestoze
podil metanogennich reakei na celkové produkci metanu byl jiz kvantifikovan v mnoha
riznych prostiedich, jako jsou tropicka jezera (Conrad et al. 2011), ryzova pole
(Sugimoto et Wada 1993, Fey et al. 2003, Penning et Conrad 2007), kofeny ryze (Chin
et al. 2004), boredlni raselinist¢ (Galand et al. 2005), motiské sedimenty (Crill et

Martens 1986), mokiady mirného pasu (Hornibrook et al. 1997) ¢i anaerobni reaktory
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(Laukenmann et al. 2010), o podilu metanogennich reakci v ficnich ekosystémech

mame dosud stale malo informaci.

Lepsi predstavu jiz mame o kolobéhu metanu v ficnim ekosystému. Metan je
produkovan v hyporheické zoné, ze které piechazi difuzi nebo v podobé bublinek do
povrchové vody, odkud je uvolnovan dale do atmosféry. Na ubytku metanu v
hyporheické zoné se podili metanotrofie, ktera je zprosttedkovana funkéni skupinou
metanotrofnich bakteriii. Tento mikrobialni proces pievlada ve vice prokyslicenych
Castech sedimentu a v nekterych vodnich ekosystémech mize zoxidovat az veskery

vyprodukovany metan (Hanson et Hanson 1996).
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CILE DISERTACNI PRACE
V disertacni praci byly sledovany tfi hlavni cile:
Porovnat a kvantifikovat emise a koncentrace sklenikovych plynt (metanu, oxidu

uhli¢itého, oxidu dusného) v hloubkovém a podélném profilu malého vodniho toku

Sitka béhem jednoho ro¢niho cyklu. (publikace I. a I1.).

Pomoci inkubacnich experimentd charakterizovat a porovnat mikrobidlni procesy
spojené s produkci a oxidaci metanu v hloubkovém profilu hyporheického sedimentu a

podél fi¢niho kontinua malého vodniho toku Sitka (publikace IL., III., IV.).

Pomoci analyzy 8"C a inkubac¢nich experimentti se selektivni inhibici metanogeneze
kvantifikovat substratovou preferenci metanogenii a charakterizovat mikrobialni
procesy v kolobéhu uhliku v hloubkovém profilu hyporheického sedimentu ficky Sitka

(publikace V.).

12



METODIKA

Vyzkum probihal na ficce Sitka, kterda je z pfevazné Casti neregulovanym vodnim
tokem dlouhym 35 km. Prameni v Nizkém Jeseniku a usti do ficky Oskavy asi 5 km
severné od Olomouce. V podélném profilu vodniho toku bylo vytyéeno pét lokalit,
které predstavovaly pravidelna odbérova mista. Horni ¢ast toku protéka skrze lesnatou
oblast s malou intenzitou antropogennich ¢innosti (lokality I-II), zatimco spodni ¢ast
toku s dobfe vyvinutou pobiezni vegetaci pfirozen¢ meandruje skrze intenzivné

obhospodatovanou zemédélskou krajinu (lokality IT1-V).

Béhem vyzkumu byly na stanovenych lokalitach pravidelné v pribéhu roku odebirany
vzorky povrchové a intersticidlni vody a vzorky hyporheického sedimentu.
Intersticialni voda byla odebirana za pouziti minipiezometra (Trulleyova et al. 2003) a
hyporheické sedimenty byly odebirany pomoci metody freeze-core s tekutym dusikem
jako chladicim mediem (Bretschko et Klemens 1986). Koncentrace oxidu uhli¢itého,
metanu a oxidu dusného v plynnych a vodnich vzorcich byla méfena plynovou

chromatografii.

Mefteni tniku plynt z vodni hladiny do atmosféry bylo provedeno pomoci metody
uzavienych komor (Crill et al. 1988). Vespodu oteviené¢ plovouci komory byly
umistény na vodni hladinu pomoci plovdku a plyny mohly voln¢ emitovat do
headspace komor. Emise byly spocteny jako rozdil mezi pozad’ovou koncentraci a

koncentraci uvniti komor po uplynuti doby inkubace a vyjadfeny v mg m?day.

Inkubacni experimenty pro stanoveni potencialni produkce metanu a potencialni
oxidace metanu v podélném a hloubkovém profilu hyporheickych sedimentt toku Sitka
slouzily ke srovnani s pocetnosti mikrobidlnich populaci metanogenti a metanotrofil.
Mira potencialni produkce metanu (metanogeneze) je méfena pomoci anaerobnich
inkubacnich experimentti (Segers 1998). Mira potencidlni oxidace metanu
(metanotrofni aktivita) byla méfena modifikaci metody oxidace metanu v pidnich

vzorcich (Hanson 1998). Potencialni produkce a oxidace metanu byly vypocteny
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z rozdilt koncentraci metanu béhem doby inkubace a byly vyjadfeny v nM CH, ml™

mokrého sedimentu za hodinu.

Pro ur€eni substratové specifity metanogeneze byla pouzita metoda srovnani
izotopového slozeni uhliku v produkovaném metanu a jeho prekurzorech b&hem
anaerobni inkubace hyporheického sedimentu s a bez ptidavku metyl-fluoridu, ktery
specificky inhibuje acetoklastickou metanogenezi. Izotopické sloZzeni metanu a oxidu
uhli¢itého bylo provedeno hmotnostnim spektrometrem s piedifazenym spalovanim a
plynovym chromatografem (Brand 1996). Izotopickd analyza acetatu byla provedena
metodou hmotnostni spektrometrie s piedfazenou kapalinovou chromatografii
(Krummen et al. 2004). Izotopicky pomér vsech analyzovanych sloucenin byl vyjadien
v hodnoté¢ delta oproti standart¢ VPDB. Podil hydrogentrofni metanogeneze byl
vypocten podle rovnice (Conrad 2005):

fmc = (SCH4 - 8ma) / (Smc - Sma)

kde fuc je podil hydrogentrofni metanogeneze na celkové produkci metanu, &cus, Oma a
Ome jsou izotopicky signal uhliku metanu smésného, produkovaného vyhradné z acetatu

a vyhradné z oxidu uhlic¢itého.
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SHRNUTI VYSLEDKU

V prvni ¢asti prace zamétené na produkci metanu, oxidu uhli¢itého a oxidu dusného
v hyporheickych sedimentech byly naméfeny vyznamné, v porovnani s atmosférou
nékolikanasobné presycené koncentrace vSech sledovanych plynl v intersticialni a
povrchové vodé a to v celém podélném profilu toku Sitka. Koncentrace sledovanych
plyni v intersticialni vodé nékolikanasobné prevySovaly koncentrace ve vodé
povrchové, coz indikuje, ze hyporheicky sediment je zdrojem téchto plynd pro vodu
povrchovou, ze které jsou nasledné sklenikové plyny uvolnény do atmosféry. Soucasné
byly v celém podélném profilu vodniho toku béhem jedné ro¢ni sezény naméteny
vyznamné atmosférické emise vSech tii plynd. Celkové ro¢ni emise sklenikovych plynt
z toku Sitka do atmosféry byly odhadnuty na 637 kg metanu, 210 t oxidu uhli¢itého a
229 kg oxidu dusného. Pokud pfevedeme vSechny plyny pomoci potenciali globalniho
otepleni ve stoletém horizontu na stejné metrické jednotky, pfispéje sledovany vodni
tok 300 ekvivalentnich tun oxidu uhli¢itého, z ¢ehoz je 7,2 % prispévek metanu.

V dalsi casti prace, ktera jiz byla zaméfena pouze na metan, byly naméfeny pozitivni
potencialni produkce metanu a potencialni oxidace metanu hyporheického sedimentu
z celého podélného profilu sledovaného vodniho toku. Naméfené potencialni produkce
metanu i potencialni oxidace metanu vykazovaly vys$si hodnoty v dolni Casti toku nez
v horni ¢asti toku. Pfi srovnani aktivity obou mikrobidlnich procesi mezi svrchni
vrstvou (0-25 c¢cm) a spodni vrstvou (25-50 cm) hyporheického sedimentu vykazovala
vy$$i hodnoty predev§im vrstva svrchni, kterd celkové obsahovala vétsi mnozstvi
mikroorganismii a mikrobidlni aktivity. Pocetnosti metanogennich archei a
metanotrofnich bakterii v podélném a vertikdlnim profilu vodniho toku ovSem

neodpovidaly relativnimu vyznamu pfislusnych mikrobialnich procesa.

Posledni ¢ast prace zuzuje pozornost pouze na mikrobialni procesy v hyporheickém
sedimentu na lokalité IV. Anaerobni inkubacni experimenty pfi detailnim hloubkovém
rozliSeni prokazaly dvé produkéni maxima produkce metanu: prvni v hloubce 0-10 cm

a druha v hloubce 40-50 cm. Produkce metanu se pohybovala ve srovnatelnych fadech
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jako produkce metanu v jinych sladkovodnich ekosystémech, jako jsou jezera nebo
ryZovisté a pfitom hodnoty 8"C produkovaného metanu odpovidaly hodnotdm pro
biogenni metan. Na zdkladé zméfenych §"°C smiSeného a vyhradné hydrogentrofné
produkovaného metanu, &“C acetdtu a frakciona¢nich faktorli acetoklastické
metanogeneze z literatury byl dopocitan podil hydrogentrofni metanogeneze, ktery
predstavuje 40-50 % celkové produkce metanu, coz je opét v rozsahu typickém pro
sladkovodni prostiedi. Vyskyt obou typi metanogeneze v hyporheickém sedimentu
toku Sitka koresponduje s nalezy z predchozi ¢asti vyzkumu, kdy byli nalezeni zastupci
hydrogentrofnich  (Methanobacterium) 1 acetoklastickych (Methanosarcina a
Methanosaeta) metanogentl. Z nizkych hodnot 3"*C akumulovaného acetatu, ktery se
nahromadil béhem anaerobni inkubace za pfitomnosti metyl-fluoridu, vyplyva, ze
v hyporheickém sedimentu Sitky probihd vyznamnou mérou také homoacetogeneze,

coz je mikrobialni proces produkce acetatu z oxidu uhli¢itého.
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ZAVER

Tato prace pfinesla jedny =z prvnich odhadt kvantifikace celkovych roénich
atmosferickych emisi sklenikovych plynti z malého vodniho toku. Bylo potvrzeno, ze
anaerobni mikrobidlni procesy hraji vyznamnou roli v kolob&hu uhliku
v hyporheickych sedimentech a ze metan, kterému bylo doposud ve vodnich tocich
vénovano pouze malo pozornosti, se nezanedbatelnou mérou podili na klimatickém
efektu celkovych emisi sklenikovych plynt z vodniho toku. Také z toho divodu byl
puvodni zamér, vénovat se v této disertatni praci produkci vsSech tii biogennich
sklenikovych plynt, posléze zizen pouze na produkci metanu. Dalsim impulsem k této
zméné byla spolutiéast na vyzkumném grantu GACR ,,Biogeochemie metanu a detekce
metanogennich a metanotrofnich bakterii v fi¢nich sedimentech”. Dalsi studie
prokazaly, Ze metanogeneze a metanotrofie jsou vyznamné procesy v sedimentech
tekoucich vod, coz odpovida nalezenému bohatému spoleCenstvu metanogeni a
metanotrofi. Za pouziti metody detekce stabilnich izotopl a selektivni inhibice
metanogeneze béhem inkubace bylo zjisténo, Ze na celkové produkci metanu se
acetoklasticka metanogeneze podili 50-60 % a hydrogenotrofni metanogeneze 40-50
%. Mira produkce metanu a substratova preference metanogenti v hyporheickém
sedimentu vodniho toku se pohybuji v fadové podobnych hodnotach jaké byly nalezeny

v jinych sladkovodnich ekosystémech.
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ABSTRAKTY PUBLIKACI V DISERTACNI PRACI.

I. Seasonal measurement of greenhouse gases concentrations and emissions along

the longitudinal profile of small stream
Viaclav Mach, Lubomir Cép, Jan Sipos, Martin Rulik
(Pol. J. Environ. Stud. submitted)

In order to find out whether streams might be the considerable source of greenhouse
gases to the atmosphere, our investigation sought to determine the total emissions of
CH., CO,, and N,O from the surface water of a small stream. Over a period of a year
we used floating chambers to measure gaseous emissions along the longitudinal profile
of the Sitka stream (Czech Republic). Additionally, we measured gas concentrations of

surface and interstitial waters. We found that interstitial and surface waters were
supersaturated by all monitored gases, especially by CH, and that the stream is
significant emitter of these greenhouse gases. The concentrations and the emission rates
of all three gases were higher in the downstream part than in the upstream part of the
stream. In the case of CH,4 the majority of the total annual emission (90%) was released
from the most downstream section of the stream, representing only 1/5 of the stream’s
total surface area (0.18 km?). The total annual emissions of CH,, CO,, and N,O into the
atmosphere from the water‘s surface were estimated to be 0.6 t, 210 t, and 0.2 t
respectively. After conversion of the greenhouse gas emissions to CO, equivalents used
by IPCC, CO, accounts the most part of total annual emission of greenhouse gases
(70.1%), with the second being N,O (22.7%), and the last CH4 (7.2%), for 100-year
time horizon. This work brings worthwhile data of greenhouse gas emissions and
concentrations from a small water stream based on seasonal measurement along the

longitudinal profile.

I1. Methanogenic system of a small lowlandstream Sitka, Czech Republic

Martin Rulik, Adam Bednafik, Vaclav Mach, Lenka Brablcova, Iva Buriankova, Pavla

Badurova, Kristyna Gratzova
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(In: Matovic MD et al. Biomass Now - Cultivation and Utilization, Chapter 17: 395-
426)

Chapter in a book summarized results of long term research focused on organic carbon
cycle in running waters and methanogenesis, especially. Methane emissions from
environmental sources are presently wide discussed issue due to the role of methane in
global warming. The findings from aquatic environments confirmed that amount of
microbially produced methane significantly contributes to the total methane
concentration in atmosphere. Methane emissions, distribution of microbial activity,
methanogenic archaea and methanotrophs were studied in a small lowland stream Sitka
in Czech Republic. The methanogens and methanotrophic bacteria were detected using
FISH with 16 S rRNA-targeted oligonucleotide probes. The occurence and diversity of
methanogenic archaeal community were analyzed by cloning technique and denaturing

gradient gel electrophoresis (DGGE).

II1. Methanogens and methanotrophs distribution in the hyporheic sediments of a

small lowland stream

Iva Buridnkova, Lenka Brablcova, Vaclav Mach, Aneta Hyblova, Pavla Badurov4, Jana

Cupalova, Lubomir Cap, Martin Rulik
(Fundam. Appl. Limnol. 17: 87-102)

Distribution of microbial activity, methanogenic archaca and type 1 and II
methanotrophs were studied in a small lowland stream Sitka in Czech Republic. The
methanogens and methanotrophic bacteria were detected using FISH with 16 S rRNA-
targeted oligonucleotide probes. The highest microbial density was obtained in the
upper sediment layer 0 — 25 cm; this zone corresponded also to that of the highest
metabolic activity, as indicated by the methanogenic potential, methanotrophic activity,
INT and FDA profiles. Both methanogenic archaea and aerobic methanotrophs were
found at all localities along the longitudinal stream profile. The proportion of these

groups to the DAPI-stained cells was quite consistent and varied only slightly but a
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higher proportion to the DAPI-stained cells in the deeper sediment layer 25 — 50 cm
was observed. On average 23.4 % of DAPI-stained cells were detected by FISH with a
probe for methanogens while type I methanotrophs reached ~ 21.4 % and type II
methanotrophs 11.9 %, respectively. The percentage of DAPI-stained cells hybridizing
with methanotroph-specific probes was generally higher for type I than type II. Our
data show that the methanogenic archaea and aerobic methanotrophs can be
numerically dominant components of the hyporheic biofilm community and affect CH,4

cycling in river sediments.

IV. Identification of methanogenic archaea involved in a methane stream cycle by

targeting methylcoenzyme M reductase (mcrA) gene
Iva Buriankova, Lenka Brablcova, Vaclav Mach, Petr Dvofak, Martin Rulik
(PloS One 8: E80804)

Methanogenic archaea produce methane as a metabolic product under anoxic
conditions and they play a crucial role in the global methane cycle. In this study
molecular diversity of methanogenic archaea in the hyporheic sediment of the lowland
stream Sitka (Olomouc, Czech Republic) was analyzed by PCR amplification, cloning
and sequencing analysis of the methyl coenzyme M reductase alpha subunit (mcr4)
gene. Sequencing analysis of 60 clones revealed 24 different mcrd phylotypes from
hyporheic sedimentary layers to a depth of 50 cm. Phylotypes were affiliated with
Methanomicrobiales, Methanosarcinales and Methanobacteriales orders. Only one
phylotype remains unclassified. The majority of the phylotypes showed higher
affiliation with uncultured methanogens than with known methanogenic species. The
presence of relatively rich assemblage of methanogenic archaea confirmed that
methanogens may be an important component of hyporheic microbial communities and

may affect CH, cycling in rivers.
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V. Methanogenic pathways in sediment of river Sitka

Vaclav Mach, Martin Bruno Blaser, Peter Claus, Prem Prashant Chaudhary, Martin
Rulik

(Front. Microbiol. 6:506. doi: 10.3389/fmicb.2015.00506)

Biological methanogenesis is linked to permanent water logged systems, e.g., rice field
soils or lake sediments. In these systems the methanogenic community as well as the
pathway of methane formation are well-described. By contrast, the methanogenic
potential of river sediments is so far not well-investigated. Therefore, we analyzed (a)
the methanogenic potential (incubation experiments), (b) the pathway of methane
production (stable carbon isotopes and inhibitor studies), and (c) the methanogenic
community composition (terminal restriction length polymorphism of mcr4) in depth
profiles of sediment cores of River Sitka, Czech Republic. We found two depth-related
distinct maxima for the methanogenic potentials (a) The pathway of methane
production was dominated by hydrogenotrophic methanogenesis (b) The methanogenic
community composition was similar in all depth layers (c) The main TRFs were
representative  for  Methanosarcina, Methanosaeta, =~ Methanobacterium, and
Methanomicrobium species. The isotopic signals of acetate indicated a relative high

contribution of chemolithotrophic acetogenesis to the acetate pool.
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ABSTRAKT

Sklenikovym plyntim a souvisejicim biogeochemickym kolobéhtim uhliku a dusiku
je v poslednich dvou desetiletich vénovana zvySena pozornost v dusledku globalnich
zmén klimatu. Cilem disertaéni prace bylo v nékolika veédeckych studiich
kvantifikovat a charakterizovat produkci sklenikovych plynti, pfedev§im metanu,
v hyporheickych sedimentech malého vodniho toku Sitka. Studie, které se zakladaji
na terénnich méfenich, inkubacnich experimentech a analyze stabilnich izotopi, jsou
soucasti SirSiho vyzkumu, ktery se zabyva kolobéhem uhliku v tekoucich vodéach.
Data z péti studii obsazenych v disertacni praci dokladaji, ze vodni toky uvolnuji do
atmosféry vyznamné mnozstvi metanu, oxidu uhli¢it¢tho a oxidu dusného. Dile
uvedené studie dokladaji, ze v hyporheickych sedimentech dochazi k mikrobialnim
procestim metanogeneze a metanotrofie a soucasné k vyskytu souvisejicich taxont
archei a bakterii. ZavéreCna studie prokazuje, ze podil acetoklastické a
hydrogenotrofni produkce metanu v hyporheickych sedimentech je v rozsahu
typickém pro sladkovodni prostfedi. Diserta¢ni prace prispéla k védomostem o
anaerobnim  metabolismu v hyporheickych sedimentech a o jejich roli

Vv biogechemickych kolobézich uhliku a dusiku.

Klicova slova: sklenikové plyny, metan, oxid uhli¢ity, oxid dusny, hyporheicky

sediment, tekouci vody, metanogeneze



ABSTRACT

In terms of the global climate change, a raised awareness is devoted to greenhouse
gas emissions and to the contextual biogeochemical cycles of carbon and nitrogen in
the last two decades. The aim of the thesis is to quantify and characterize, in several
research papers, greenhouse gas production, especially of methane, in hyporheic
sediments of the small water stream Sitka. The research papers based on field
measurements, incubation experiments and a stable isotope analysis are a part of a
long-term research concerned with the organic carbon cycle in running waters. Data
in the five research papers included in the thesis prove that water streams release a
significant amount of methane, carbon dioxide, and nitrous oxide into the
atmosphere. Furthermore the research papers demonstrate that microbial processes of
methanogenesis and methanotrophy occur in conjunction with presence of related
taxonomic groups of archaea and bacteria. The last research paper approves that
partitions of acetoclastic and hydrogenotrophic pathways of methane production in
hyporheic sediments are in a range typical for freshwater environments. The thesis
contribute to the knowledge about an anaerobic metabolism in hyporheic sediments,
and about their role in biogeochemical cycles of carbon and nitrogen.

Key words: greenhouse gases, methane, carbon dioxide, nitrous oxide, hyporheic

sediments, running waters, methanogenesis
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OBECNY UVOD

Sklenikové plyny

Sklenikové plyny jsou plyny, které absorbuji a uvolnuji zafeni v rozsahu tepelnych
infracervenych vlnovych délek. Tato vlastnost nékterych plynt je pfi¢inou
sklenikového efektu, jehoz antropogenni zesilovani se zasadni mérou podili na
soucasné klimatick¢é zméné. Kromé vodnich par jsou tfemi nejvyznamnéjSimi
sklenikovymi plyny oxid uhli¢ity, metan a oxid dusny a rust jejich atmosferickych
koncentraci je povazovany za klicovy spousté¢ globalni antropogenni klimatické
zmény (IPCC 2013).

Ptestoze je oxid uhli¢ity pouze stopovym plynem, ma jeho obsah v atmosféfe zdsadni
biologicky vyznam pro primarni produkci vSech ekosystémi (Melillo et al. 1993).
NarGst koncentraci oxidu uhli¢itého v atmosféfe ma rozhodujici vliv na zménu
klimatu a ¢ini z néj jednu z nejsledovanéjsich komponent atmosféry (IPCC 2013).
Metan je nejhojnéjsi organickou slouceninou v atmosféfe. Jeho emise a atmosférické
koncentrace jsou monitorovany z n¢kolika divodii. Pfedev§im je vyznamnym a ve
srovnani s oxidem uhli¢itym relativné u¢innéj$im sklenikovym plynem (Lashof et
Ahuja 1990). Zadruhé je nejhojnéj$im reaktivnim stopovym plynem v troposféie a
ovliviluje chemismus troposféry ale také stratosféry. Oxidace metanu hydroxylovymi
ionty v troposféte vede k tvorbé formaldehydu, oxidu uhelnatého a s dostatkem
oxidii dusiku k tvorbé ozonu (Thomposon et al. 1990). Metan ve stratosfére hraje
dialezitou roli v pfeméné reaktivniho chloru na méné reaktivni HCl (Burnett et
Burnett 1995).

Atmosférické koncentrace a emise oxidu dusného se sleduji ptfedevsim z diivodu, ze
se jedna o relativné efektivni sklenikovy plyn. Oxid dusny se vyznamné podili na
Ubytku stratosférické vrstvy ozonu (Forster et al. 2007). Ravishankara et al. (2009)
tvrdi, ze oxid dusny je nejvyznamnégj$i emitovanou slouceninou podilejici se na
Ubytku ozonu, a pfedpokladaji, Ze ji po dobu 21. stoleti zGstane.

Celkovy podil sklenikovych plynii na zménach klimatu ovliviiuje predevsim nartist
jejich atmosférické koncentrace, ktera od preindustridlniho obdobi u vSech tii
uvedenych sklenikovych plynti vyznamné stoupla.

V roce 2011 byla primérna globalni atmosférickd koncentrace oxidu uhli¢itého 391
ppm, coz je nartst o 41 % oproti preindustridlnimu obdobi, za ktery je povazovan

rok 1750 (IPCC 2013). V preindustrialnim obdobi byla globalni atmosféricka
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koncentrace oxidu uhli¢itého podle méfeni vzduchu z ledovych vrtd 278 ppm
(Etheridge et al. 1996). Primérna ro¢ni mira ristu atmosférické koncentrace oxidu
uhlicitého v obdobi od roku 1960 az 2005 byla 1,4 ppm (Forster et al. 2007).
Hlavnimi charakteristikami pribéhu atmosférické koncentrace oxidu uhli¢itého jsou
jeji dlouhodoby nartst a sezoénni cykly v disledku fotosyntézy a respirace terestrické
biosféry na severni polokouli. Hlavnimi pfispévateli k dlouhodobému naristu
atmosferickych koncentraci oxidu uhli¢itého jsou spalovani fosilnich paliv a zmény
vyuziti uzemi (Tans 2009).

V roce 2011 byla primérna globalni koncentrace metanu 1803 ppb (IPCC 2013), coz
je vyrazny narust oproti preindustridlnimu obdobi, kdy byla jeho primérna globalni
koncentrace pouze 722 ppb (Eltridge et al. 1998, Dlugokencky et al. 2005), ale
predpoklada se, ze lidsky vliv na globalni kolobeh metanu zacal o tisice let dfive nez
v dobé oznacované jako preindustridlni (Ruddiman 2003, Ferretti et al. 2005,
Ruddiman 2007). Vyvoj pramérnych globalnich koncentraci atmosférického metanu
ma proménlivy charakter. Zatimco od zacatku osmdesatych let do roku 1998
dochézelo ke snizovéani ro¢niho pfiristku metanu, od roku 1999 do roku 2006 byla
primérna globalni atmosféricka koncentrace metanu stabilizovana, ale od roku 2007
do roku 2011 obsah metanu v atmosféte opét roste (Rigby et al. 2008, Dlugokencky
et al. 2009). Zatim nebylo dosazeno védeckého konsensu na pfic¢inach vykyvl miry
ro¢niho pfirdstku metanu do atmosféry. Dlugokencky et al. (2003) tvrdi, ze globalni
emise jsou konstantni a pokles v ro¢ni mife pfirlistku byl zpiisoben vys§imi ztratami
hydroxidovymi radikaly (OH), které obecné zplsobuji nejvetsi ztraty metanu v
atmosféfe. Ze sledovani *C metanu v atmosféfe vyplyva, Zze by mohlo dochazet k
poklesu miry ro¢niho pfiriistku metanu vlivem poklesu emisi biogenniho metanu na
severni polokouli (Kai et al. 2011). Dals$i vysvétleni tvrdi, Ze pokles miry ro¢niho
priristku byl zplisoben snizenim emisi z tézby a distribuce zemniho plynu, protoze
dochézelo k simultannimu poklesu atmosférické koncentrace etanu, jehoZ kli¢ovym
zdrojem jsou emise zemniho plynu (Aydin et al. 2011, Simpson et al. 2012).
Nejpravdépodobnéjsi pricinou opétovného ristu atmosférické koncentrace metanu
byly anomaln¢ vysoké teploty v Arktid€ v roce 2007 a nadprimérné srazky béhem let
2007 a 2008 (Dlugokencky et al. 2009, Bousquet 2011). Pokud zvazime nejistoty v
pfi€¢inach miry ro¢niho pfirGstku atmosférické koncentrace metanu a nové
potencialn¢ vyznamné zdroje metanu, jako jsou téZba nekonvencnich fosilnich paliv

(Howarth et al. 2011, Tollefson 2013) a klatraty metanu v permafrostu (Kvenolden et
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al. 1993, Dallimore et Colett 1995) a na dn¢ moti (Buffett et Archer 2004), jsou
ptedpovédi budoucich zmén atmosferickych koncentraci metanu znacné nejisté.

V roce 2011 dosahla priimérna globalni atmosféricka koncentrace oxidu dusného 324
ppb (IPCC 2013) a od roku 1750, kdy byla 270 ppb, stoupla 0 20 % (Prather et al.
2012). M¢fteni izotopického slozeni oxidu dusného v ledovcovych vrtech naznacuje,
ze vzrist atmosférické koncentrace tohoto plynu od 50. let 20. stoleti je predevsim v
dasledku pouzivani syntetickych dusi¢nanovych hnojiv (Rockmann et Levin 2005,
Ishijima et al. 2007, Davidson 2009, Syakila et Kroeze 2011). Od zacatku
systematického méteni oxidu dusného v atmosféte v 70. letech 20. stoleti roste jeho
koncentrace v priméru o 0,75 ppb za rok (IPCC 2013). Primérna atmosféricka
koncentrace oxidu dusného vykazuje vedle dlouhodobého ristu také sezonni
variabilitu. Tato variabilita neni zptsobena cykly v emisich, ale vyménou vzduchu
mezi troposférou a stratosférou, kde je oxid dusny rozkladan fotochemicky (Jiang et
al. 2007).

Schopnost rliznych sklenikovych plynt pfispét ke klimatické zméné€ ovliviiuje vedle
atmosferickych koncentraci také jejich efektivita v oteplovani troposféry. Jako
metrické nastroje prevedeni efektu riznych sklenikovych plynd na spolecnou
stupnici slouzi potencialy globalniho otepleni (global worming potentials, zkracen¢
GWP), které kromé relativni efektivity ruznych molekul absorbovat infracervené
zatfeni zapocitavaji také dobu setrvani plynu v atmosféie a zpétné vazby emisi plynu
na chemismus atmosféry. Potencial globalniho otepleni je definovan jako v daném
Case vypoctené radiani puasobeni urcitého sklenikového plynu v poméru ku
radiacnimu plisobeni stejné hmotnosti oxidu uhli¢itého (Houghton et al. 1990). Efekt
stejné hmotnostni jednotky metanu i oxidu dusného na otepleni troposféry je vyrazné
vy$§i nez u oxidu uhli¢itého. Pro Patou hodnotici zpravu Mezivladniho panelu pro
klimatické zmény ptrehodnotili Myhre et al. (2013) potencialy globalniho otepleni
metanu. Noveé navrzené potencidly metanu vzrostly ze 72 na 86 ve dvacetileté
perspektivé a z 25 na 34 ve stoleté perspektiveé, tudiZ je metan povazovan za jeSté
vyznamnéj$i sklenikovy plyn nez diive. Radia¢ni plisobeni oxidu dusného je
relativné jesté silngjsi - potencialy globalniho otepleni pro oxid dusny jsou 268 ve

dvacetileté perspektivé a 298 ve stoleté perspektivé (Myhre et al. 2013).
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Produkce biogennich sklenikovych plynii

Oxid uhli¢ity, metan a oxid dusny jsou soucasti biogeochemickych cykli uhliku a
dusiku, tudiz koluji mezi rezervoary, ze kterych jsou odstranovany ztratami a
dopliiovany do nich zdroji. Vyznamnym rezervoarem vSech tfi slouCenin je
atmosféra. Ztraty a zdroje sklenikovych plyni pro atmosféru se mohou rozdélovat na
ptirozené a antropogenni. Rovnovaha ptirozenych kolob&éht prvkli mezi rezervoary
je zpravidla antropogennimi vlivy naruSovana. Piikladem je pravé zvySovani
koncentrace sklenikovych plyni v atmosféfe. Pro kvantifikaci pfirozenych a
antropogennich zdroji se vyuzivaji metody, které l1ze rozdélit na botom-up a top-
down. Top-down metody vétSinou sleduji zmény koncentrace nebo izotopového
slozeni sloucenin prvku v rezervoaru (v Case ¢i prostoru), z ¢ehoz se nasledné
vyvozuje ptispévek jednotlivych zdroji do rezervoaru. Botom-up metody piimo méii
a inventarizuji vydatnost jednotlivych zdroji prechazejicich do rezervoaru.
Kombinaci obou pristupil lze ziskat lepsi predstavu o ptirozenych kolobézich
sklenikovych plynti a na né plsobicich antropogennich vlivii. Dllezitou spolecnou
vlastnosti vSech tii plyni je, Ze mohou vznikat mikrobidlnimi procesy, které patii
mezi jejich vyznamné ptirozené i antropogenni zdroje.

Oxid uhlic¢ity je z atmosféry odstranovan né€kolika zptusoby. Zaprvé je odCerpavan
rostlinami fotosyntézou, coz ro¢né predstavuje 123 + 8 Pg uhliku (Beer et al. 2010).
Uhlik se tak dostava do biosféry a dale jako odumfield biomasa do pid. Dale
atmosféricky oxid uhli¢ity piechazi do povrchové vrstvy oceanu plynovou vyménou,
ktera je pohanéna rozdilem parcidlniho tlaku oxidu uhli¢it¢ého mezi vzduchem a
moiskou vodou. Uhlik je v ocednu transportovan tfemi mechanismy: rozpousténim,
,»biologickou pumpou* a ,karbonitovou pumpou®. Mala €ast rozpuSténého uhliku
(0,2 Pg C ro¢né) se pak témito procesy uklada v sedimentech na dné¢ mote (Denman
et al. 2007). Nékolika jinymi zptsoby se oxid uhli¢ity naopak do atmosféry uvoliiuje.
Zaprvé je to autotrofni (rostlinnd) a heterotrofni (Zivoci$na a mikrobialni) respirace.
Mikrobialni respirace zahrnuje rozklad organické hmoty. Déle je uvoliiovan pii
disturbancich, jako jsou sporadické pozary v pfirod€. Pfirozené uvoliiovani oxidu
uhlic¢itého pti téchto procesech je dlouhodobé vyrovnané s jeho odCerpavanim pii
fotosyntéze. Oxid uhliCity se pfirozené uvoliluje také pii sopecné Cinnosti. Tento
zdroj je z dlouhodobého hlediska kompenzovan sedimentaci. V obdobi pied

primyslovou revoluci byla atmosférickd koncentrace oxidu uhli¢itého ve
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vyrovnaném stavu, jako dikaz malych odchylek atmosférické koncentrace
atmosférického oxidu uhli¢itého je jeho zaznam v ledu (Pongratz et al. 2009).

K pfirozenym zdrojim oxidu uhli¢itého ptibyly v holocénu zdroje antropogenni,
kterymi jsou spalovani fosilnich paliv a vyroba cementu, témi se do atmosféry rocné
uvolni 7,8 £ 0,6 Pg uhliku, a zmény vyuziti izemi (napt. deforestace), témi se rocné
vyprodukuje dalsich 1,1 + 0,8 Pg uhliku (Ciais et al. 2013). Z toho vyplyva, ze pouze
maly zlomek oxidu uhli¢itého uvolnéného ro¢n¢ do atmosfery je antropogenniho
puvodu, ale pfesto je tato relativné mald c¢ast kliCova v naruseni rovnovahy
ptirozené¢ho kolob¢hu uhliku. Vyznamné mnozstvi uhliku z terestrickych ekosystému
(1,7 Pg uhliku roéng) je transportovano z pad do fiéniho systému. Cést tohoto uhliku
je z fek a jezer uvolnéna do atmosféry v podob¢ oxidu uhli¢itého, ¢ast je ulozena ve
sladkovodnich sedimentech a zbytek (0,9 Pg uhliku ro¢né€) je dopraven do mote
(Tranvik et al. 2009).

Podle vzniku lze zdroje metanu do atmosféry rozdélit na tii kategorie: biogenni,
termogenni (fosilni) a pyrogenni. Kazda kategorie téchto zdroji produkuje metan s
odlisnym izotopovym slozenim uhliku (13C) (White et al. 2007) a mlze byt dale
rozdélena na antropogenni a pfirozené zdroje. Antropogenni zdroje metanu zaujimaji
zhruba 50-65 % (Ciais et al. 2013). Atmosféricky metan je odstranovan predevsim
fotochemicky reakci s OH radikaly. DalSi, mensi ztraty metanu z atmosféry probihaji
ve stratosféfe béhem reakce s chlorem a kyslikovymi radikaly, oxidaci v dobie
prokyslicenych piidach a pravdépodobné také reakci chloru v moiské hrani¢ni vrstveé
(Allan et al. 2007).

Mezi termogenni zdroje metanu patii jak pfirozené emise fosilntho metanu z
geologickych zdroji (moiské a terestrické prusaky, geotermalni priduchy, bahenni
sopky), tak antropogenni emise zpiisobené uniky z t€Zby a pouzivani fosilnich paliv
(zemni plyn, uhli a ropny primysl). Pyrogenni zdroje jsou vysledkem neuplného
spalovani fosilnich paliv nebo biomasy (pfirozené a antropogenni). Biogenni zdroje
zahrnuji pfirodni emise pfedevsim z piirozenych mokiadi, termitist’ a oceand (Ciais
et al. 2013). Piedpokladé se, ze hlavnim pfirodnim zdrojem metanu jsou piirozené
moktady (Pulliam 1993, Whalen 2005), piesto jsou metanem piesyceny mnohé dalsi
povrchové vody. Dobfe zndmymi a vyznamnymi zdroji biogenniho metanu jsou
jezera (Bastviken et al. 2004), vodni nadrze (DelSonotro et al. 2010) a usti velkych
fek (Middelburg et al. 2002). Mezi antropogenni zdroje biogennich emisi patii

ryzovisté, chov skotu, skladky odpadu, lidmi vytvoiena jezera a mokiady.
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Obecné je biogenni metan produkovan z organického materidlu fermentacnim
procesem metanogennich mikroorganismi (Conrad 1996). Biogenni emise metanu
tvorii pii komparaci top-down a botom-up odhadt asi 65-79 % celkovych emisi do
atmosféry (Wuebbles et Hayhoe 2002, Mikaloff-Fletcher et al. 2004, Wang et al.
2004, Chen et Prinn 2006). Zatim byla pouze mald pozornost vénovana fekam a
vodnim tokiim (Jones et al. 1995, Hlavacova et al. 2005, Sanders et al. 2007,
Wilcock et Sorrell 2007, Trimmer 2009, piiloha I. a II.). Ackoliv jsou vétSinou
koncentrace metanu v tekoucich vodach nizsi nez ve vodach stojatych, intenzivngjsi
turbulentni proudéni zplsobuje intenzivnéj$i plynovou vymeénu, takze pii nizsi
koncentraci metanu mohou byt emise z tekoucich vod srovnatelné s emisemi z vod
stojatych.

K narlstu atmosférické koncentrace oxidu dusného dochazi kvili antropogennimu
narus$eni kolobéhu dusiku. V preindustridlnim obdobi probihala tvorba reaktivniho
dusiku (vSechny formy dusiku kromé Nj) z plynného dusiku pfirozené skrze dva
procesy: blesky a biologickou fixaci dusiku. Tento vstup reaktivniho dusiku do
biosféry byl vyrovnavan ztratami reaktivniho dusiku skrze denitrifikaci (Ayres et al.
1994). Tato rovnovaha je od zacatku primyslového obdobi naruSovana tim, Ze je
zvySena produkce reaktivniho dusiku lidskou cCinnosti. Existuji tfi  hlavni
antropogenni zdroje reaktivniho dusiku: 1) Haber-Boschtiv proces (prumyslova
vyroba dusikatych hnojiv); 2) kultivace picnin a jinych plodin zvySujicich
biologickou fixaci dusiku; 3) spalovani fosilnich paliv, kterym z N, vznikaji oxidy
dusiku (NOx). Dale také dochazi k mobilizaci reaktivniho dusiku ulozeného v
sedimentech (Morford et al. 2011). Mnozstvi antropogenné vyprodukovaného
reaktivniho dusiku pfevedeného zpét na N denitrifikaci je mnohem mensi nez
mnozstvi reaktivniho dusiku kazdoro¢né¢ vyprodukovaného. Celkem je zpét
preménéno asi 30 az 60 % celkové produkce reaktivniho dusiku (Galloway et al.
2004, Canfield et al. 2010, Bouwman et al. 2013).

Oxid dusny vznika piirozené béhem mikrobialnich procesi nitrifikace a
denitrifikace, které jsou zvySenym obsahem reaktivniho dusiku antropogenné
zesilovany (Sloss 1992). Rist emisi oxidu dusného neprobiha jen na zemédélskych
pudach, ale také ve vodnich ekosystémech, v dusledku splachovani z poli, a v
ostatnich pldiach a v ocednech v dusledku atmosférické depozice dusikatych
sloucenin. Kvuli prostorové a cCasové heterogenité¢ je velmi obtizné atmosférické

emise oxidu dusného odhadnout. V Paté hodnotici zpravé Mezivladniho panelu pro
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klimatické zmény jsou soucasné celkové ptfirozené emise oxidu dusného uvoliiované
do atmosféry odhadnuty na 11,0 Tg N,O-N ro¢né a celkové antropogenni emise jsou
pak odhadnuty na 6,9 Tg N,O-N ro¢né, z nichZ na feky, usti fek a pobiezni zony
ptipada celkem 0,6 Tg N,O-N ro¢né (Ciais et al. 2013). Odhady emisi oxidu dusného
z vodnich ekosystémil jsou ovSem relativné nejisté a zatizené chybami. Emise z fek,
usti fek a kontinentdlniho Selfu byly pfedmétem diskusi po fadu let (Seitzinger et
Kroeze 1998, De Klein et al. 2007). Nedavné studie potvrzuji, ze feky jsou
vyznamnym zdrojem oxidu dusného, coz by mohl byt divod pro dalsi pfehodnoceni
soucasnych odhadli emisi oxidu dusného z vodnich ekosystémi (Beaulieu et al.
2011, Rosamond et al. 2012, ptiloha L.).

Kvili obavdm z globalni klimatické zmény navrhuji mnoh¢ studie mozné zpisoby a
strategie snizovani emisi sklenikovych plynt z antropogennich zdroji. Na druhou
stranu n¢které prirozené zdroje téchto plynd jsou opomijeny (Frankignoulle et
Middelburg 2002), piestoze je inventarizaci zdroju sklenikovych plyni vénovano
znacné Usili. Koncentrace oxidu uhli¢itého, metanu a oxidu dusného je ve vodnich
tocich n€kolikanasobné vyssi neZ rovnovazna s atmosférickou koncentraci (Cole et
Caraco 2001, Hlavacova et al. 2006, Striegl et al. 2012, Yang et al. 2012), coz
naznacuje, ze vodni toky mohou byt vyznamnym zdrojem téchto plynt. Ackoliv
panuje vSeobecna potieba kvantifikace potencidlnich zdroji sklenikovych plynd,
nejsou obvykle vodni toky mezi zdroje metanu pfimo zapocitany jako v ptipadé
oxidu dusného. Presto jiz existuje napt. mnoho dokladd, Ze vodni toky uvoliuji také

vyznamné mnozstvi metanu (Sanders et al. 2007, Wilcock et Sorrell 2008).

Hyporheickeé sedimenty

Hyporheicka zona je oblast fiéniho dna vyplnéna poréznimi sedimenty, které jsou
saturované fi¢ni a podzemni vodou. Hyporheické sedimenty maji zasadni ulohu v
procesu samocisténi vody a jsou metabolickym centrem vodniho toku zodpovédnym
za zadrzovani, ukladani a mineralizaci organického materialu, ktery je transportovan
povrchovou vodou (Grim et Fisher 1984). Fyzikalni a chemické parametry
V hyporheickém sedimentu se vyznacuji prostorovou variabilitou.

V prostiedi sediment jsou témét vSechny bakterie a archea piisedlé na sedimentarni
castice (Costerton et Lappin-Scott 1995) ve vysoce strukturovanych shromézdénich -
assemblage. Assemblage se skladaji z mikrokolonii jednotlivych druhti bakterii nebo

archei v tésném prostorovém uspotrddani s mikrokoloniemi jinych druhd. Jsou
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obklopeny komplexni polysacharidovou matrix, ktera ptsobi jako vysoce selektivni
sito, jez limituje prinik plynt, rozpusténych soli a makromolekul transportovanych
smérem k nebo od mikrokolonii (Paerl et Pinckney 1996). Takové prostorové a
funk¢ni uspotfadani mikroorganismi se nazyva hyporheicky biofilm. Diky biofilmu
mohou v aerobnim prostiedi vedle sebe probihat aerobni a anaerobni procesy, které
se odehravaji v jeho rtznych vrstvach. Kuhl et Jorgensen (1992) ukazali, Ze se v
biofilmu miize odehravat cely cyklus siry a dusiku, takze méfeni transformace
nutrientil ve vétSim méfitku nemusi odhalit skute€nou diverzitu mikrobialnich
procest odehréavajicich se v tomto prostiedi. Protoze polysacharidova matrix udrzuje
propojeni mezi jednotlivymi mikrokoloniemi rtiznych bakteridlnich a archealnich
typt, mohou vznikat mista specifickych limitovanych nik. Mikroorganismy
pozadujici specifické substraty, jako jsou napf. metanogeny s pozadavkem na vodik,
jsou schopny rust diky tésnému prostorovému nastaveni s ostatnimi typy bakterii a

archei, které produkuji tyto substraty (Korber et al. 1995).

Metanogeneze

Biogenni metan hraje dulezitou tlohu pfi rozkladu organickych latek v sedimentech
a pudach, protoze je finalnim produktem anaerobni dekompozice organického
materidlu. V anaerobnich podminkach je organicky materidl nejprve rozloZzen
fermentaci na jednoduché latky (oxid uhlicity, kyseliny a alkoholy); posledni krok
anaerobniho rozkladu pak probihd, az pokud jsou spotfebovany alternativni
anorganické elektronové akceptory (zejména dusi¢nany, zelezité ionty a sirany) a je
nazyvan metanogeneze. Tento mikrobidlni proces je umoznén funkéni skupinou
zvanych metanogeny (metanogenni archea), které fylogeneticky nalezi do nékolika
taxonti v doméné Archea (Chaban et al. 2006). Metanogeny mohou vyuzivat pouze
omezené mnozstvi substratli, mezi které patii acetat, oxid uhli¢ity s vodikem a
metylované slouceniny (metanol, metylamin, dimetylsulfid). S vyjimkou motskych
sedimentli a mikrobialnich povlakl slanych panvi se v pfirozenych ekosystémech
vyskytuje prakticky pouze redukce oxidu uhlic¢itého vodikem (tzv. hydrogenotrofni
metanogeneze) a rozklad acetatu (tzv. acetoklastickd metanogeneze) (Davidson et
Schimel 1995, Conrad 2007). Pro vétSinu ekosystémi proto postacuje pocitat pouze
s nasledujicimi reakcemi jako zpusoby vzniku metanu (Games et al. 1978, Sugimoto
et Wada 1995):

CH3COOH — CO; + CH4 (1)
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CO;+4Hy; — 2H0+CHy (2)
Ve vétsiné metanogennich prostfedi probihaji tyto produkcni reakce metanogeneze
soucasné a lisi se svym podilem na celkové produkci metanu. Stechiometricky
pfipada z Gplné anoxické degradace polysacharidi 67 % na acetoklastickou
metanogenezi a zbylych 33 % na hydrogenotrofni metanogenezi (Conrad 1999).
Tento stechiometricky pomér ovSem plati, pouze pokud se v sedimentu nevyskytuji
dalsi konkurencni metabolické reakce, jako jsou napt. homoacetogeneze (Schultz et
Conrad 1996) nebo syntrofni oxidace acetatu (Nusslein et al. 2003). Navic
meziprodukty fermentac¢nich procesi mohou byt ukldddny ¢i transportovany,
pfipadné mtze organickd hmota obsahovat kromé polysacharidt také dalsi organické
slou€eniny. Proto se v riiznych prostfedich podil hydrogenotrofni a acetoklastické
metanogeneze od teoretického vypoctu rozkladu polysacharidi vyznamné 1isi
(Conrad 2005). Navic se podil jednotlivych metanogennich reakci na celkové
produkci metanu muze lisit v zavislosti na vnéj$ich podminkéch. Conrad et al. (2009)
napt. zaznamenali posun od smiSené acetoklastické a hydrogentrofni metanogeneze k
vyluén€ hydrogentrofni metanogenezi pii zvySeni teploty inkubovaného sedimentu
nad 42 °C.

Podil jednotlivych metanogennich reakci na celkové produkci metanu je ovlivnén
také sloZzenim mikrobidlniho spolecenstva metanogennich archei, protoze rtizné
taxony metanogend utilizuji rizné substraty. Taxony metanogennich archei jsou
detekovany celou fadou molekularnich metod (Chaudhary et al. 2013, ptiloha III. a
IV.). Mezi hydrogenotrofni metanogeny patii naprosta vétSina zastupcli metanogenti
(napt. rod Methanobacterium). Nékteré hydrogentrofni metanogeny jsou schopné
utilizovat také formiat. Acetat je konzumovan zastupci dvou rodu archei, kam patfi
Methanosarcina a Methanosaeta, ptficemz prvni zminény rod mize konzumovat
soucasn¢ také oxid uhlicity s vodikem (Miyamoto 1997).

Pro kvantifikaci substratové specifity metanogeneze bylo pouzivano nékolik metod:
sledovani stabilnich izotopi substratl a produktii, sledovani radioaktivnich izotopt
produkt pfi inkorporaci znacené¢ho substratu a sledovani mnozstvi produktu pfi
Castecné inhibici metanogeneze (metylfluoridem) nebo sledovani mnozstvi
naakumulovaného substratu pii  Gplné inhibici metanogeneze (bromo-etan
sulfonatem). Dal$i moznosti je kombinace téchto metod. Zvlaste¢ vyhodné je
sledovani stabilnich izotopti substrati a produktii metanogeneze v kombinaci s

Caste¢nou inhibici metanogeneze metylfluoridem (Conrad 2005, Conrad et al. 2011,
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ptiloha V.). Sledovéani stabilnich izotopt uhliku navic poskytuje komplexnéjsi pohled
na kolob¢h uhlikovy nez pfistupy zaméefené pouze na uhlik nebo jeho radioizotopy.
Analyza stabilnich izotopli metanu navic nepomaha rozliSovat pouze rGzné
mikrobidlni zdroje metanu, ale celkem snadno lze diky ni rozlisit také termogenni a
pyrogenni zdroje metanu. Proto mize tato elegantni metoda v kombinaci s top-down
metodami pomoci s kvantifikaci jednotlivych zdroji metanu v celkové atmosférické
bilanci.

Pro vyjadieni izotopového sloZeni uhliku ve sledovaném vzorku se pouziva zapis
83C, ktery vyjadiuje odchylku v izotopovém slozeni aktualniho vzorku od obecnd
uznavané standarty. Vypogita se podle rovnice (4). Zménu 8°C bshem chemické
reakce vyjadiuji frakcionaéni faktory reakci, které se pocitaji podle rovnice (5).
Izotopy uhliku z metanogenniho substratu (acetatu nebo oxidu uhli¢itého) frakcionuji
béhem obou hlavnich metanogennich reakci jinou mérou. Acetoklasticka
metanogeneze vykazuje mensi kineticky izotopicky efekt nez hydrogenotrofni
produkce metanu, tudiz béhem acetoklastické metanogeneze dochazi k mensi
diskriminaci tézkych izotopt uhliku (13C), naopak pii hydrogentrofni metanogenezi
jsou t&7ké izotopy uhliku (**C) diskriminovéany vice a dochdzi k vét§imu
upfednostiiovani lehkych izotopti uhliku (*2C). Z toho plyne, Ze frakcionaéni faktor
acetoklastické metanogeneze (o = 1.009 az 1.027) je niz$i nez frakcionacni faktor
hydrogenotrofni metanogeneze (o = 1.045 az 1.073). Prestoze 8**C produkovaného
metanu zavisi také na izotopickém slozeni vstupujicich substrata, je 813C metanu
produkovaného z acetdtu (-27 %o az -60 %o) obvykle vyssi nez $C metanu
produkovaného z oxidu uhli¢itého (-60 %o az -77 %o) (Conrad 2005). Z toho vyplyva,
Ze pro ptresnou kvantifikaci relativniho pfispévku jednotlivych metanogennich reakci
je potieba znat 83C metanu smiSeného z obou reakci a k tomu bud §°C jeho
prekurzori (acetat a oxid uhli¢ity) a frakciona¢ni faktory obou metanogennich
reakci, nebo 8C metanu produkovaného vyhradné z jednotlivych produkénich
reakci. Frakcionacni faktory obou metanogennich reakci se ale mohou vyznamné lisit
VvV riznych metanogennich ekosystémech a jsou ovlivnény mnoha faktory (napf.
slozeni mikrobialniho spolecenstva, teplota, koncentrace acetatu nebo vodiku), proto
vetSinou nedostacuje pouhé méteni izotopového slozeni prekurzort metanu (Conrad
2005).

Acetoklastickou metanogenezi Ize selektivné inhibovat metyl-fluoridem (Janssen et

Frenzel 1997), ale inhibice je Gplné€ selektivni pouze pii specifické koncentraci, ktera
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je proménlivad v zdvislosti na konkrétnim sedimentu. Se vzristajici koncentraci
metyl-fluoridu nartista inhibice acetoklastické metanogeneze, ale pii pfili§ vysoké
koncentraci je ovlivnéna také hydrogentrofni metanogeneze (Conrad et Klose 1999).
Ovsem pokud se piida metyl-fluorid v piebytku, neni ovlivnéno izotopické slozeni
metanu  hydrogentrofni  metanogeneze, proto lze inhibici acetoklastické
metanogeneze méfit presné alespon 6°C metanu produkovaného vyhradné
hydrogentrofni metanogenezi. Izotopické sloZzeni metanu produkovaného vyhradné
acetoklastickou metanogenezi 1ze dopocitat ze zmétfen¢ho 81C acetatu pouzitim
frakcionagnich faktorti z literatury. Pak je mozné, pokud zndme 8"°C smésného
metanu, spocist piispévek jednotlivych metanogennich reakci k celkové produkci
metanu (Conrad et al. 2011).

uhliku (**C) v poméru k metanu z moiskych sedimenti. To je diky relativng vétsimu
vyznamu acetoklastické metanogeneze ve sladkovodnich prostiedich oproti moiskym
sedimentiim, kde pfevlad4 hydrogentrofni metanogeneze (Blair et al. 1993). Prestoze
podil metanogennich reakci na celkové produkci metanu byl jiz kvantifikovan v
mnoha riznych prostiedich, jako jsou tropicka jezera (Conrad et al. 2011), ryZova
pole (Sugimoto et Wada 1993, Fey et al. 2003, Penning et Conrad 2007), kofeny ryze
(Chin et al. 2004), borealni raselinist¢ (Galand et al. 2005), motské sedimenty (Crill
et Martens 1986), mokfady mirného pasu (Hornibrook et al. 1997) ¢i anaerobni
reaktory (Laukenmann et al. 2010), o podilu metanogennich reakci v fi¢nich
ekosystémech mame dosud stale mélo informaci.

Lepsi piedstavu jiz méme o kolobéhu metanu v fi¢nim ekosystému. Ten je zndzornén
na obrazku 1. Metan je produkovan v hyporheické zong, ze které prechazi diftzi
nebo v podob¢ bublinek do povrchové vody, odkud je uvoliiovan déle do atmosféry.
Na ubytku metanu v hyporheické zén€ se podili metanotrofie, ktera je
zprostiedkovana funkéni skupinou metanotrofnich bakterii. Tento mikrobidlni proces
pfevlada ve vice prokyslicenych c¢astech sedimentu a v nékterych vodnich
ekosystémech muize zoxidovat az veskery vyprodukovany metan (Hanson et Hanson

1996).
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Plovouci komora na hladiné pro méfeni

toku metanu na rozhrani voda-vzuch . .
emise do atmosféry

.. Staticka komora na dné pro méfeni toku
y metanu na rozhrani sediment-voda

poproudovy transport

oxidace
metanu

vstup s povrchovou advekce

vodou

produkce
metanu

Obréazek 1. Piedpokladany kolob&éh metanu v hyporheické zoné a povrchové vodé.
Tok metanu na rozhrani voda-vzduch a sediment-voda je méfen plovoucimi nebo

statickymi komorami.
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CILE A STRUKTURA DISERTACNI PRACE

V disertacni praci byly sledovany tii hlavni cile:

o Porovnat a kvantifikovat emise a koncentrace sklenikovych plyni (metanu,
oxidu uhli¢itého, oxidu dusného) v hloubkovém a podélném profilu malého vodniho
toku Sitka béhem jednoho ro¢niho cyklu (ptiloha I. a I1.).

. Pomoci inkubacénich experimentli charakterizovat a porovnat mikrobidlni
procesy spojené s produkci a oxidaci metanu v hloubkovém profilu hyporheického
sedimentu a podél fi¢niho kontinua malého vodniho toku Sitka (ptiloha IL., IIL., IV.).
o Pomoci analyzy 8'3C a inkubaGnich experimentdl se selektivni inhibici
metanogeneze kvantifikovat substratovou preferenci metanogenti a charakterizovat
mikrobidlni procesy V kolobéhu uhliku v hloubkovém profilu hyporheického
sedimentu ticky Sitka (ptiloha V.).

Dizertacni prace je tvofena publikacemi a manuskriptem v anglickém jazyce, v nichz
jsem hlavnim autorem (pfiloha 1. a V.) nebo spoluautorem (ptiloha IL, IIL, IV.).

Struény popis publikaci a podil autora je uveden nize.

l.

Prvni prace se vénuje produkci biogennich sklenikovych plynti (metanu, oxidu
uhli¢itétho a oxidu dusného) ve vodnim toku Sitka. Studie se zaméfuje na
koncentrace sklenikovych plynli v intersticidlni a povrchové vodé a déle na emise
téchto plynti do atmosféry a to na péti lokalitach v podélném profilu vodniho toku.
Na zaklad€¢ celoro¢niho méfeni byly odhadnuty roc¢ni atmosférické emise
sledovanych plynd, které byly pro zhodnoceni jejich klimatického dopadu prevedeny
na metrické ekvivalenty oxidu uhli¢itého. Studie prokazala, Ze metan je vyznamnym
emitentem z vodnich tokli nejen z hlediska kolob&éhu uhliku ale také kvili jeho
klimatickému dopadu.

Véaclav Mach se v této praci podilel na terénnim méfeni, odbérech a upravach
vzorkl. Samostatné pak vyhodnotil data, interpretoval vysledky, napsal manuskript a

finalizoval publikaci.

1.
Druhym ptispévkem k disertaéni praci je kapitola v knize, kterd shrnuje vysledky
dlouhodobé studie biogeochemie metanu v hyporheickém sedimentu ficky Sitka.
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Studie bilancuje vysledky ziskané pomoci Sirokého spektra riznych metod, které
byly pouzity k popisu metanogeneze a kolob¢hu uhliku ve vodnim toku. Zabyva se
emisemi metanu do atmosféry, substratovou preferenci metanogenti, metanogennim
potencialem i metanotrofni aktivitou. Dale shrnuje poznatky o distribuci
metanogennich archei, jejich fylogenetickou pfislusnosti a o celkovych poctech
mikroorganismil v souvislosti s metabolickou aktivitou.

Véaclav Mach se podilel na terénnich méfenich emisi, odbérech vzorkt, laboratornich
méfenich metodou stabilnich izotopti uhliku, inkubac¢nich experimentech a
vyhodnocovani a interpretaci prislusnych dat. Také se podilel na ¢asti manuskriptu a

jeho korekci.

M.

Tteti studie se zabyva distribuci a mikrobidlni aktivitou metanogennich archei a
metanotrofnich bakterii v podélném a hloubkovém profilu hyporheického sedimentu
ficky Sitka na péti vybranych lokalitich. Mikrobidlni aktivita metanogeni a
metanotrofil byla analyzovana laboratornimi inkubacnimi experimenty. K detekci a
kvantifikaci metanogennich archei byla pouzita metoda FISH s cilovou oblasti v 16S
DNA. Obé¢ skupiny mikroorganizmt i jejich aktivity byly detekovany na vSech
studovanych lokalitach i v obou hloubkach. Vyssi denzita mikrobi byla zjisténa ve
svrchni vrstvé sedimentu (0-25 cm), coz koresponduje s naméfenymi hodnotami
metabolické aktivity.

Véclav Mach se podilel na odbérech a zpracovani vzorkl, inkubacnich
experimentech a vyhodnoceni dat metanogenniho a metanotrofniho potencialu. Déle

se podilel na revizi a korekci manuskriptu.

V.

Ctvrta publikace se zaméfuje na odhaleni fylogenetické struktury metanogennich
archei ve dvou vrstvach (0-25 cm a 25-50 ¢cm) Fi¢niho sedimentu pomoci klonovani
genu pro expresi metyl-koenzymu M reduktdzy (mcrA). Tato studie odhalila pomérné
bohaté spoleCenstvo metanogennich archei a pfinesla tak nové poznatky o
fylogenetické struktuie spoleCenstva metanogeni v hyporheickych sedimentech
vodnich toka.

Viaclav Mach se podilel na odbérech vzork(i a inkubacnich experimentech

metanogenniho potencialu. Dale se podilel na revizi a korekci manuskriptu.
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V.

Pat4 studie se zabyva kvantifikaci substratové preference metanogennich bakterii
v hloubkovém profilu hyporheického sedimentu na Sitce. Pii anaerobni inkubaci
sedimentt za pfitomnosti a nepiitomnosti metyl-flouridu (inhibitoru acetoklastické
metanogeneze) bylo pomoci analyzy §°C metanu a jeho prekurzori zjisténo, Ze
hydrogenotrofni metanogeneze se na celkové produkci metanu podili 40-50 %. Tato
studie pfinesla zajimavé poznatky o funk¢ni aktivit¢ mikrobidlniho spolecenstva pfii
anaerobnim rozkladu organického materidlu ve vodnim toku vcetné
pravdépodobného piispévku homoacetogeneze pii produkcei acetatu.

Véaclav Mach se podilel na odbéru a ptevozu vzorkti do Némecka, dale provedl
inkubaéni experimenty a laboratorni analyzy plynovou chromatografii a hmotnostni
spektrometrii, vyhodnotil a interpretoval data. Také napsal prvni verzi manuskriptu a

podilel se na korekci a revizi upraveného manuskriptu.
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METODIKA

Studovana lokalita

Vyzkum probihal na ficce Sitka, ktera je z pievazné Casti neregulovanym vodnim
tokem druhého fadu. Sitka je dlouha 35 km, pfi¢emz prameni v Nizkém Jeseniku ve
vySce 650 m. n. m. a usti do ficky Oskavy asi 5 km severn¢ od Olomouce
V nadmoftské vySce 213 m. n. m. V podélném profilu vodniho toku bylo vyty¢eno pét
lokalit (I-V, ¢islovano od pramene smérem k usti), které piedstavovaly pravidelna
odbérova mista. Vybrané lokality reprezentuji tseky toku podél meénicich se
podminek fiéniho kontinua. Horni &ast toku az po mésto Sternberk protéka skrze
lesnatou oblast s malou intenzitou antropogennich ¢innosti (lokality I-11), zatimco
spodni Cast toku s dobfe vyvinutou pobfezni vegetaci pfirozené¢ meandruje skrze
intenzivné obhospodafovanou zemédélskou krajinu (lokality III-V). Pro odhad
ro¢nich emisi sklenikovych plyni byla spo¢tena celkova plocha hladiny z ploch
jednotlivych usekti Sitky. Plochy jednotlivych tusekt toku byly vyhodnoceny
z pramérnych $itek tseku za pouziti softwaru ArcGIS s digitalizovanou mapou toku

Sitka a s GPS soufadnicemi ziskanymi v terénu.

Odbér a analyzy vzorki

Béhem vyzkumu byly na stanovenych lokalitdich pravidelné v pribéhu roku
odebirany vzorky plynné (viz. oddil nize), vzorky povrchové a intersticidlni vody a
vzorky hyporheického sedimentu. Povrchova voda byla odebirana piimo z toku do
sterilnich vialek se Sroubovymi uzavéry a septy s PTFE vrstvou. Intersticidlni voda
byla odebirana za pouziti minipiezometrt (Trulleyova et al. 2003) rozmisténych
nahodné v piislusné hloubce sedimentu. Hyporheické sedimenty byly odebirany
pomoci metody freeze-core s tekutym dusikem jako chladicim mediem (Bretschko et
Klemens 1986). Namrazené sedimenty byly rozdéleny podle hloubkovych vrstev a
pro dalsi ucely byla pfes sito vyseparovana frakce < 1 mm, protoze nejvetsi podil
organické hmoty a biomasy mikroorganismii se nachdzi na nejmensich casticich
sedimentu (Leichfried 1988), navic se tim zvySila homogenita vzorkl. Tato frakce
byla dale pouzita jako vychozi materidl pro inkubace.

Koncentrace oxidu uhli¢itého, metanu a oxidu dusného v plynnych a vodnich
vzorcich byla méfena plynovou chromatografii. Koncentrace rozpusténych

sledovanych plynt v tekouci vodé byla stanovena pomoci techniky rovnovazné
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umélé atmosféry (Kampbell et al. 1989). Metan byl analyzovidn na plynovém
chromatografu CHROM 5 s plamenovym ionizaénim detektorem as kolonou
PORAPAK Q s dusikem jako nosnym plynem. Oxid uhli¢ity a oxid dusny byly
analyzovany na plynovém chromatografu Becker Gas model 419 s elektrony
zachytavajicim detektorem a s kolonou POROPAK Q s héliem jako nosnym plynem.
Satura¢ni pomér (R) byl spocten jako aktualni namétena koncentrace plynu vydélena
rovnovaznou koncentraci plynu pfi naméfené atmosférické teploté s vyuzitim dat
rozpustnosti pro oxid uhli¢ity (Weiss 1979), metan (Wiesenburg et Guinasso 1979) a
oxid dusny (Weiss et Price 1980).

Méreni emisi z vodni hladiny

Tok plynt zvodni hladiny do atmosféry lze stanovit nc¢kolika metodami. Prvni
moznosti jsou modely difusni plynové vymeény, které operuji s funkei proudéni vody
a s rozdilem mezi aktualni koncentraci plynu ve vod¢ a vyvazenou koncentraci plynu
za dané atmosférické koncentrace (DeAngelis et Lilley 1987). Vhodné&js$im pfistupem
jsou v této praci pouzita pfima méfeni Gniku plynt z vodni hladiny do atmosféry
pomoci metody uzavienych komor (Crill et al. 1988), protoze jsou tim zapocCitany
také mozné uniky plynu bublajiciho pfimo ze sedimentu.

Vespodu oteviené plovouci komory byly umistény na vodni hladinu pomoci
polystyrénového plovaku. Komory byly na hladin€ inkubovény tfi hodiny, po jejichz
uplynuti byl dle zkuSebnich testi narst koncentraci v hedaspace stale linearni.
Emise byly spocteny jako rozdil mezi pozad’ovou koncentraci a koncentraci uvnitt
komor po uplynuti doby inkubace dle rovnice:

F=[(ci—cr)*V*(24/t)*1000]/p 3)
kde F je tok plynu v mg m?day™; ¢, je koncentrace plynu v komofe po uplynuti
inkubace v pg I™; cg je koncentrace plynu v okolnim vzduchu v pg I™"; V je objem
komory v litrech; t je ¢as inkubace v hodinach; p je plocha hladiny, ze které unika

plyn z hladiny do komory v m?.

Inkubacni experimenty pro stanoveni metanogeneze a metanotrofie

Inkubacni experimenty pro stanoveni potencialni produkce metanu a potencialni
oxidace metanu Vv podélném a hloubkovém profilu hyporheickych sedimentl toku
Sitky slouzily kesrovnani s aktivitou mikrobialnich populaci metanogeni a

metanotrofi. Mira potencialni produkce metanu (metanogeneze) je méfena pomoci
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anaerobnich inkubacnich experimentli (Segers 1998). Sediment (100g vlhké
hmotnosti) byl umistén do inkubacéni ldhve (250 ml), kam byl pfidan acetat (100 mg
C na lahev) a destilovana voda (cca 180 ml). Headspace (20 ml) v inkubacni lahvi
byl nahrazen N,. Mira potencidlni oxidace metanu (metanotrofni aktivita) byla
méfena modifikaci metody oxidace metanu v pudnich vzorcich (Hanson 1998).
Sediment (100 g vlhké hmotnosti) byl aerobné inkubovan v lahvi (250 ml), kam byl
pfidan metan na 10 % objemu headspace pfi atmosférickém tlaku. Uzaviené ldhve
byly u obou experimenti inkubovany pii 20 °C po dobu tii dnti, piicemz vzorky
z headspace byly odebirany kazdych 24 hodin. Potencidlni produkce a oxidace
metanu byly vypocteny z rozdilti koncentraci metanu béhem doby inkubace a byly

vyjadieny v.nM CH4 mI™* mokrého sedimentu za hodinu.

Stabilni izotopy a inhibice metanogeneze metyl-flouridem

Pro urceni substratové specifity metanogeneze byla pouzita metoda srovnani
izotopového slozeni uhliku v produkovaném metanu a jeho prekurzorech béhem
anaerobni inkubace hyporheického sedimentu s a bez ptidavku metyl-flouridu, ktery
specificky inhibuje acetoklastickou metanogenezi. Headspace inkubacnich
zkumavek bylo nahrazeno dusikem a v piipadé inhibice bylo doplnéno metyl-
flouridem na 3 % objemu. Inkubace probihala pii 25 °C po dobu zhruba sedmi tydni,
kdy byly ze zkumavek opakované odebirany vzorky plynu pro zjiSténi koncentrace a
8"3C metanu a oxidu uhli¢itého. Po skon&eni inkubace byl sediment ze zkumavek
centrifugovdn a voda byla prefiltrovana skrze 0,2 pm PTFE membranovy filtr pro
analyzu koncentraci a 8"3C acetatu a dalgich mastnych kyselin.

Izotopické méfeni *C/*C v plynnych vzorcich bylo provedeno hmotnostnim
spektrometrem s pfedfazenym spalovanim a plynovym chromatografem (Brand
1996). Plynné slouceniny byly nejprve rozdéleny v plynovém chromatografu Hewlett
Packard 6890 s PoraPlot Q kolonou s nosnym plynem héliem. Vzorek dale prosel
skrze spalovaci rozhrani Finnigan Standard GC Combustion Interface Il a
izotopicky pomér *C/*C byl analyzovan na hmotnostnim spektrometu Finnigan
MAT Deltaplus. lzotopickd analyza acetatu byla provedena metodou hmotnostni
spektrometrie s predfazenou kapalinovou chromatografii (Krummen et al. 2004).
Roztok sloucenin byl nejprve separovan na vysokotlakém kapalinovém
chromatografu Spectra System P1000 vybaveném ionty nepropoustéjici kolonou

Aminex HPX-87-H. Pomér izotopt uhliku byl zméfen na hmotnostnim spektrometru
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Finnigan MAT Deltaplus Advantage. Izotopicky pomér vSech analyzovanych
sloucenin byl vyjadien v hodnot€ delta oproti standarté VPDB podle rovnice:

§"°C = 10° * (Ruzorek ! Retandarta — 1) (4)
kde R je **C/**C vzorku a standarty.

Frakcionac¢ni faktory reakci (A [J B) byly spocteny podle rovnice (Hayes 1993):

aa B = (5°Ca+10% / (3°Cg + 10°) )
Podil hydrogentrofni metanogeneze je vypocten podle rovnice (Conrad 2005):
fme = (8CH4 - 8ma) / (Smc - 8ma) (6)

kde fmc je podil hydrogentrofni metanogeneze na celkové produkci metanu a omg je
izotopicky signal uhliku metanu produkovany vyhradné z acetéatu, ktery je vypocten
Z rovnice:

Sma = (1 / 0ma) (Bac + 10° — oima * 10°) (7)
kde ama je frakcionacni faktor acetoklastické metanogeneze a Ji je zméfeny
izotopicky signal acetatu. Pro odhad hydrogentrofni metanogeneze byly pouzity
hodnoty om, z dostupné literatury (Gelwicks et al. 1994, Penning et al. 2006, Goevert
et Conrad 2009).
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SHRNUTI VYSLEDKU

V prvni ¢asti prace zaméfené na produkci metanu, oxidu uhli¢itého a oxidu dusného
V hyporheickych sedimentech byly naméteny vyznamné, v porovnani s atmosférou
nékolikanasobné piesycené koncentrace vSech sledovanych plynu v intersticialni a
povrchové vodeé a to v celém podélném profilu toku Sitka. Koncentrace sledovanych
plynit v intersticidlni vodé nékolikanasobné pievySovaly koncentrace ve vodé
povrchové, coz indikuje, Ze hyporheicky sediment je zdrojem téchto plynt pro vodu
povrchovou, ze které jsou nasledné sklenikové plyny uvolnény do atmosféry.
Soucasné byly v celém podélném profilu vodniho toku béhem jedné ro¢ni sezony
naméfeny vyznamné atmosférické emise vSech tii plynd. Celkové ro¢ni emise
sklenikovych plynt z toku Sitka do atmosféry byly odhadnuty na 637 kg metanu,
210 t oxidu uhli¢itého a 229 kg oxidu dusného. Pokud pfevedeme vSechny plyny
pomoci potencidlti globalniho otepleni ve stoletém horizontu na stejné metrické
jednotky, ptisp&je sledovany vodni tok 300 ekvivalentnich tun oxidu uhli¢itého,
z ¢ehoz je 7,2 % ptispévek metanu. Emise metanu z vodniho toku piedstavuji 0,8 %
celkové hmotnosti uhliku unikajiciho jako plyn do atmosféry, proto hraje metan
dulezitou roli v biogeochemickém kolob&hu uhliku a klimatickych dopadech vodnich
toka.

V dalsi ¢asti prace, kterd jiz byla zamé&fena pouze na metan, byly naméteny pozitivni
potencialni produkce metanu a potencialni oxidace metanu hyporheického sedimentu
z celého podélného profilu sledovaného vodniho toku. Naméfené potencialni
produkce metanu i potencialni oxidace metanu vykazovaly vys$si hodnoty v dolni
¢asti toku neZz v horni €asti toku. Pfi srovnani aktivity obou mikrobidlnich procest
mezi svrchni vrstvou (0-25 cm) a spodni vrstvou (25-5% cm) hyporheického
sedimentu vykazovala vys§i hodnoty pfedev§im vrstva svrchni, ktera celkové
obsahovala vétSi mnozstvi mikroorganismii a mikrobialni aktivity. Hodnoceni
potencialni produkce metanu a potencidlni oxidace metanu slouzilo také ke srovnani
mezi aktivitou mikrobialnich procesit v hyporheickém sedimentu a pfitomnosti
odpovidajicich funkénich skupin bakterii a archei detekovanych mikrobialnimi
metodami. Pocéetnosti metanogennich archei a metanotrofnich bakterii v podélném a
vertik&Inim profilu vodniho toku ovSem neodpovidaly relativnimu vyznamu

pfislusnych mikrobialnich procesi.
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Posledni ¢ast prace zuzuje pozornost pouze na mikrobialni procesy v hyporheickém
sedimentu na lokalité IV, kde potencialni produkce metanu vykazovala z celého toku
faddové nejvyssi hodnoty. Anaerobni inkubacni experimenty pii detailnim
hloubkovém rozliSeni prokdzaly dvé produkéni maxima produkce metanu: prvni
v hloubce 0-10 cm a druh& v hloubce 40-50 cm. Produkce metanu se pohybovala ve
srovnatelnych tadech jako produkce metanu Vv jinych sladkovodnich ekosystémech,
jako jsou jezera nebo ryZovists a pritom hodnoty §°C produkovaného metanu
odpovidaly hodnotam pro biogenni metan. Na zaklad¢ zméfenych §"C smiSeného a
vyhradng hydrogentrofn& produkovaného metanu, 8*3C acetatu a frakcionadnich
faktorti acetoklastické metanogeneze z literatury byl dopocitan podil hydrogentrofni
metanogeneze, ktery piedstavuje 40-50 % celkové produkce metanu, coz je opét
v rozsahu typickém pro sladkovodni prostiedi. Maly narist koncentraci acetatu
béhem inkubacénich experimentd poukazal na téméf kompletni spotiebu acetatu
b&hem metanogeneze a tudiz byly pro vypocet pouzity nizsi hodnoty frakciona¢niho
faktoru acetoklastické metanogeneze, coz vypocet jesté zptesnilo. Vyskyt obou typt
metanogeneze Vv hyporheickém sedimentu toku Sitka koresponduje s nalezy
z predchozi c¢asti vyzkumu, kdy byli nalezeni =zastupci hydrogentrofnich
(Methanobacterium) i acetoklastickych (Methanosarcina a Methanosaeta)
metanogent. Z nizkych hodnot 8*3C akumulovaného acetatu, ktery se nahromadil
béhem anaerobni inkubace za pfitomnosti metyl-fluoridu vyplyva, ze
V hyporheickém sedimentu Sitky probih4d vyznamnou mérou také homoacetogeneze,

coZ je mikrobidlni proces produkce acetatu z oxidu uhli¢itého.
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ZAVER

Tato prace piinesla jedny zprvnich odhadi kvantifikace celkovych ro¢nich
atmosferickych emisi sklenikovych plynt z malého vodniho toku. Bylo potvrzeno, ze
anaerobni mikrobidlni procesy hraji vyznamnou roli v kolob&éhu uhliku
Vv hyporheickych sedimentech a Ze metan, kterému bylo doposud ve vodnich tocich
vénovano pouze malo pozornosti, se nezanedbatelnou mérou podili na klimatickém
efektu celkovych emisi sklenikovych plynt z vodniho toku. Také z toho davodu byl
puvodni zdmér, vénovat se v této disertacni praci produkci vSech tii biogennich
sklenikovych plynt, posléze zizen pouze na produkci metanu. DalSim impulsem k
této zméné byla spolutiéast na vyzkumném grantu GACR ,,Biogeochemie metanu a
detekce metanogennich a metanotrofnich bakterii v fi¢nich sedimentech®. Dalsi
studie prokazaly, ze metanogeneze a metanotrofie jsou vyznamné procesy
v sedimentech tekoucich vod, coz odpovidd nalezenému bohatému spolecenstvu
metanogent a metanotrofll. Za pouziti metody detekce stabilnich izotopti a selektivni
inhibice metanogeneze béhem inkubace bylo zjiSténo, ze na celkové produkci
metanu se acetoklasticka metanogeneze podili 50-60 % a hydrogenotrofni
metanogeneze 40-50 %. Mira produkce metanu a substratova preference metanogenii
v hyporheickém sedimentu vodniho toku se pohybuji v tadové podobnych

hodnotach, jaké byly nalezeny v jinych sladkovodnich ekosystémech.
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Abstract

In order to find out whether streams might be the considerable source of greenhouse gases to
the atmosphere, our investigation sought to determine the total emissions of CH4, CO2, and
N20 from the surface water of a small stream. Over a period of a year we used floating
chambers to measure gaseous emissions along the longitudinal profile of the Sitka stream
(Czech Republic). Additionally, we measured gas concentrations of surface and interstitial
waters. We found that interstitial and surface waters were supersaturated by all monitored
gases, especially by CHs and that the stream is significant emitter of these greenhouse gases.
The concentrations and the emission rates of all three gases were higher in the downstream
part than in the upstream part of the stream. In the case of CH4 the majority of the total annual
emission (90%) was released from the most downstream section of the stream, representing
only 1/5 of the stream’s total surface area (0.18 km?). The total annual emissions of CH4, CO2,
and N20 into the atmosphere from the water‘s surface were estimated to be 0.6 t, 210 t, and
0.2 t respectively. After conversion of the greenhouse gas emissions to CO:2 equivalents used
by IPCC, CO2 accounts the most part of total annual emission of greenhouse gases (70.1%),
with the second being N2O (22.7%), and the last CH4 (7.2%), for 100-year time horizon. This
work brings worthwhile data of greenhouse gas emissions and concentrations from a small

water stream based on seasonal measurement along the longitudinal profile.
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Introduction

In 2011, the global mean concentration of atmospheric CO2 was 391 ppm [1], and the average
rate of increase in the concentration of atmospheric CO2 over the period spanning from 1960
to 2005 of 1.4 ppm yr' is therefore considered to be the main driver of climate change [2].
The global mean concentrations of CHs4 and N2O i 2011 were 1803 ppb and 324 ppb,
respectively [1]. The significant abilty of CHs4 and N20 molecules to absorb infrared
radiation makes them more efficient greenhouse gases than CO2, thus resultng in a
substantial contribution to the heating effect of the atmosphere in particular, and to climate
change in general In the Fifth Assessment Report of the IPCC, Myhre et al [3] reconsider the
global warming potentials (GWPs) of CHs as an instrumental metric for transferring
emissions of different gases to a common scale. The recently suggested GWPs of CHs rose
significantly from 72 to 86 and from 25 to 34 for the 20-year and 100-year time horizon,
respectively, which makes CH4 a more important greenhouse gas. The radiative forcing of a
molecule of N2O is even greater, and the GWPs for N2O are 268 and 298 respectively for the
20-year and 100-year time horizon.

With respect to concerns about climate change, numerous studies suggest possible ways and
strategies to mitigate emissions of greenhouse gases, particularly those orignating from
anthropogenic sources. On the other hand, however, some natural sources of these gases were
omitted owing to the fact that we have only limited information about their role in the
production of greenhouse gases [4]. Extensive efforts have been directed towards the
identification and quantification of the source strength of greenhouse gas emissions into the
atmosphere from a variety of aquatic environments. Wetlands are believed to be a major
natural source of CO2 and CHa [5 - 7], however both CO2 and CHz are also supersaturated in
many surface waters, with streams and rivers frequently exhibiting gaseous partial pressures
many times in excess of the atmospheric equilibrium [8, 9]. The production of N2O is linked
mainly with excesses of nitrogen in agricultural soils and its runoff in drainage water [10].
However, streams similarly show significant supersaturation of N20O with respect to the
atmosphere [11]. Unquantified potential sources of greenhouse gases are of obvious climatic
concern, and while streams and rivers are not usually implicated directly, there is a growing
body of evidence to suggest that alongside CO2 and N20, rivers and streams can also emit
significant quantities of CHs [12, 13]. Saarnio et al. [14] estimated CH4 release from wetlands
and watercourses in Europe, but data for rivers and streams are still with high error rate. If we
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consider that rivers and streams are likely to cover 0.30-0.56% of the land surface (with a
significant partion of third order streams) and make contributions to global processes and
greenhouse gas emissions that may be 20-200% greater than those implied by previous
estimates [15], explorations of greenhouse gases productions and emissions in river

ecosystems are required.

Our long-term study on the Sitka stream documented the production of greenhouse gases in
hyporheic sediments [16]. Hlavacova et al. [17] reported that respiration of oxygen, nitrate,
sulphate, and methanogenesis may simultaneously coexist within the hyporheic zone, and that
an anaerobic metabolism and methanogenesis appear to be an important pathway in organic
carbon cycling in the Sitka stream sediments. Additionally, Cupalova and Rulik [18] found
that members of the phylogenetic domain Archaea may commonly occur within well-
oxygenated hyporheic sediments. Building on this work, Buriankova et al. [19] found
relatively well developed populations of methanogenic Archaea, and significant
methanogenic potential in hyporheic sediments of the Sitka stream. The methanogenesis and
other degradation processes result in the production of CO2, CH4, and N20 which then
supersaturate the interstitial water and eventually emit them into the atmosphere [20]. Based
on previous studies, we suppose that stream sediments are a source of gases that are important
in global warming. In particular, CH4 production in hyporheic sediments seems to be novel as
published global CHs emission estimates from streams are also sparse [21]. Moreover, recent
discoveries of metabolic pathways in both the nitrogen and carbon cycle across a spectrum of
aquatic ecosystems highlights the need for new directions and a multidisciplinary approach to
quantifying the flux of carbon and nitrogen through rivers [22].

Past studies have focused mainly on the downstream section of the Sitka stream, but we were
also curious to know if other parts along the stream's profile will also produce greenhouse
gases. In contrast to previous studies concermed with greenhouse gas emissions, we extended
our exploration to five study sites along longitudinal profile of the Sitka stream. The primary
objectives of our study were to measure the concentrations of CHs, CO2, and N2O both in
surface and interstitial water, and their emissions at different localities along a stream
continuum, and to estimate the total annual emissions of greenhouse gases from surface water
to the atmosphere. Our study presents at once total annual emissions of all three biogenic
greenhouse gases from a small water stream, and their relative contribution to the total annual
emission expressed in standard metric units (CO2 equivalent emission). This study is
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worthwhile mainly because there is paucity of studies estimating greenhouse gas emissions
from the whole river ecosystem during a year.

Material and methods

Studysite

The sampling sites were located on the Sitka stream, Czech Republic (Fig. 1). The Sitka is an
undisturbed, third-order, 35 km long stream originating in the Hruby Jesenik mountains at 650
meters above sea level With the exception of short sections, the Sitka stream is unregulated
with well-established riparian vegetation. A detailed description of the Sitka stream can be
found in Hlavaova et al. [17]. In order to assess the emissions released from a total stream
area, the stream was divided into five stretches according to changing conditions along the
river's course (Tab. 1). For each stretch we chose one representative sampling site (localities
I-V) where samples of both surface water and air were taken repeatedly. The numbering of
each locality corresponds to the numbering of each stretch. The Sitka stream flows in its
upper section until it reaches Sternberk town through a forested area with low intensity of
anthropogenic effects (localities I-II), while the lower course of the stream is naturally
meandering through a more intensively managed agricultural landscape (localities III-V). The
areas of the sections of stream were calculated from known lengths and mean channel widths
(measured by a metal measuring type at different sites). The longitudinal distances of the
sections were worked out using ArcGIS software with digitalized maps of the Sitka stream
and GPS coordinates that were obtained during the field measurement. The total area of the
Sitka stream was estimated to be 0.18 km?2.

Water sampling

Surface water samples were collected from running water at a depth of about 10 cm below the
surface level at all of localities four times from autumn 2005 to autumn 2006 (October 25th,
February 28th, May 25th, and July 18th). Three replicates of surface water were collected on
each sampling date. All water samples were taken between 9 am and 2 pm. Interstitial water
samples were collected using a set of two mini-piezometers randomly placed at a depth of 30
cm in sediments at each study site two times in 2006 (May 25th and July 18th). The initial
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100 ml of water from each mini-piezometer was used as a rinse and was discarded. Three
replicates of interstitial water from each mini-piezometer were collected from a continuous
column of water, by a 100 ml polypropylene syringe connected to a hard PVC tube, and
drawn from a mini-piezometer and overflowed and sealed into vials. All water samples were
collected into sterile, clear vials (40 ml) with screw-tops, covered by a polypropylene cap
with PTFE silicone septa, and stored in ice on the way to the laboratory. On each sampling
date, temperatures of interstitial and surface waters were measured for calculation of
saturation ratios. The saturation ratio, R, was calculated as the measured concentration of gas
divided by the concentration in equilbrium with the atmosphere at the temperature of the
sampled water using the solubility data of Wiesenburg and Guinasso [23], Weiss and Price
[24], and Weiss [25].

Measurement of emissions

Gaseous fluxes across the air-water interface were determined by the floating chamber
method [26, 27] four times from autumn 2005 to summer 2006 (October 25th, February 28th,
May 25th, and July 18th). On each sampling date, 4-5 replicated measurements were
performed at all the localities between 9 am and 2 pm. The open-bottom floating polyethylene
chambers (internal diameter 20 cm, total volume 5.5 L) were held in place on the water
surface by a floating body (polystyrene) attached to the outside. The chambers were attached
to a metal pole which was anchored to the stream bed in order to hold the chambers in
flowing conditions. The chambers were allowed to float on the water surface for a period of 3
hours. Preincubations were performed to assess linearity of gaseous concentrations in
headspace of the chambers and establish the incubation time required for reliable flux
measurements. Due to trees on the banks, the chambers at all the study sites were
continuously in the shade. On each sampling occasion, ambient air samples were collected for
determining initial background concentrations. Samples of headspace gas were collected
through a rubber stopper inserted at the top of each chamber, and stored in 100 ml
polyethylene gas-tight syringes until analysis. Emissions were calculated as the differences
between initial background and comparing concentration in the chamber headspace, and
expressed on the 1m? area of the surface level per day according to the formula:

F=[(ci—cr) ¥V *24/t*1000]/p (1)
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where F is a gas flux in mg mr2day’!; ¢ is a concentration of a particular gas in the chamber
headspace in pg I''; cr is a concentration of a particular gas in the background air; V is volume
of the chamber in L; t is time of incubation in hr; p is an area of the chamber expressed in m?2.

Analysis of gases, calculations and statistics

Concentrations of dissolved gases in the water and arr samples were measured using gas
chromatography as described in Hlavacova et al [20]. Estimations of total annual emissions
into the atmosphere from the five segments of the Sitka stream were calculated according to
the following formmla:

Ea= (X pi * Fi * 365)/ 1 000 000 @)

where E. is average estimation of emission of a particular gas from the total stream area in t
yr! for CO2 and kg yr! for CHa/N20; pi is an area of stretch in m? representing the given
locality; Fi is the average emission of a particular gas from the given locality, expressed in g
mr2day! for CO2 and in mg mr2day! for CH4/N2O.

Data analysis was performed using statistical software R (version 2.6.0). Data for regression
analyses embody non-parametric distributions, and normality was not achieved by data
transformation. Shapiro-Wilk normality test was used (P < 0.05). Therefore robust regressions
were used and linear models were tested by robust F-test for relations between gaseous
concentrations and gaseous emissions and for relations between surface and interstitial water

concentrations.

Results

Patterns of gaseous concentrations

Highly supersaturated concentrations of all observed gases were found in both surface and

interstitial water at all the localities (Tab. 2) and the saturation ratio R usually reflects those
concentrations (Tab. 3).
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Measured surface water CH4 concentrations were between 0.19-35.47 pg I'! and a significant
enhancement of CHa4 concentration was found on localities IV and V compared to the
upstream localities. Generally, CHa4 concentrations measured in interstitial water were higher
as compared to those from surface water and ranged between 0.19-11968.9 pg I'l. The
relationship between CHs4 concentrations in the interstitial and surface water was expressed by
a positive linear regression (y = 1.5 + 0.004 x, R? = 0.61, F = 284.5, P < 0.001). Interstitial
concentrations at downstream localities III-V were mmuch higher compared to those at the

upstream reach (localities I-II).

Measured surface water CO2 concentrations varied between 0.64-4.5 mg I'l. Measured
interstitial concentrations of CO2 were higher than those from the surface water and occurred
in the range of 0.85-10.82 mg I!. The relationship between CO2 concentrations in the
interstitial and surface water was expressed by a positive linear relationship (y = 0.08 + 1.77
x, R?2 = 0.54, F = 15.5, P < 0.01). Saturation ratios of CO2 were found at levels slightly in
excess of the atmospheric equilbrium leading to the supersaturation. CO2 saturation ratios of
surface and interstitial water showed only slight variation compared to the CH4 saturation

ratios.

Measured surface water concentrations of N2O varied between 0-5.8 pg I''. A remarkable
increase in the surface concentration was found on the downstream localities (III-V)
compared to the upstream localities (I-II). Measured interstitial N2O concentrations were
found to be higher compared to those from the surface water except locality V and ranged in
between 0.1-26.93 pgl!. No relationship was observed between N20 concentrations in the
interstitial and surface water (F = 0.5, P =0.48).

Patterns of emissions

Generally, emissions occurred in the order of CO2, CHs, and N20O where CO2 emissions were
usually three orders of magnitude greater than CH4 and N2O. We found differences among
greenhouse gas emissions along the longitudinal stream profile. A significant enhancement of
emissions for all the three greenhouse gases was found on downstream localites (IV-
V) compared to upstream localities (I-III) (Tab. 4). Moreover, we found significant positive
relationships between surface water concentration and measured emissions of all the gases

(Fig. 2). Measured CHs emissions were in the range of 0-167.35 mg m2 day!. Sharp increase
7
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in the amount of CH4 emitted from the surface water was measured at lowermost localities
(IV-V). We found a positive correlation between the surface water CH4 concentrations and
measured emissions (y = -3.83 + 1.62 x, R? = 0.57, F = 664.5, P < 0.001). Emissions of CO2
varied between 0-17.33 g m2 day! with a maximum found at the lowermost locality V. CO2
showed an increase in the amount of emissions in the downstream region (localities IV-V)
compared to the upstream part (localties I-III). We found a positive correlation between
surface water CO2 concentrations and measured emissions (y = -6.06 + 3.66 x, R2 =0.77, F =
81.3, P < 0.001). N20 emissions ranged between 0-19.69 mg m2 day! and were much higher
at the downstream localities III-V compared to upstream localities I-II. Measured N20
emissions positively correlated with the surface water N2O concentrations (y = -3.36 + 1.89 x,
R? = 0.61, F = 24.7, P < 0.001). Multiple linear regression with gaseous concentrations and
flow velocity as predictor variables and gas emissions as a response variable was not

significant for all monitored gases.

On the basis of annual mean emissions of particular gasses and areas of the defined segments
approximately 211 tons of greenhouse gases were emitted annually to the atmosphere from
the water surface of the Sitka stream with a dominant proportion being CO2 (Tab. 5). If total
annual emissions of each gas is converted to standard metric units (CO2 equivalent emission)
using GWP described in IPCC methodology [3], then CO2 accounts the most part of total
annual emission of greenhouse gases from the Sitka stream, with the second being N20, and
the last CHas, for both 20-year and 100-year time horizons. Contribution of CH4 emissions to
the total annual emissions was found to be the highest during the spring and summer periods
(81.9 %), while relatively high proportion of CO2 emissions (65.7 %) was during summer and
autumn months. Contribution of N2O emissions was at its highest during summer (32.3 %)
and winter (31.9 %) (Fig. 3).

Discussion

We found both surface and interstitial water to be supersaturated with CH4, CO2, and N20O
compared to the atmosphere at all five localities, except for the N2O concentration in the
surface water on locality II. Since CO2 is produced mainly by decomposition of organic
matter, carbonate equilbrium reaction, and respiration; N2O by nitrification, denitrification,
and coupled nitrification-denitrification as a byproduct; supersaturated concentrations of CO2
and N20 in interstitial and surface waters are commonly reported [11, 28 - 35]. Dissolved CHy
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concentrations in the surface water of the Sitka stream are in agreement with earlier studies
which focused on the measurement of CH4 concentration in rivers [36, 37]. Some authors
suggested that increased concentration of CH4 in rivers result from lateral diffusion of stream
banks and drainage of forest and agricultural soils or from outflow of urbanized areas and
sewage treatments [9, 36, 38]. Striegl et al. [8] mentioned that river CH4 could be derived
from multiple sources, including groundwater, surface water runoff, and benthic and water
column microbial processing of organic carbon. The exact role of each of these processes is
not yet quantified in the overall river carbon budget. Other authors [30, 39] found, as we did,
a significant increase of CH4 in the interstitial water. In spite of a commonly perceived view
of streams as well-oxygenated habitats, we assume internal CHs production in hyporheic
sediments as some other authors have suggested [12, 19, 39, 40]. Moreover, we can exclude
the possibility that CHs in the Sitka stream sediments is leaked from a natural gas extraction
or from a geothermal and volcanic source due to absence of these events in the watershed of
the stream. This supposition of biogenic origin of CH4 is supported by carbon isotope analysis
of CHs in bubbled gas from hyporheic sediments of the Sitka stream (unpublished data). We
also excluded significant contribution of drainage from wetlands and peatlands, as was
reported in some cases [41, 42], due to absence of wetland ecosystems in the watershed of the
stream. The internal CHs production could easily be explained by anaerobic conditions
occurring in hyporheic biofilm in micro-scale dimension. Physical and chemical gradients in
hyporheic sediments enable a broad spectrum of metabolic pathways to occur within small
spatial scales and imply important biological consequences. The seemingly well-oxygenated
hyporheic zone contains anoxic and hypoxic pockets associated with irregularities in sediment
surfaces, small pore spaces, or local deposits of organic matter. Thus this creates a ‘mosaic’
structure of various environments, where different microbial populations can live and
different microbial processes can occur simultaneously [43]. As the interstitial water in
comparison to surface waters were markedly more supersaturated by all monitored gases, we
suggest that they are produced in hyporheic sediments of the stream.

Levels of the gaseous concentrations in the surface water do not depend only on gaseous
production in hyporheic sediments on a sampling site. However they are affected by some
other effects like photosynthesis, methanotrophy, respiration or downstream transport of
gases. Moreover, a part of the gases can result from drainage of soils in watershed [42]. Since
aquatic macrophytes and evident algal commumities were not observed in the stream bed on
the localities, therefore we do not expect marked daily variation of CO2 concentration in
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surface water due to photosynthesis; although little fluctuations could be caused by daily
temperature  fluctuation and microbial biofilms containing primary producers on the
streambed.

Downstream localities (III-V) had higher interstitial and surface water concentrations and
emissions of all the gases in comparison to upstream localities (I-I[). For example, the
majority of the total annual CH4 emission (90%) was released from the two most downstream
stretches (IV-V) of the stream, representing only 1/5 of the total stream area. An ideal water
stream embody continuum of changing physical conditions downstream with decreasing flow
velocity and increasing mass of finer particles and organic matter in hyporheic sediments.
[44] Therefore productions of biogenic gases increase downstream together with an amount of
organic rich sediments which enable microbial processes. However, in spite of this, the
increase of the gaseous concentrations and emissions was not gradual. A real stream does not
act as an ideal stream, characterized by gradual continuum of changing physical conditions
and increase of organic matter in hyporheic sediments downstream. A real stream constitutes
a dynamic water body with heterogeneous changes in physical conditions in longitudinal
profile. Torrential sequences interchange with fluviatile sequences and therefore conditions
for microbial processes and gas production are changing along the stream. A noteworthy point
was that locality IV showed the highest interstitial concentrations for all monitored gases.
High concentrations of the gases found in interstitial water (Tab. 2) were caused probably by
very fine sediment and substantial amounts of organic matter in this locality. Such place may
be considered as a ,hot spot“ source of the gases for surface water. In turbulent streams gases
are repeatedly degassed from reaches containing riffles and replenished in slower moving
reaches within pools. High CHs concentration in the upstream part, with subsequent decline
further downstream, was reported from USA by Lilley et al. [36]. Therefore greenhouse gas
concentrations and emissions are more likely related to local conditions than to an
accurmulation of transported gases from upstream parts of a stream. In the case of the N2O we
suggest that high surface and interstitial concentrations on the downstream localities (III-V),
and consequently also emissions, are due to input of nitrate from sewage water outflows from
the Stemberk town, located between localities II and III, and due to drainage of agricultural
land on downstream part of the watershed. Generally, N2O concentrations are related to the
amount of flooding and leaching of N from a catchment, especially if the catchment contains
agricultural areas. The most important factor associated with river N2O production is nitrate
concentration [30, 45].
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The range of measured greenhouse gas emissions was in accordance with most other studies.
Average values of CHa4 emissions on the Sitka stream are similar to values reported for small
streams in Arizona [39] and for rivers in Oregon [36]. The annual mean CO2 emissions to the
atmosphere for the Sitka stream were also similar to those found on estuaries of large
European rivers [46]. Wilcock and Sorrell [13] found, as we did, that rivers could emit
significant amounts of N20. Although the extent of gaseous emissions from the Sitka stream
magnify the effect when compared with other streams and rivers, they do not depend only on
gaseous concentrations in the surface water, but they are affected by some other effects which

can differ on various water bodies.

Gererally, gaseous emissions comprise a flux mediated by submerged plants, an ebullition
from sediments and a diffusive flux from the water surface [47]. Since we did not record any
primary producers in the stream bed, contribution of the plant mediated flux to the overall
emissions is the most probably not a case or is negligble at the Sitka stream. However, we
observed gas bubbles released from the sediment, specifically on locality IV. Although an
ebullition is rarely captured by the floating chamber technique [48] the preference of this
method was accurate, because the methods based on calculation models account only
diffusive flux. The rate of gaseous diffusion into the atmosphere depends on several factors:
partial pressure of a particular gas in the atmosphere and its concentration in water, water
temperature, and further on molecular diffusion coefficient of a particular gas, water depth,
and flow velocity [38, 49]. Accordingly, a temperature increase which reduces gas solubility
could lead to higher emission rates during the summer period. Further, streams with higher
flow velocity have higher gas exchange coefficients compared to wetlands or large rivers.
Nevertheless, multiple linear regression with gaseous concentrations and flow velocity as
predictor variables and gas emissions as a response variable was not significant for all
monitored gases, but simple linear regression between gaseous concentrations and emissions
was significant for all monitored gases (Fig. 2), as was found on three rivers in China [9].
This contradiction could be caused by highly turbulent flows influencing gas exchange on the
air-water interface, which make flow velocity less predictive of gaseous emissions from the

stream.

If we consider the seasonal distribution of gas emissions, it is clear, in concordance with the

above mentioned relations, that the majority of CH4 and CO2 emissions were released during
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warmer periods of the year. The effect of temperature on CHs and CO2 production was
observed in south-eastern USA, where most of the CH4 was released into the atmosphere
during the warm months [50]. The highest N2O emissions from the Sitka stream were
recorded during summer and winter months and an equivocal seasonal pattern was obtained.
But the 31.9% contribution of N2O emissions during winter to the total annual budget of the
stream is not surprising. Nitrate concentrations, the main predictor of N2O emissions, usually
increase during winter and decline during growing seasons because the export of nitrate from
the watershed is controlled by plant uptake of inorganic N, which is lower during the non-

growing season [51].

Based on our results we suggest that CH4 and N20O emission contributes considerably to the
total greenhouse gas emission from the stream. We found that CHs emissions represent 0.8%
of mass of carbon release to the atmosphere from the Sitka stream. Although the total CH4
mass emitting from the Sitka stream is three order of magnitude lesser than the total CO2
mass, CHs4 emissions play considerable role in the climate impact of the stream due to its
GWP. The total amual CHs4 emissions contribute 7.2% to the total annual emission of all
gases, converted to CO2 equivalents, from the Sitka stream for the 100-year time-horizon, but
as much as 16.8% for the 20-year horizon. The total annual N2O emissions contribute with
22.7% to the total annual emission of all gases, converted to CO2 equivalents, from the Sitka
stream for the 100-year time-horizon, and with 18.8% for the 20-year horizon. These rates
indicate that CH4 and N20 emissions should not be omitted in greenhouse gas budgets of
rivers and streams, especially in a short time scale. Moreover, Campeau and Del Giorgio [52]
estimated that greenhouse gas emissions (CO2 equivalent) from boreal rivers and streams may
increase markedly mostly driven by a steep increase in the contribution of CHs4 under
plausible scenarios of climate change over the next 50 years. Nevertheless, our results should
be interpreted carefully with the up-scaling of emission data for the whole riverine systems,
especially because our dataset is spatially and temporally restricted. Moreover, we did not
include greenhouse gas emissions from parafluvial zones and the riverine (landscape) level
fluxes can be rather different from those gathered from limited local points.

Conclusions

The CH4, CO2, and N20 are produced in hyporheic sediments of the Sitka stream. The
longitudinal pattern of greenhouse gas concentrations and emissions along streams is

12

(7 Editorial
" System



422

423

424

425

426

427

428

429

430

435

436

437

438

439

440

442

443

444

445

446

447

448

449

450

452

453

455

409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442

. Polish
Manuscript body Journal of Environmental

Download source file (1.57 MB) Studies

heterogeneous and reflects a spatial distribution of physicochemical characteristics. Although
concentrations and emission rates of the greenhouse gases did not show increasing trends
along the stream, sampling sites located downstream indicated higher values of concentrations
and emission rates than localities located upstream, and such longitudinally located sampling
sites are necessary for an emission estimate. Therefore, we suggest that our approach of the
direct measurement on a set of sampling sites along a water stream during a season is proper
for an estimation of total annual emissions of greenhouse gases from river ecosystems. The
total annual emission of CO2 to the atmosphere was the highest for all the monitored
greenhouse gases from the surface of the Sitka stream and the total annual emissions of CHa,
CO2, and N20 were estimated to be 637 kg, 210 t, and 229 kg, respectively. However,
counting the global warming potential, the total amnual contribution of CH4 and N20 to the
total annual greenhouse gases emission from Sitka stream is nearly 30% for 100-year horizon.
Therefore, CHs4 and N2O emissions should not be omitted in an evaluation of rivers and water
streams to produce greenhouse gases. Our results utilize directly measured gas concentration
and emission data to contribute to recent assessments [53 - 56] of the importance of inland
waters in regional and global carbon cycles and quantify the importance of CHs4, CO2, and
N20 emissions in the carbon and nitrogen balance of a small temperate water stream system.
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Tab. 1 Longitudinal physicochemical patterns of the Sitka stream (means + standard error).

Variable/ Locality L IL IIL. Iv. V.
elevation above sea-level [m] 535 330 240 225 215
distance from the spring [km] 6.9 18.2 25.6 30.9 349
average flow velocity [m.s] 0.46 0.19 045 0.39 0.20
+0.09 +0.04 +0.08 +0.04 +0.04
stretch surface area [km?] 0.043 0.06 0.043 0.024 0.012
grain median size [mm] 124 12.9 13.2 0.2 5.4
surface dissolved oxygen saturation [%] 101 110 104 114 103
+:22.6 +134 +3.7 +14.6 +38
hyporheic dissolved oxygen saturation [%] 63 89 79 61 58
+236 +138 +44 +92 +:12.7
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surface water temperature [°C] 9.1 9.7 12 12.3
+3.59 +3.56 +439 +4.93

interstitial water temperature [°C] 13.9 14.8 17:5 18.3
+1.17 +1.4 +1.72 +2.04

surface water DOC [mg/I] 247 0.81 2.62 2.69
+0.21 +0.19 +0.15 +0.19

interstitial water DOC [mg/l] 2.05 1.31 2.71 5.76

+0.17 +0.29 +032 £091

11
k527
14.2
+3.44
3.74
+0.39
2.62
+0.24

Tab. 2 Annual means of gas concentrations in surface and interstitial water at localities of the
Sitka stream (mg I for CO2 and pg 1! for CH4/N20) + standard errors.

Gas I II I v v
surface CHa 125+043 0.46+0.2 1.37+0.49 15+6.63 12.12+3.77
surface CO2 176 £0.29 1.13+£0.18 1.81+03 2.01+039 336+045
surface N2O 132+081 0.59+029 3.14+0.93 1.6+0.54 3.03+£0.72

interstitial CHa 134055 0.65+0.26 19.20 = 5196.01 £+ 1538+7.23
16.93 2322.28

interstitial CO2 3+0.49 146035 228+0.38 58+2.16 434+13

interstitial N2O 447+302 107+043 562+166 13.63+559 127+0.69

Tab. 3 Annual means of saturation ratio of CHs, CO2 and N20 in surface and interstitial water

at all localities =+ standard errors.

Locality/Location CHy CO2 N20
I
surface 252+10.22 1.9+0.12 1.9+ 0.95
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655 interstitial 295+5.14 385+0.29 8.6+5.88
656 I
657 surface 99+ 554 13+02 09+04
658 interstitial 154+ 894 2.1+0.61 22+0.16
659 m
660 surface 31.5+13.49 2.28+£0.51 62+242
661 interstitial 487.9 + 382.69 3.4+0.98 12.7+5.76
662 v
663 surface 379.5+216.86 25+0.7 3+1.14
664 interstitial 130 437.4 + 83 544.46 9.8 +4.49 30.4+19.11
665 A%
666 surface 246.4 + 81.98 4.1+0.82 5.1+1.81
667 interstitial 364.9+190.73 6.15+3.14 4.1+2.98

668 606

669 607

670 608 Tab. 4 Annual mean gas emissions to the atmosphere (g m2 d! for CO2 and mg m2 d-! for
671 609 CH4/N20) + standard errors.

672 610

673 611

674 Locality CH4 CO, N0

675 I 239+ 096 3.68+0.71 2.83+201
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I 0.25+0.08 1.15+0.67 0.8+0.92

111 1.41+0091 3.28+1.87 6.63 +£2.48

v 4131 +20.25 415+ 1.99 334+ 1.69

A\ 4933 +26.25 9.33 +1.69 8.01+3.74

Tab. 5 Estimation of total annual emissions of particular greenhouse gases (t yr! for CO2 and
kg yr! for CHs/N20) from the Sitka stream to the atmosphere and relative metric units to 1kg
of CO2 calculated using GWPs for 20-year and 100-year time horizons. The percentage
contribution of particular greenhouse gas to relative metric units of the total annual emission

is in parenthesis.

CH4 CO; N,0

total annual emission 637.2 210.2 228.6
100-year GWP 21 665 (7.2) 210200 (70.1) 68 123 (22.7)
20-year GWP 54 799 (16.8) 210200 (64.4) 61 265 (18.8)

Figure Captions
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Fig. 1 A map showing the localities (black circles) on the Sitka stream.

Fig. 2 Relationship between atmospheric emissions and surface water concentrations for CHs
(a), CO2 (b) and N2O (c).

Fig. 3 Contribution of gas emissions to the atmosphere from different seasons to the total

annual emission of each gas.

24

71y Editorial
bt System



Figure 1

Polish

Journal of Environmental

Studies

Czech Republic

Sitka stream

Lo

Editorial
System



Polish

Figure 2 Journal of Environmental
Download source file (115.08 kB) Studies
a) L) S|

L I B S NN R B |

0§ VW HENHIV
e concenraon g 1)

71y Editorial
b System



. Polish
Figure 3 Journal of Environmental
Download source file (76.35 kB) Studies

Cwinter
© autumn
= summer
CIsping

methane carbon nitrous
dioxide oxide

@ Editorial
System



Polish
Index Journal of Environmental
Studies

Manuscript body
Manuscript body 1 - Download source file (1.57 MB)

Figures

Figure 1 - Download source file (159.26 kB)
Figure 2 - Download source file (115.08 kB)
Figure 3 - Download source file (76.35 kB)

21y Editorial
b System



I1. Methanogenic system of a small lowlandstream Sitka, Czech Republic

Martin Rulik, Adam Bednatik, Vaclav Mach, Lenka Brablcova, Iva Buridankova,

Pavla Badurova, Kristyna Gratzova

(In: Matovic MD et al. Biomass Now - Cultivation and Utilization, Chapter 17: 395-426)



Chapter 17

Methanogenic System of a Small Lowland
Stream Sitka, Czech Republic

Martin Rulik, Adam Bednafik, Vaclav Mach, Lenka Brablcova, Iva Buridnkova,
Pavlina Badurova and Kristyna Gratzova

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/52718

1. Introduction

Methane (CHa) is an atmospheric trace gas present at concentration of about 1.8 ppmv, that
represents about 15% of the anthropogenic greenhouse effect (Forster et al. 2007). The
atmospheric CHa concentration has increased steadily since the beginning of the industrial
revolution (~ 0.7 ppmv) and is stabilized at ~1.8 ppmv from 1999 to 2005 (Forster et al.
2007). An unexpected increase in the atmospheric growth of CHa during the year 2007 has
been recently reported (Rigby et al. 2008), indicating that the sources and sinks of
atmospheric CH4 are dynamics, evolving, and not well understood. Freshwater sediments,
including wetlands, rice paddies and lakes, are thought to contribute 40 to 50 % of the
annual atmospheric methane flux (Cicerone & Oremland 1988; Conrad 2009).

The river hyporheic zone, volume of saturated sediment beneath and beside streams
containing some proportion of water from surface channel, plays a very important role in
the processes of self-purification because the river bed sediments are metabolically active
and are responsible for retention, storage and mineralization of organic matter transported
by the surface water (Hendricks 1993; Jones & Holmes 1996, Baker et al. 1999, Storey et al.
1999, Fischer et al. 2005). The seemingly well-oxygenated hyporheic zone contains anoxic
and hypoxic pockets (,anaerobic microzones”) associated with irregularities in sediment
surfaces, small pore spaces or local deposits of organic matter, creating a ‘mosaic’ structure
of various environments, where different microbial populations can live and different
microbially mediated processes can occur simultaneously (Baker et al. 1999, Morrice et al.
2000, Fischer et al. 2005). Moreover, hyporheic-surface exchange and subsurface hydrologic
flow patterns result in solute gradients that are important in microbial metabolism.
Oxidation processes may occur more readily where oxygen is replenished by surface water
infiltration, while reduction processes may prevail where surface-water exchange of oxygen

© 2013 Rulik et al., licensee InTech. This is an open access chapter distributed under the terms of the
Creanvg Commons Artnbpnon License (http‘://crganvecommons.org/licenses/byB.O), which _permits
open science | open minds unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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is less, and the reducing potential of the environment is greater (Hendricks 1993). As water
moves through the hyporheic zone, decomposition of the organic matter consumes oxygen,
creating oxygen gradients along the flow path. Thus,compared to marine or lake surface
sediments, where numerous studies on O2 profiles have showed that O2 concentrations
become zero within less than 3 mm from the surface, the hyporheic sediment might be well-
oxygenated habitats even up to the depth of 80 cm (e.g. Bretschko 1981, Holmes et al. 1994) .
The extent of the oxygen gradient is determined by the interplay between flow path lengh,
water velocity, the ratio of surface to ground water, and the amount and quality of organic
matter. Organic matter decomposition in sediments is an important process in global and
local carbon budgets as it ultimately recycles complex organic compounds from terrestrial
and aquatic environments to carbon dioxide and methane. Methane is a major component in
the carbon cycle of anaerobic aquatic systems, particularly those with low sulphate
concentrations. Since a relatively high production of methane has been measured in river
sediments (e.g. Schindler & Krabbenhoft 1998, Hlavacova et al. 2005, Sanders et al. 2007,
Wilcock & Sorrell 2008, Sanz et al. 2011), we proposed that river sediments may act as a
considerable source of this greenhouse gas which is important in global warming
(Hlavacova et al. 2006).

Breakdown of organic matter and gas production are both results of well functioned river
self-purification. This degrading capacity, however, requires intensive contact of the water
with biologically active surfaces. Flow over various morphological features ranging in size
from ripples and dunes to meanders and pool-riffle sequences controls such surface-
subsurface fluxes. Highly permeable streambeds create opportunities for subsurface
retention and long-term storage, and exchange with the surface water is frequent. Thus,
study of the methane production within hyporheic zone and its subsequent emission to the
atmosphere can be considered as a measure of mineralization of organic matter in the
freshwater ecosystem and might be used in evaluation of both the health and environmental
quality of the rivers studied.

Methane (CH4) is mostly produced by methanogenic archaea (Garcia et al. 2000, Chaban et
al. 2006) as a final product of anaerobic respiration and fermentation, but there is also
aerobic methane formation (e.g. Karl et al. 2008). Methanogenic archaea are ubiquitous in
anoxic environments and require an extremely low redox potential to grow. They can be
found both in moderate habitats such as rice paddies (Grosskopf et al. 1998a,b), lakes
(Jiirgens et al. 2000, Keough et al. 2003) and lake sediments (Chan et al. 2005), as well as in
the gastrointestinal tract of animals (Lin et al. 1997) and in extreme habitats such as
hydrothermal vents (Jeanthon et al. 1999), hypersaline habitats (Mathrani & Boone 1995) and
permafrost soils (Kobabe et al. 2004, Ganzert et al. 2006). Rates of methane production and
consumption in sediments are controlled by the relative availability of substrates for
methanogenesis (especially acetate or hydrogen and carbon dioxide). The most important
immediate precursors of methanogenesis are acetate and H>/CO.. The acetotrophic
methanogens convert acetic acid to CHs and CO2 while the hydrogenotrophic methanogens
convert CO: with Hz to CHa (Conrad 2007).
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Methane oxidation can occur in both aerobic and anaerobic environments; however, these
are completely different processes involving different groups of prokaryotes. Aerobic
methane oxidation is carried out by aerobic methane oxidizing bacteria (methanotrophs,
MOB), while anaerobic methane oxidizers, discovered recently, thrive under anaerobic
conditions and use sulphate or nitrate as electron donors for methane oxidation (e.g. Strous
& Jetten 2004). MOB are a physiologically specialized group of methylotrophic bacteria
capable of utilizing methane as a sole source of carbon and energy, and they have been
recognized as major players in local and global elemental cycling in aerobic environments
(Hanson & Hanson 1996, Murrell et al. 1998, Costelo & Lidstrom 1999, Costelo et al. 2002,
McDonald et al. 2008). Aerobic MOB have been detected in a variety of environments, and
in some they represent significant fractions of total microbial communities (e.g. Henckel et
al. 1999; Carini et al, 2005, Trotsenko & Khmelenina 2005, Kalyuzhnaya et al. 2006).
However, the data on the diversity and activity of methanotrophic communities from the
river ecosystems are yet fragmentary. Methanotrophs play an important role in the
oxidation of methane in the natural environment, oxidizing methane biologically produced
in anaerobic environments by the methanogenic archaea and thereby reducing the amount
of methane released into the atmosphere.

The present investigation is a part of a long-term study focused on organic carbon and
methane dynamics and microbial communities in hyporheic zone of a Sitka, small lowland
stream in Czech Republic. The overall purpose of this research was to characterize spatial
distribution of both methanogens and methanotrophs within hyporheic sediments and
elucidate the differences in methane pathways and methane production/consumption as
well as methane fluxes and atmospheric emissions at different sites along a longitudinal
profile of the stream.

2. Material and methods
2.1. Study site

The sampling sites are located on the Sitka stream, Czech Republic (Fig. 1). 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 118.81km? 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. Mean annual discharge is 0.81 m?.s™. The Sitka stream flows in
its upper reach till Sternberk through a forested area with a low intensity of anthropogenic
effects, while the lower course of the stream naturally meanders through an intensively
managed agricultural landscape. Except for short stretches, the Sitka stream is unregulated
with well-established riparian vegetation. River bed sediments are composed of gravels in
the upper parts of the stream (median grain size 13 mm) while the lower part, several
kilometres away from the confluence, is characterised by finer sediment with a median grain
size of 2.8 mm. The Sitka stream confluences with the Oskava stream about 5 km north of
Olomouc. More detailed characteristics of the geology, gravel bar, longitudinal
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physicochemical (e.g. temperature, pH, redox, conductivity, Oz, CHs, NOs, SOs) 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).

Sitka stream

Czech Republic

. Y Olomouc
Praque \

P

Figure 1. A map showing the location of the Sitka stream. Black circles represents the study sites (1-5)

2.2. Sediment sample collecting and sample processing

Five localities alongside stream profile were chosen for sampling sediment and interstitial
water samples based on previous investigations (Figure 2, Table 1). Hyporheic sediments
were collected with a freeze-core using N2 as a coolant (Bretschko & Klemens 1986)
throughout summer period 2009-2011. At each locality, 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. Just after thawing, wet sediment of each layer was sieved and
only partidles <1 mm were considered for the following microbial measurements and for all
microbial activity measurements since most of the biofilm is associated with this fraction
(Leichtfried 1988).
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elevation

[km]

Figure 2. Graphic depiction of the thalweg of the Sitka stream with sampling localities. The main source
of pollution is an effluent from Sternberk city sewage water plant, located just in the middle between
stretch I and I11.

Variable/ Locality L II. IIL IV. V.
elevation above sea-level [m] 535 330 240 225 215
distance from the spring [km] 6,9 18,2 25,6 30,9 34,9
channel width [cm] 523 793 672 4 523
average flow velocity [m.s"] 0,18 0,21 0,46 0,42 0,18
stretch longitude [km] 12,6 9,3 6,3 47 2,3
stretch surface area [km?| 0,043 0,06 0,043 0,024 0,012
stretch surface area (%) 24 32 24 13 7
: s silt- gravel-

dominant substrate composition gravel  gravel  gravel day sand
grain median size [mm] 12,4 12,9 132 0,2 5,4
surface water POs* [mg L] 0,15 0,24 7,0 2,6 1,8
surface water N - NOs [mg L] 0,01 0,21 1,2 0,5 0,18
surface water N - NHs* [mg L] 0,39 0,26 0,66 0,72 0,61
surface dissolved oxygen saturation [%]  101,7 110,0 105,8 108,5 103,5
surface water conductivity [uS.cm] 107,5 127,5 404,8 394,0 397,7
hyporheic water conductivity [uS.cm™]  115,3 138,3 414,5 506,5 416,2
surface water temperature [°C] 8,1 9.7 10,7 11,1 8,9
surface water DOC [mg L] 2,47 0,81 2,62 2,69 3,74
hyporheic water DOC [mg L] 2,05 1,31 2,71 5,76 2,62

Table 1. Longitudinal physicochemical patterns of the Sitka stream (annual means). Hyporheic water
means mix of interstitial water taken from the depth 10 up to 50 cm of the sediment depth

A few randomly selected subsamples (1 mL) were used for extraction of bacterial cells and,
consequently, for estimations of bacterial numbers; other sub-samples were used for



400 Biomass Now — Cultivation and Utilization

measurement of microbial activity and respiration, organic matter content determination,
etc. 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).

2.3. Water samples and analysis of methane

Surface water was collected from running water at a depth of 10 cm below the surface level
in autumn 2009 at each study site. Interstitial water samples were collected using a set of 5-6
minipiezometers (Trulleyova et al. 2003) placed at a depth of about 20-50 cm randomly in
sediments at each study site. The initial 50-100 mL of water was used as a rinse and
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. All samples were
taken in the morning between 9 a.m. and 12 noon. All measurements were done during the
normal discharge levels (i.e. no spates or high flood levels were included). Interstitial water
temperature, dissolved oxygen (mg L' and percent saturation) and conductivity were
measured in the field with a portable Hanna HI 9828 pH/ORP/EC/DO meter. Dissolved
organic carbon (DOC) was measured by Pt-catalysed high temperature combustion on a
TOC FORMACSHT analyser. Long term observation of interstitial water temperature was
carried out using temperature dataloggers Minikin (EMS Brno, Czech Republic) buried in
the sediment depth of 25-30 cm for a period of one year. Dissolved ferrous iron (Fe?)
concentration was measured using absorption spectrophotometry after reaction with 1,10-
phenanthroline. Concentrations of organic acids were meausred using capilary
electrophoresis equipped with diode array detector HP 3D CE Agilent (Waldbron,
Germany). Limits of detection for particular organic acids were set as following: LOD
(acetate) = 6,2 umol L'; LOD (propionate) = 4,8 umol L'; LOD (butyrate) = 2,9 umol L; LOD
32 (valerate) = 1,8 pmol L.

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 N2 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 = 1ug L) 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
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Henry’s law. The saturation ratio (R) was calculated as the measured concentration of gas
divided by the concentration in equilibrium with the atmosphere at the temperature of the
water sample using the solubility data of Wiesenburg & Guinasso (1979).

2.4. Methanogenic potential and methanotrophic activity

The rate of methane production (methanogenesis) was measured using the PMP method
(Segers 1998). C-amended solutions (flushed for 5 minutes with N2) with acetate
Ca(CH:COO): (100 mg C in the incubation flask) were used for the examination of
methanogenic potential. All laboratory sediment incubations were performed in 250-mL
dark glass flasks, capped with rubber stoppers, using approximately 100 g (wet mass) of
sediment (grain size < 1 mm) and 180 mL of amended solution or distilled water. The
headspace was maintained at 20 mL. Typically, triplicate live and dead (methanogenesis
was inhibited by addition of 1.0 mM chloroform) samples from each depth were stored at
20°C in the dark and the incubation time was 72 hours; however, subsamples from the
headspace atmosphere were taken every 24 hours. Gas production was calculated from the
difference between final and initial headspace concentration and volume of the flask; results
are expressed per volume unit of wet sediment (CH4 mL' WW hour') or per unit dry
weight of sediment per one day (ug CHs kg' DW day'). Rate of potential methane oxidation
(methanotrophy) was measured using modified method of methane oxidation in soil
samples from Hanson (1998). Briefly, 50 mL of methane was added by syringe to the closed
incubation flask with the sieved sediment and then the pressure was balanced to
atmospheric pressure. All laboratory sediment incubations were performed in 250-mL dark
glass flasks, capped with rubber stoppers, using approximately 100 g (wet mass) of
sediment (grain size < 2 mm). Typically, triplicate live and dead (samples killed by HgCl2 to
arrest all biological activity) samples from each depth were stored at 20°C in the dark, and
incubation time was 72 hours; however, subsamples from the headspace atmosphere were
taken every 24 hours. Potential CHs oxidation rates at the different concentrations were
obtained from the slope of the CHs decrease with time (r? > 0.90; methane oxidation was
calculated from the difference between final and initial headspace concentration and volume
of the flask; results are expressed per volume unit of wet sediment (CH4 mL' WW hour') or
per unit dry weight of sediment per one day (mg CHs kg! DW day).

2.5. 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). Fluxes were measured during the summer
months (VII, VIII, IX). The plexiglas chamber (2.6 dm®) covered an area 0.0154 m2 The
chambers (n = 7) were installed randomly and gently anchored on the substrate without



402 Biomass Now — Cultivation and Utilization

disturbing the sediment. Samples to determine of initial concentration of CHs 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):

] = =Dgx @ x (AC/A\') §))

where | is the diffusive flux in pg m? s, @ is the porosity of the sediment, Ds is the bulk
sediment diffusion coefficient in cm? s, AC/Ax is the methane concetrations gradient in
pg cm® cm’. Bulk sediment diffusion coefficient (Ds) is based on diffusion coefficient for
methane in the water (Do) and tortuosity (0) according to the formula:

DS = D()H_Z (2

Tortuosity (0) is possible calculate from porosity according to equation (Boudreau 1996):
0% =1- In(2?) ®3)

Diffusive fluxes of CHswere determined at all five study sites along the longitudinal profile
of the Sitka stream.

2.6. Measurement of emissions

Gas flux across the air-water interface was determined by the floating chamber method four
times during the year period in 2005 — 2006. The open-bottom floating PE chambers (5L
domes with an area of 0.03 m?) were maintained on the water’s surface by a floating body
(Styrene) attached to the outside. The chambers (n = 4 — 5) were allowed to float on the
water’s surface for a period of 3 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. 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 1m? area of the surface level
per day according to the formula:

F=[(c-cg)*V*24/t*1000] /p )
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where F is a gas flux in mg m?2day; cris a concentration of particular gas in the chamber
headspace in pg L7; cris a concentration of particular gas in background air; V is volume of
the chamber in L; t is time of incubation in hr; p is an area of chamber expressed in m2. For
each chamber, 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).

In order to assess emissions produced from a total stream area, the stream was divided into
five stretches according to the channel width, water velocity and substrate composition. For
each stretch we have then chosen one representative sampling site (locality I-V) where
samples of both stream and interstitial waters and sediments, respectively, were repeatedly
taken. Localities were chosen in respect to their character and availability by car and
measuring equipments. For calculation of whole-stream gases emissions into the
atmosphere, the total stream area was derived from summing of 14 partial stretches. The
area of these stretches was caculated from known lenght and mean channel width
(measured by a metal measuring type). Longitudinal distance among the stretches was
evaluated by using ArcGIS software and GPS coordinates that have been obtained during
the field measurement and from digitalised map of the Sitka stream. The total area of the
Sitka stream was estimated to be 181380 m? or 0.18 km?. Stretches have differed in their
percentual contribution to this total area and also by their total lenght (Table 1).

The total annual methane emissions to the atmosphere from the five segments of the Sitka
stream, Ea (kg yr') were derived from seasonal average, maximum or minimum emissions
measured on every locality and extrapolated to the total area of the particular segment. The
total methane emissions produced by the Sitka stream annualy were then calculated
according to the following formula:

E,= (Z p,* F* 365) / 1000000 (5)

where Ea is average, maximal or minimal assess of emission of methane from the total
stream area in kilograms per year; piis an area of stretch (in m?) representing given locality;
Fiis average, maximal or minimal assess of the methane from a given locality expressed in
mg m2day.

2.7. Carbon isotopic composition of dissolved methane and carbon dioxide in
sediments

Interstitial water samples for carbon isotopic analysis of methane and carbon dioxide were
collected in 2010 - 2011 through three courses at study site. Sampling was performed by set
of minipiezometers placed in a depth of 20 to 60 cm randomly in a sediment. After
sampling, refrigerated samples were transported (within 72 hours) in 250 mL bottles to
laboratory at the Department of Plant Physiology, Faculty of Science University of South
Bohemia in Ceske Budejovice, which are equipped with mass spectrometry for carbon
isotopes measurements. Firstly both water samples, for methane and for carbon dioxide,
were extracted to helium headspace. After relaxation time isotopic equilibrium was
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achieved and four subsamples of gas were determined by GasBanch (ThermoScientific) and
IRMS DeltarsXL. equiped by TC/EA (ThermoFinnigan) for analysis of 5*COz. Afterwards
91CO2 of water samples were calculated from gaseous 5*CO2 by fractionation factor from a
linear equation (Szaran 1997):

£,°C = - (0.0954 + 0.0027) T['C] + (10.41+ 0.12) (6)

Stable isotope analysis of ¥*C/1?C in gas samples was performed using preconcentration,
kryoseparation of CO: and gas chromatograph combustion of CH: in PreCon
(ThermoFinnigan) coupled to isotope ratio mass spectrometer (IRMS, Delta Plus XL,
ThermoFinnigan, Brehmen, Germany). After conversion of CHs to CO:2 in the Finningan
standard GC Combustion interface CO2 will be tranfered into IRMS. The obtained *C/22C
ratios (R) will be referenced to *C/">C of standard V-PDB (Vienna-Pee-Dee Belemnite)(Rs),
and expressed as 0PC = (Rsample/Rstandard — 1) x 1000 in %o. The standard deviation of d*C
determination in standard samples is lower than 0.1%o0 with our instrumentation. From our
data, we also calculated an apparent fractionation factor ac that is defined by the measured
®CHa4 and 5CO2 (Whiticar et al. 1986):

ac = (6CO,+ 10°) / (5CH, + 10°) @)

This fractionation factor gives rough idea of magnitude of  acetoclastic and
hydrogenotrophic methanogenesis.

2.8. Abundance of microbial cells and microbial community composition

For measuring of microbial parameters, formaldehyde fixed samples (2 % final conc.) were
first mildly sonicated for 30 seconds at the 15 % power (sonotroda MS 73, Sonopuls HD2200,
Sonorex, Germany), followed by incubation for 3 hours under mild agitation with 10 mL of
detergent mixture (Tween 20 0.5%, vol/vol, tetrasodium pyrophosphate 0.1 M and distilled
water) and density centrifugation (Santos Furtado & Casper 2000, Amalfitano & Fazi 2008).
For density centrifugaton, the non-ionic medium Nycodenz (1.31 g mL; Axis- Shield, Oslo,
Norway) was used at 4600 G for 60 minutes (Rotofix 32A, Hettich, Germany). After the
preparation processes, a 1 mL of Nycodenz was placed underneath 2 ml of treated slurry
using a syringe needle (Fazi et al. 2005). 1 ml of supernatant was then taken for subsequent
analysis.

2.9. Total cell numbers (TCN)

The supernatant was filtered onto membrane filters (0.2 pm GTTP; Millipore Germany),
stained for 10 minutes in cold and in the dark with DAPI solution (1 mg/ ml; wt/ vol; Sigma,
Germany) and gently rinsed in distilled water and 80 % ethanol. Filters were air-dried and
fixed in immersion oil. Stained cells were enumerated on an epifluorescence microscope
(Olympus BX 60) equipped with a camera (Olympus DP 12) and image analysis software
(NIS Elements; Laboratory Imaging, Prague, Czech Republic). At least 200 cells within at
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least 20 microscopic fields were counted in three replicates from each locality. TCN was
expressed as bacterial numbers per 1 mL of wet sediments.

2.10. Procaryotic community composition

The methanogenic archaea, three selected methanogen families (Methanobacteriaceae,
Methanosetaceae and Methanosarcinaceae) and methanotrophic bacteria belonging to groups I
and II were detected using FISH (Fluorescence in situ hybridization) with 16S rRNA-
targeted oligonucleotide probe labelled with indocarbocyanine dye Cy3. The prokaryotes
were hybridized according to the protocol by Pernthaler et al. (2001). Briefly, the
supernatants which were used also for TCN were filtered onto polycarbonate membrane
filters (0.2 um GTTP; Millipore), filters were cut into sections and placed on glass slides. For
the hybridization mixtures, 2 uL of probe-working solution was added to 16 uL of
hybridization buffer in a microfuge tube. Hybridization mix was added to the samples and
the slides with filter sections were incubated at 46 °C for 3 hours. After incubation, the
sections were transferred into preheated washing buffer (48 °C) and incubated for 15
minutes in a water bath at the same temperature. The filter sections were washed and air-
dried. The DAPI staining procedure followed as previously described. Finally, the samples
were mounted in a 41 mix of Citifluor and Vecta Shield. The methanogens and
methanotrophs were counted in three replicates from each locality and the relative
proportion of bacteria, archaea, methanogens and methanotrophs to the total number of
DAPI stained cells was then calculated.

2.11. Nucleic acid extraction and Denaturing gradient gel electrophoresis
(DGGE)

Nucleic acids were extracted from 0,3 g of sieved sediment with a Power Soil DNA isolation
kit (MoBio, Carlsbad, USA) according to the manufacturer’s instructions. 16S rRNA gene
fragments (~350 bp) were amplified by PCR using primer pair specific for methanogens.
Primer sequences are as follows, 0357 F-GC 5-CCC TAC GGG GCG CAG CAG-3' (GC
clamp at 5"-end CGC CCG CCG CGC GCG GCG GGCGGG GCG GGG GCA CGG GGG G)
and 0691 R 5- GGA TTA CAR GAT TTC AC -3’ (Watanabe et al. 2004). PCR amplification
was carried out in 50 uL. reaction mixture contained within 0.2 mL, thin walled micro-tubes.
Amplification was performed in a TC-XP thermal cyder (Bioer Technology, Hangzhou,
China). The reaction mixture contained 5 puL of 10 x PCR amplification buffer, 200 uM of
each dNTP, 0,8 uM of each primer, 8 puL of template DNA and 5.0 U of FastStart Taq DNA
polymerase (Polymerase dNTPack; Roche, Germany). The initial enzyme activation and
DNA denaturation were performed for 6 min at 95°C, followed by 35 cycles of 1 min at
95°C, 1 min at 55°C and 2 min at 69°C and a final extension at 69°C for 8 min (protocol by
Watanabe et al. 2004). PCR products were visualised by electrophoresis in ethidium
bromide stained, 1.5% (w/v) agarose gel.

DGGE was performed with an INGENYphorU System (Ingeny, Netherlands). PCR products
were loaded onto a 7% (w/v) polyacrylamide gel (acrylamide: bisacrylamide, 37.5:1). The
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polyacrylamide gels were made of 0.05% (v/v) TEMED (N,N,N,N-tetramethylenediamine),
0.06% (w/v) ammonium persulfate, 7 M (w/v) urea and 40 % (v/v) formamide. Denaturing
gradients ranged from 45 to 60%. Electrophoresis was performed in 1xTAE buffer (40 mM
Tris, 1 mM acetic acid, 1 mM EDTA, pH 7.45) and run initially at 110V for 10 min at 60°C,
afterwatds for 16 h at 85 V. After electrophoresis, the gels were stained for 60 min with
SYBR Green I nudleic acid gel stain (1:10 000 dilution) (Lonza, Rockland USA) DGGE gel
was then photographed under UV transilluminator (Molecular Dynamics). Images were
arranged by Image analysis (NIS Elements, Czech Republic). A binary matrix was created
from the gel image by scoring of the presence or absence of each bend and then the cluster
tree was constructed (programme GEL2k; Svein Norland, Dept. Of Biology, University of
Bergen).

2.12. PCR amplification, cloning and sequencing of methyl coenzyme M
reductase (mcrA) gene

Fragments of the methanogen DNA (~470 bp) were amplified by PCR using mcrA gene
specific primers. Primer sequences for mcrA gene are as follows, mcrA F 5'-
GGTGGTGTACGGATTCACACAAGTACTGCATACAGC-3',mcrA R 5'-
TTCATTGCAGTAGTTATGGAGTAGTT-3'. PCR amplification was carried out in 50 pl
reaction mixture contained within 0.2 mL thin walled micro-tubes. Amplification was
performed in a TC-XP thermal cycler (Bioer Technology, Hangzhou, China). The reaction
mixture contained 5 uL of 10 x PCR amplification buffer, 200 uM of each dNTP, 0.8 uM of
each primer, 2 pL of template DNA and 2.5 U of FastStart Taq DNA polymerase
(Polymerase dNTPack; Roche, Mannheim, Germany). The initial enzyme activation and
DNA denaturation were performed for 6 min at 95°C, followed by 5 cycles of 30s at 95°C,
30s at 55°C and 30s at 72°C, and the temperature ramp rate between the annealing and
extension segment was set to 0.1°C/s because of the degeneracy of the primers. After this,
the ramp rate was set to 1°C/s, and 30 cycles were performed with the following conditions:
30 s at 95°C, 30 s at 55°C, 30s at 72°C and a final extension at 72°C for 8 min. PCR products
were visualised by electrophoresis in ethidium bromide stained, 1.5% (w/v) agarose gel.

Purified PCR amplicons (PCR purification kit; Qiagen, Venlo, Netherlands) were ligated
into TOPO TA cloning vectors and transformed into chemically competent Escherichia coli
TOP10F’ cells according to the manufacturer’s instructions (Invitrogen, Carlsbad, USA).
Positive colonies were screened by PCR amplification with the primer set and PCR
conditions described above. Plasmids were extracted using UltraClean 6 Minute Plasmid
Prep Kit (MoBio, Carlsbad, USA), and nucleotide sequences of cloned genes were
determined by sequencing with M13 primers in Macrogen company (Seoul, Korea). Raw
sequences obtained after sequencing were BLAST analysed to search for the sequence
identity between other methanogen sequences available in the GenBank database. Then
these sequences were aligned by using CLUSTAL W in order to remove any similar
sequences. The most appropriate substitution model for maximum likelihood analysis was
identified by Bayesian Information Criterion implemented in MEGA 5.05 software. The
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phylogenetic tree was constructed by the maximum likelihood method (Kimura 2-
parameter model). The tree topology was statistically evaluated by 1000 bootstrap replicates
(maximum likelihood) and 2000 bootstrap replicates (neighbour joining).

3. Results
3.1. Sediment and interstitial water

The physicochemical sediment and interstitial water properties of the investigated sites
showed large horizontal and vertical gradients. Sediment grain median size decreased along
a longitudinal profile while organic carbon content in a sediment fraction < 1 mm remained
unchaged (Table 2). Generally, interstitial water revealed relatively high dissolved oxygen
saturation with the exceptions of localities IV and V where concentration of dissolved
oxygen sharply decreased with the depth, however, never dropped below ~ 10%. Vice versa,
these two localities were characterized by much higher concentrations of ferrous iron and
dissolved methane (Table 2) compared to those sites located upstream. Concentration of the
ferrous iron reflects anaerobic conditions of the sediment and showed the highest
concentration to occur in the deepest sediment layers (40-50cm). Average annual
temperatures of interstitial water at localities in downstream part of the Sitka stream were
about 2.5 °C higher compared to localities upstream and may probably promote higher
methane production occuring here. Precursors of methanogenesis, acetate, propionate and
butyrate were found to be present in the interstitial water at all study sites, however, only
acetate was measured regularly at higher concentration with maximum concentration
reached usually during a summer period.

Variable/ Locality I 11 111 IV \Y%

particulate organic C in sediment <1 mm [%] 0.9 0.9 0.6 1.3 0.7
interstitial dissolved O? saturation [%] 80.5 88.1 82.3 38.5 50.9
ferrous iron [mg L] <1 <1 1.8 8.1 4.2
acetate [mmol L] 0.21 0.34 0.52 1.87 0.29
interstitial CH4 concentration [ug L] 4.9 0.7 81 24802 428

methanogenic potential
[pM CHsmL"! WW hour]
methanotrophic activity
[nM CH4 mL' WW hour]
average daily interstitial water temperature [°C] 8.7 9.4 11.6 11.2 114

6.6 1.9 29 80.7 9.7

0.3 1.3 28.5 30.3 25.1

Table 2. Selected physicochemical parameters (annual means) of the hy porheic interstitial water and
sediments of studied localities taken from the depth 25-30 cm.

3.2. Methanogenic potential and methanotrophic activity of sediments

Methanogenic potential (MP) was found to be significantly higher in the upper sediment
layer compared to that from deeper sediment layer. Generally, average MP varied between
0.74-158.6 pM CHa mL?' WW hour! with the highest values found at site IV. Average
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methanotrophic activity (MA) varied between 0.02- 31.3 nM CHs mL? WW hour! and the
highest values were found to be at the downstream localities while sediment from sites
located upstream showed much lower or even negative activity. Similar to MP, values of
MA were significantly higher in sediments from upper layers compared to those from
deeper layers (e.g. Figs. 3¢, 3d).

3.3. Methane concentration along the longitudinal profile, vertical and temporal
pattern, stable isotopes

Methane concentrations ranged between 0.18 — 35.47 ug L' in surface water and showed
no expected trend of gradual increase from upstream localities to those laying
downstream. However, significant enhancement of CHs concentration was found on
locality IV and V, respectively. Concentrations of dissolved CHa4 inboth surface and
interstitial waters peaked usually during summer and autumn period (Hlavacova et al.
2005, Mach et al. in review).

Generally, methane concentrations measured in interstitial water were much higher
compared to those from surface stream water and on a long-term basis ranged between 0.19
- 11 698.9 ug L1 Due to low methane concentrations in interstitial water at localities I and II,
vertical distribution of its concentrations was studied only at the downstream located sites
III-V. Significant increase of the methane with the sediment depth was observed at the
localities IV and V, respectively. Namely locality IV proved to be a methane pool, methane
concentrations in a depth of 40 cm were found to be one order of magnitude greater than
those from the depth of 20 cm (Tab. 3). Recent data from locality IV show much lower
methane concentrations in the upper sediment horizons compared to those from deeper
layers (Fig. 3a). Considerable lowering of methane concentration in upper sediment
horizons is likely caused by oxidizing activity of methanotrophic bacteria (Fig. 3d). while
dissolved oxygen concentration sharply decreased with the sediment depth (Fig. 3b).

Locality Profile (depth) CHa[ug L]

II1. Surface water 1.8
Interstitial water (depth 20cm) 1.44
Interstitial water (depth 40 cm) 1.52

IV. Surface water 5.52
Interstitial water (depth 20 cm) 15239
Interstitial water (depth 40 cm) 11 390.54

V. Surface water 4.72
Interstitial water (depth 20 cm) 6.92
Interstitial water (depth 40 cm) 24.4

Table 3. Average concentrations of methane in the vertical sediment profile at localities I1I-V compared
to those from surface water at the same sites
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Usually, both the surface and interstitial water were found to be supersaturated compared
to the atmosphere with locality IV displaying saturation ratio R to be almost 195 000. This
high supersaturation greatly promote diffusive fluxes of methane to the atmosphere
across air-water interface and is also an important mechanisms for loss of water column
CHa.

Stable carbon isotope signature of carbon dioxide (5*C-CO2) measured in the interstitial
water ranged from -19.8 %o to -0.8 %o, while carbon isotope signature of methane (5*C-
CHa) ranged between -72 %o to -19.8 %o. This relatively high variation in the methane
isotopic values could be caused due to consequential fractionation effects preferring light
carbon isotopes like methane oxidation or fractionation through diffusion and through
flow of an interstitial water. Contrary, the narrow range of the *C-CH4 was found in the
sediment depth of 40-60 cm where a high methane production has occured. Here, the
013C-CHas values varied only from -67.9 %o to -72 %.. Apparent fractionation factor (ac)
varied also greatly from 1,004 to 1,076. Usually values of ac > 1.065 and ac < 1.055 are
characteristic for environments dominated by hydrogenothropic and acetoclastic
methanogenesis, respectively. Our measurements indicate predominant occurrence of a
hydrogenothropic methanogenesis in the high methanogenic zones where the most
amount of methane is produced and 53C of CO:2 values were markedly depleted (i.e. 2C
enriched). This could be caused by enhanced carbon dioxide consumption by
hydrogenothrophic methanogens, strongly preferring light isotopes. Nevertheless, both
acetoclastic and hydrogenotrophic pathways take part in the methanogenesis along the
longitudinal profile of the Sitka stream.
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Figure 3. Vertical distribution of methane concentration in the interstitial water at study site IV,
horizontal bars indicate 1 SE
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3.4. Fluxes of methane across the sediment-water and the air-water interfaces

Methane diffusion rate from deeper sediment layers depends on a methane concentration
gradient whilst is affected by oxidation and rate of methanotrophic bacteria consumption.
When diffusion fluxes are positive (positive values indicate net CHs production), then
surface water is enriched by methane which in turn may be a part of downstream transport
or is further emitted to the atmosphere (Fig. 4).

Floating chambers for measurement

of CH, flux across the air-water interface emission to the a fmospher'e

Benthic chambers for measurement of CH,
flux across the sediment-water interface

downstream transport

CH,
oxidation

|
: ebullition and diffusion
|

CH,

oxidation advection

Input by surface water

CH,
production

Figure 4. Possible fate of the methane within hyporheic zone and two kinds of chambers for
measurement of methane fluxes. Providing that some sites along the longitudinal stream profile should
be sources of methane for the stream water, we chose locality 1V to be suitable for benthic fluxes
measurements.

On the contrary, when the fluxes of methane across the sediment-water interface are
negative then all methane produced in the sediments is likely oxidized and consumed by
methanotrophic bacteria here or transported via subsurface hyporheic flow.

Calculated diffusive fluxes of CHs ranged from 0.03 to 2307.32 ugm? day? along the
longitudinal profile. The lowest average values of diffusive fluxes were observed at study
site IT (0.11 + 0.05 pg m? day™) while the highest average values were those observed at study
site IV (885.81 + 697.54 ug m? day™). Direct benthic fluxes of CHa using the benthic chambers
were measured at study site IV only and ranged from 0.19 to 82.17 mg m? day'. We observed
clear negative relationships between benthic methane fluxes and the flow discharge. During
higher discharges when the stream water is pushed into sediments, methane diffusing from
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deeper sediments upward is either transported by advection through sediments downstream
or is probably almost completely oxidized by methanotrophic bacteria due to increasing
oxygen supply from the surface stream. As a consequence, very low or no benthic fluxes were
recorded during the time of high flow discharge. Compared to calculated diffusive fluxes it is
clear that fluxes obtained by direct measurement were approximately 15x higher than the
fluxes calculated with using Fick’s first law. Thus, direct benthic fluxes were used for a
calculation of water column CHa budget.

Gaseous fluxes from surface water to the atmosphere were found at all localities except
locality I, where emissions were not mesured directly but were calculated lately using a
known relationships between concentrations of gases in surface water and their emissions to
the atmosphere found at downstream laying localities II-V. Methane showed an increase in
emissions toward downstream where highest surface water concentrations have also
occured (Table 4). Methane emissions measured at localities II-V ranged from 0 — 167.35 mg
m?day! and no gradual increase in downstream end was found in spite of our expectation.
However, sharp increase in the amount of methane emitted from the surface water was
measured at lowermost localities IV and V (Tab. 4). We found positive, but weak correlation
between surface water methane concentrations and measured emissions (rs = 0.45, p <
0.05)(Fig. 5).

Locality/Gas CHs [mg m2day]
Locality I. 2.39
Locality II. 025(0-0.6)n=9
locality I11. 1.3(0-5.01)n =10
Locality IV. 321(73-879)n=8
Locality V. 36.3 (28-1674)n=12

Table 4. Average emissions to the atmosphere and their range in parenthesis and from all localities
except locality 1. Emissions values for the locality I were calculated using a known relationships
between concentrations of methane gas in surface water and its emissions to the atmosphere found at
downstream laying localities 1I-V. n means sample size

3.5. Whole-stream emissions Ea

Depending on the time of year we measured the emissions, values of Ea ranged from 430 to
925 kg year for methane. Annually, approximately 0.7 tonne of methane was emitted to the
atmosphere from the water level of the Sitka stream (total area ca 0.2 km?). The majority of
annual methane emissions (90 %) occured in the lower 7 km of the stream (stretch IV and V)
that represents only 1/5 of the total stream area. In addition, contribution of methane
emissions to the total annual emissions was found to be the highest during spring-summer
period (Mach et al. in review).
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Figure 5. Relationships between atmospheric emissions and surface water concentrations of the
methane. Each point represents the mean of five replicate emission measurements and the two
replicates of stream water methane concentrations at all

3.6. Sitka stream water column CHa budget for the experimental stretch of a
stream

The potentially important source and sinks terms for dissolved methane in the water
column of the Sitka stream are shown in Figure 6. Previously calculated rates of inputs
(benthic fluxes) and loss of dissolved CHa through evasion to the atmosphere can be
combined together with advection inputs and losses to yield a CHs dynamics (budget) for
any particular section of the stream.

removal (emissions to atmosphere)

1
I

advection out advection in
<« 1

1
I

supply (benthic fluxes to surface water)

Figure 6. Simple box model used to calculate a CH4 budget for the Sitke stream experimental section;
advection in + supply = advection out + removal (box adjusted after de Angelis & Scranton 1993)

The CHa budget determined for the 2011 sampling period in an experimental stream section
is summarized in Figure 7. Benthic fluxes were measured along a stream section 45 m long
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with an area being ~ 200 m2. Positive fluxes of CHs were found to occur at 30.9 % of the
study area. Assuming that average benthic flux of methane across the sediment-water
interface was 15.40 mg m? day!, the benthic flux of 3081.39 mg CHa day! should occur from
the whole area of 200 m?. Average emission flux of CHs across the water-air interface for all
study sites was determined to be 14.47 + 4.73 mg CHs m? day. This value is slightly lower
than the direct benthic flux of CH4 and suggests that some portion of methane released from
the bottom sediments may contribute to increasing concentration of CHa in the surface
water. Average flow of the Sitka stream during time of benthic fluxes measurements was
0.351 m’s! (i.e. 351 L''s™"). Therefore, we may expect that water column was enriched at least
by 187.4 mg (i.e. 0.006 pg L) of CHs from sediment at 45 m long section near study site IV
during one day. Next study site Vis located some 4 km downstream from the site IV.
Average CHa concentration difference in the stream water between these study sites was
found to be 3.2 ug L' of CHs indicating that CHs supply exceeds slightly CH4 removal.
Methane fluxes from the sediment would contribute to this concentration difference only by
0.6 pg L, thus, the immediate difference in the CHsbudget found between two studied sites
IV and V indicates that there must likely be other sources of methane supply to the stream
water (Fig. 7). This , missing source” seems to be relatively small (0.9 mg CHa0.351 m?s?),
however, net accumulation of CHs in the stream water during 4 km section of the Sitka
stream below study site IV was almost 78 g CHa per one day.
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t
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17.1

Figure 7. CHa budget in mol day! for a section of the Sitka stream between study sites IV and V (lenght
ca 4 km). The arrows correspond to those depicted in Figure 6.

3.7. Fluorescence in situ hybridization (FISH)

Both methanogenic archaea and aerobic methanotrophs were found at all localities along the
longitudinal stream profile. The proportion of these groups to the DAPI-stained cells was
quite consistent and varied only slightly but a higher proportion to the DAPI-stained cells in
deeper sediment layer 25-50 cm was observed. On average 23,4 % of DAPI-stained cells
were detected by FISH with a probe for methanogens while type I methanotrophs reached ~
21,4 % and type Il methanotrophs 11,9 %, respectively. All three groups also revealed non-
significant higher proportion to the TCN in deeper sediment layer; the abundance of
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methanogens and methanotrophs remained almost unchanged with increasing sediment
depth. The average abundance of methanogens (0,88 + 0,28 and 1,07 + 0,23 x 106 cells mL? in
the upper and deeper layer, respectively) and type II methanotrophs (0,44 + 0,14 x 106 cells
mL? and 0,56+ 0,1 x 10¢ cells mL) increased slightly with the sediment depth , while type I
methanotrophs revealed average abundance 0,98 + 0,23 x 10¢ cells mL? in the deeper layer
being lower compared to abundance 1,07+ 0,28 x 106 cells mL? found in upper sediment
layer (Buriankova et al. 2012). Very recently, however, using the FISH method we found
that abundance of methanogens belonging to three selected families reached their maximum
in the sediment depth of 20-30 cm and had closely reflected vertical distribution of acetate
concentrations. Species of family Methanobacteriaceae grow only with hydrogen, formate and
alcohols (except methanol), Methanosarcinaceae can grow with all methanogenic substrates
except formate, and members of Methanosactaceae grow ecxlusively with acetate as energy
source. All three families also showed similar proportion to the DAPI stained cells, ranging
in average (depth 10-50 cm) from 9.9% (Methanosarcinaceae) to 12.3% (Methanobacteriaceae)

(Fig. 8).
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Figure 8. The percentage of chosen methanogenic families as compared to the total bacterial cell
numbers found in different sediment layers at locality no. IV, horizontal bars indicate 1 SE
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3.8. Denaturing gradient gel electrophoresis and cloning

Methanogenic communities associated with hyporheic sediments at two different depths (0-
25 am and 25-50 cm) along the longitudinal stream profile were compared based on the
DGGE patterns. As shown in Fig. 9, the DGGE patterns varied highly among study localities
(Fig. 9A), irrespective of the depth (Fig. 9B). However, presence of the bands in all samples
indicates that methanogens may occur up to 50 cm of the sediment depth. The number of
DGGE bands of the methanogenic archaeal communities was compared either among
localites or among different sediment depths. A total of 22 different bands were observed in
the DGGE image ranging from 4 (locality II) to 16 (locality IV) in the samples (Fig. 9A).

The number of DGGE bands also ranged from 2 to 10 for the samples from upper layer (0-25
cm) and from 2 to 11 for the samples from deeper layer (25-50 cm), respectively (Fig. 9B). We
found no clear trend in the number of DGGE bands with increasing depth (Fig. 9B). Locality
IV appears to be the richest in number of DGGE bands. We suppose that this might be due
to most favorable conditions prevailing for the methanogens life as indicated by a relatively
low grain median size, lower dissolved oxygen concentration or higher concentration of the
ferrous iron compared to other localities (cf. Table 2).

The methanogenic community diversity in hyporheic sediment of Sitka stream was also
analysed by PCR amplification, cloning and sequencing of methyl coenzyme M reductase
(mcrA) gene. A total of 60 mcrA gene sequences revealed 26 different mcrA gene clones.
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Figure 9. Number of DGGE bands associated with hyporheic sediments at two different depths along
the longitudinal stream profile. A — Total number of all bands detected at each locality; B — number of
bands found at different sediment depths

Most of the clones showed low affiliation with known species (< 97% nucleotide identity)
and probably represented genes of novel methanogenic archeal genera/species, but all of
them were closely related to uncultured methanogens from environmental samples (> 97%
similarity) retrieved from BLAST. The 25 clones were clustered to four groups and were
confirmed to be affiliated to Methanosarcinales, Methanomicrobiales and Methanobacteriales
orders and other unclassified methanogens. The members of all three orders and novel
methanogenic duster were detected to occur in a whole bottom sediment irrespective of a
depth, nevertheless, the richness of methanogenic archaea in the sediment was slightly
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higher in the upper sediment layer 0-25 cm (15 clones) than in the deeper sediment layer 25-
50 cm (11 clones)(Buridnkova et al. in review). The clones affiliated with Methanomicrobiales
predominated in the deeper layer while Methanosarcinales clones dominated in the upper
sediment layer. This prevalence of Methanosarcinales in the upper sediment layer was also
confirmed by our FISH analyses as has been mentioned above.

4. Discussion
4.1. Occurence of methane in stream water and sediments

In spite of commonly held view of streams as well-oxygenated habitats, we found both
surface and interstitial water to be supersaturated with methane compared to the
atmosphere at all five localities (Mach et al. in review). Availability of interstitial habitats for
bacteria and archaea carrying out anaerobic processes has been confirmed by our previous
(Hlavacova et al. 2005, 2006; Cupalova & Rulik 2007) and contemporary findings. During
this study we found relatively well developed populations of methanogenic archaea at all
localities and that all localities also showed positive methanogenic potential. Emissions of
methane from water ecosystems results from complex microbial activity in the carbon cycle
(production and consumption processes), which depends upon a large number of
environmental parameters such as availability of carbon and terminal electron acceptors,
flow velocity and turbulence, water depth. In our previous paper (Hlavacova et al. 2006), we
suggested that surface water concentrations, and as a consequence methane gas emissions to
the atmosphere would result from downstream transport of gases by stream water
(advection in/out), and moreover, from autochthonous microbial metabolism within the
hyporheic zone. If so, surface water is continually saturated by gases produced by hyporheic
metabolism, leading to supersaturation of surface water and induced diffusion of these
gases out of river water (volatizing). Moreover, the run-off and drainage of adjacent soils
can also contribute greatly to the degree of greenhouse gas supersaturation (De Angelis &
Lilley 1987, Kroeze & Seitzinger 1998, Worral & Lancaster 2005, Wilcock & Sorrell 2008). For
example, CHa in the estuarine waters may come from microbial production in water,
sediment release, riverine input and inputs of methane-rich water from surrounding anoxic
environments (Zhang et al. 2008b). For the European estuaries, riverine input contribute
much to the estuarine CHs due to high CHs in the river waters and wetlands also play
important roles. However, low CHa in the Changjiang Estaury (China) may be resulted from
the low CHas in the Changjiang water together with the low net microbial production and
low input from adjacent salt marshes (Zhang et al. 2008b). Dissolved methane
concentrations in a surface water of Sitka stream is consistent with literature data on
methane in rivers published by Middelburg et al. (2002) and Zhang et al. (2008b).

4.2. Stable carbon isotopes

A knowledge of the stable carbon isotopic ratio of methane 3*C-CHas in natural systems can
be useful in studies of the mechanisms and pathways of CHs cydling (Sansone et al. 1997).
Values of carbon isotope signature of methane (6*C-CHa) indicate biogenic nature of the
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methane, being usually in the range -27 %o up to -100 %o (Conrad 2004; Michener & Lajtha
2007). Whiticar et al. (1986) demonstrated that methane in freshwater sediments is
isotopically distinguished by being relatively enriched in *C (8*C = -65 to -50%o) in contrast
to marine sediments (-110 to -60%o). Accordingly, the two precursors of methane, namely
acetate and CO2/H», yield methane with markedly different 5'*C values; methane from
acetate is relatively enriched in *C. Average minimum in the carbon isotopic composition of
CHa (-61.4 %o) occurred deeper in sediments (60 cm) while average maximum in 3C-CHa
occured in the lower sediment depth of 30 cm. Enrichment of *C in CHa probably reflects
aerobic CHs oxidation because oxidation would result in residual CHs with 5*C-CHa values
less negative than the source CHa (Barker & Fritz 1981; Chanton et al. 2004). However, this
effect has been observed only at the study site IV.

4.3. Spatial and temporal distributions of emissions

Our working hypotesis suggested that along with the longitudinal profile of a stream, slope
and flow conditions also change together with corresponding settling velocity, sediment
composition and organic matter content. Thus, according to this prediction, sediment with
prevalence of fine-grained particles containg higher amount of organic matter should
dominate at the downstream stretches. Moreover, due to prevalence of anoxic environment,
production of methane and its emissions was expected to be also higher here compared to
that from upstream stretches. Based on our findings, it seems that this presumption is valid
for the methane. In addition, we found higher methane concentrations in both the surface
and interstitial water at the uppermost locality I compared to lower situated locality II.
Similar situation with high methane concentration in the upstream part with subsequent
decline further downstream was also reported from USA by Lilley et al. (1996). Dissimilarity
of this first stretch is apparent in a comparison with the next, downstream laying stretch
(locality II), represented by profile with steep valley and high slope. Generally, there were
found very low methane concentrations either in surface or interstitial water and fluxes of
emissions to atmosphere were also very low.

Flux rates of gaseous emissions into atmosphere depend on partial pressure of particular
gas in the atmosphere and its concentration in a water, water temperature and further on
the water depth and flow velocity. Thus, maximum peak of emissions may be expected
during summer period and in well torrential stretch of the river. Silvennoinen et al. (2008),
for example, found that the most upstream river site, surrounded by forests and drained
peatlands, released significant amounts of CO2 and CHa. The downstream river sites
surrounded by agricultural soils released significant amounts of N2O whereas the CO: and
CHa concentrations were low compared to the upstream site. When consider seasonal
distribution of methane emissions, it is clear, in concordance with above mentioned
presumption, that majority of methane emissions was relesed during a warm period of the
year (81%). Effect of temperature on methane production was also observed in southeastern
USA where the most methane reased to the atmosphere during warm months (Pulliam
1993). In addition, close correlation between methane emissions and temperature was
reported also from south part of Baltic Sea; the temperature has been found to be a key
factor driving methane emissions (Heyer & Berger 2000).
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These findings also indicate that we should be very carefull in making any generalization in
total emissions estimation for any given stream or river. Even though some predictions can
be made based on gas concentrations measured in the surface or interstitial water, results
may be very different. From this point, noteworthy was locality IV; enormous
concentrations of a methane found in the deep interstitial water were caused probably by
very fine, clayed sediment containing high amount of organic carbon, as well as high DOC
concentrations. Supersaturation led also to the enrichment of the surface water with
methane - such places may be considered as very important methane sources for surface
stream and, consequently source of emissons to the atmosphere.

4.4. Benthic fluxes and potential methane oxidation

CHa can be produced and released into overlying near-bottom water through exchange at
sediment-water interface. Methane released from the sediments into the overlying water
column can be consumed by methanotrophs. Methanotrophs can oxidize as much as 100 %
of methane production (Le Mer & Roger 2001). According to the season, 13-70 % of methane
was consumed in a Hudson River water column (de Angelis et Scranton 1993). For the Sitka
stream, measurement of benthic fluxes into the overlying surface waters indicates that
methane consumption by methanotrophic bacteria is likely a dominant way of a methane
loss, nevertheless some methane still supports relatively high average methane
concentrations in the surface water and, in turn, high emissions to the atmosphere.

The methane production (measured as methanogenic potential) was found to be 3 orders of
magnitude lower than the oxidation (methanotrophic activity), thus, almost all methane
should be oxidized and consumed by methanotrophic bacteria and no methane would occur
within the sediments. However, situation seems to be quite different suggesting that namely
methanotrophic activity measured in a laboratory could be overestimated. Since oxidation
of methane requires both available methane and oxygen, methanotrophic activity is
expected to be high at sites where both methane and dissolved oxygen are available.
Therefore, high values of the MA were usually found in the upper layers of the sediments
(Segers 1998) or at interface between oxic and anoxic zones, respectively. Relatively high
methanotrophic activity found in deeper sediments of the localities III-V indicates that
methane oxidation is not restricted only to the surface sediments as is common in lakes but
it also takes place at greater depths. It seems likely that oxic zone occurs in a vertical profile
of the sediments and that methane diffusing from the deeper layer into the sedimentary
aerobic zone is being oxidized by methanotrophs here. Increased methanotrophic activity at
this hyporheic oxic-anoxic interface is probably evident also from higher abundance of type
II methanotrophs in the same depth layer. Similar pathway of methane cycling has been
observed by Kuivila et al. (1988) in well oxygenated sediments of Lake Washington,
however, methane oxidation within the sediments would be rather normal in river
sediments compared to lakes. All the above mentioned findings support our previous
suggestions that coexistence of various metabolic processes in hyporheic sediments is
common due to vertical and horizontal mixing of the interstitial water and occurrence of
microbial biofilm (Hlavacova et al. 2005, 2006).
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4.5. Methanogens diversity

The presence of relatively rich assemblage of methanogenic archaea in hyporheic river
sediments is rather surprising, however it is in accordance with other studies. The number
of total different bands (i.e. estimated diversity of the methanoges) observed in the DGGE
patterns of the methanogenic archaeal communities was comparable with a number of the
DGGE bands found in other studies. For example, Ikenaga et al. (2004) in their study of
methanogenic archaeal community in rice roots found 15-19 DGGE bands, while Watanabe
et al. (2010) showed 27 bands at different positiosns in the DGGE band pattern obtained
from Japanese paddy field soils. Our results from the DGGE analysis are supported by
cloning and sequencing of methyl coenzyme M reductase (mcrA) gene which also retrieved
relatively rich diversity (25 different mcrA gene clones) of the methanogenic community in
the Sitka stream hyporheic sediments. Similar richness in number of clones was also
mentioned in a methanogenic community in Zoige wetland, where 21 different clones were
found (Zhang et al. 2008a), while 20 clones were described in the methane cycle of a
meromictic lake in France (Biderre-Petit et al. 2011). In addition, soils from Ljubljana marsh
(Slovenia) showed 17 clones (Jerman et al. 2009), for example. Both DGGE and mcrA gene
sequencing results suggest that both hydrogenotrophic and acetoclastic methanogenesis are
an integral part of the CHs - producing pathway in the hyporheic zone and were
represented by appropriate methanogenic populations. Further, these methanogenic
archaea form important component of a hyporheic microbial community and may
substantially affect CHicycling in the Sitka stream sediments.

5. Conclusion

To our knowledge this study is the first analysis of the composition of active
methanogenic/methanotrophic communities in river hyporheic sediments. By use of various
molecular methods we have shown that both methanogenic archaea and aerobic
methanotrophs can be quantitatively dominant components of hyporheic biofilm
community and may affect CHs cycling in river sediments. Their distribution within
hyporheic sediments, however, only partly reflects potential methane production and
consumption rates of the sediments. Rather surprising is the detection of methanotrophs in
the deep sediment layer 25-50 cm, indicating that suitable conditions for methane oxidation
occur here. In addition, this work constitutes the first estimation of sources, sinks and fluxes
of CHs in the Sitka stream and in 3rd order stream environment. Fluxes of CHs from
supersaturated interstitial sediments appear to be a main CHa source toward the water
column. Compared with CHa production rates, the diffusive fluxes are very low due to
efficient aerobic oxidation by methanotrophic bacteria, especially during higher flow
discharges. Although fluxes to the atmosphere from the Sitka stream seems to be
insignificant, they are comparable or higher in comparison with fluxes from other aquatic
ecosystems, especially those measured in running waters. Finally, our results suggest that
the Sitka Stream is a source of methane into the atmosphere, and loss of carbon via the
fluxes of this greenhouse gas out into the ecosystem can participate significantly in river
self-purification.
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Abstract: Distribution of microbial activity, methanogenic archaea and type I and II methanotrophs were studied in
a small lowland stream Sitka in Czech Republic. The methanogens and methanotrophic bacteria were detected us-
ing FISH with 16 S rRNA-targeted oligonucleotide probes. The highest microbial density was obtained in the upper
sediment layer 0—25 cm; this zone corresponded also to that of the highest metabolic activity. as indicated by the
methanogenic potential. methanotrophic activity, INT and FDA profiles. Both methanogenic archaea and aerobic
methanotrophs were found at all localities along the longitudinal stream profile. The proportion of these groups to
the DAPI-stained cells was quite consistent and varied only slightly but a higher proportion to the DAPI-stained
cells in the deeper sediment layer 25—50 cm was observed. On average 23.4 % of DAPI-stained cells were detected
by FISH with a probe for methanogens while type I methanotrophs reached ~21.4 % and type Il methanotrophs
11.9 %, respectively. The percentage of DAPI-stained cells hybridizing with methanotroph-specific probes was
generally higher for type I than type II. Our data show that the methanogenic archaea and aerobic methanotrophs
can be numerically dominant components of the hyporheic biofilm community and affect CH, cycling in river sedi-
ments.

Key words: methane. hyporheic sediment. methanogenic archaea, methanotrophs. FISH.

Introduction

The hyporheic zone, the volume of saturated sediment
beneath and beside streams containing some propor-
tion of water from surface channel, plays a very im-
portant role in the processes of self-purification be-
cause the river bed sediments are metabolically active
and are responsible for retention, storage and miner-
alization of organic matter transported by the surface
water (Hendricks 1993, Jones & Holmes 1996, Baker
etal. 1999, Storey et al. 1999, Fischer et al. 2005). The
seemingly well-oxygenated hyporheic zone contains
anoxic and hypoxic pockets (“anacrobic microzones™)

associated with irregularities in sediment surfaces,
small pore spaces or local deposits of organic matter,
creating a “mosaic’ structure of various environments,
where different microbial populations can live and
different microbially mediated processes can occur si-
multaneously (Baker et al. 1999, Morrice et al. 2000,
Fischer et al. 2005). Moreover, hyporheic-surface ex-
change and subsurface hydrologic flow patterns result
in solute gradients that are important in microbial me-
tabolism. Oxidation processes may occur more readily
where oxygen is replenished by surface water infiltra-
tion. while reduction processes may prevail where sur-
face-water exchange of oxygen is less, and the reduc-
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ing potential of the environment is greater (Hendricks
1993). As water moves through the hyporheic zone,
decomposition of the organic matter consumes oxy-
gen, creating oxvgen gradients along the flow path.
Thus, compared to marine or lake surface sediments,
where numerous studies on O, profiles have showed
that O, concentrations become zero within less than
3mm from the surface. the hyporheic sediment may
be a well-oxygenated habitat even up to a depth of
80cm (e.g. Bretschko 1981, Holmes et al. 1994) . The
extent of the oxygen gradient is determined by the in-
terplay between flow path length, water velocity, the
ratio of surface to ground water, and the amount and
quality of organic matter.

Organic matter decomposition in sediments is an
important process in global and local carbon budgets
as it ultimately recycles complex organic compounds
from terrestrial and aquatic environments to carbon
dioxide and methane. Methane is a major component
in the carbon cycle of anaecrobic aquatic systems,
particularly those with low sulphate concentrations.
Since a relatively high production of methane has
been measured in river sediments (e.g. Schindler &
Krabbenhoft 1998, Hlavacova et al. 2005, Sanders et
al. 2007, Wilcock & Sorrell 2008, Sanz et al. 2011),
we proposed that river sediments may act as a con-
siderable source of this greenhouse gas which is im-
portant in global warming (Hlavacova et al. 2006).
Methane is the second-most abundant gas containing
carbon in the atmosphere and has a greenhouse effect
some 20 times greater than that of CO,, resulting in a
significant contribution to the radiation forces of the
atmosphere and global climate changes (Houghton et
al. 2001, Schimel 2004). Methane (CH,) is an atmos-
pheric trace gas present at concentrations of about
1.8 ppmv representing about 15 % of the anthropogen-
ic greenhouse effect (Forster et al. 2007). The atmos-
pheric CH, concentration has increased steadily since
the beginning of the industrial revolution (~0.7 ppmyv)
and has stabilized at ~1.8 ppmv from 1999 to 2005
(Forster et al. 2007). An unexpected increase in the
atmospheric growth of CH, during the year 2007 has
been recently reported (Rigby et al. 2008), indicat-
ing that the sources and sinks of atmospheric CH, are
dynamic, evolving. and not well understood. Fresh-
water sediments, including wetlands, rice paddies and
lakes, are thought to contribute 40 to 50 % of the an-
nual atmospheric methane flux (Cicerone & Orem-
land 1988). However, despite anacrobic metabolism
being described in many lake, estuary and wetland
sediments, there is still a paucity of information in
river ecosystems.

Methane (CH,) is mostly produced by methano-
genic archaea (Garcia et al. 2000, Chaban et al. 2006)
as a final product of anacrobic respiration and fer-
mentation, but there is also acrobic methane forma-
tion, for example the acrobic degradation of methyl
phosphonates (e.g. Karl et al. 2008) or oxidation of
ascorbic acid using iron minerals and hydrogen per-
oxide (Althoff et al. 2010). Methanogenic archaeca,
which belong to the kingdom Euryarchaeota, are ubig-
uitous in anoxic environments. Methanogens require
an cxtremely low redox potential to grow. They can
be found both in moderate habitats such as rice pad-
dies (Grosskopf et al. 1998a, b), lakes (Jiirgens et al.
2000, Keough et al. 2003) and lake sediments (Chan
et al. 2005), as well as in the gastrointestinal tract of
animals (Lin et al. 1997) and in extreme habitats such
as hydrothermal vents (Jeanthon et al. 1999), hyper-
saline habitats (Mathrani et al. 1988) and permafrost
soils (Kobabe et al. 2004, Ganzert et al. 2006). Rates
of methane production and consumption in sediments
are controlled by the relative availability of substrates
for methanogenesis (especially acetate or hydrogen
and carbon dioxide). The most important immediate
precursors of methanogenesis are acetate and H,/CO,.
The acetotrophic methanogens convert acetic acid to
CH, and CO, while the hydrogenotrophic methano-
gens convert CO, with H, to CH, (Conrad 2007). The
degradation pathway of polysaccharides, for exam-
ple. is such that about two-thirds of the produced CH,
should be derived from acetate and one-third from H,/
CO, if steady state conditions exist (Conrad 1999).

Methane oxidation can occur in both acrobic and
anaerobic environments: however, these are com-
pletely different processes involving different groups
of prokaryotes. Aerobic methane oxidation is carried
out by aerobic methane oxidizing bacteria (methano-
trophs, MOB). while anaerobic methane oxidizers,
discovered recently, thrive under anacrobic condi-
tions and use sulphate or nitrate as electron donors for
methane oxidation (e.g. Strous & Jetten 2004). MOB
are a physiologically specialized group of methylo-
trophic bacteria capable of utilizing methane as a sole
source of carbon and energy, and they have been rec-
ognized as major players in local and global elemental
cycling in aerobic environments (Hanson & Hanson
1996, Murrell et al. 1998, Costelo & Lidstrom 1999,
Costelo et al. 2002, McDonald et al. 2008). Aerobic
MOB have been detected in a variety of environments,
and in some they represent significant fractions of to-
tal microbial communities (e.g. Henckel et al. 1999,
Carini et al. 2003, Trotsenko & Khmelenina 2005, Ka-
lyuzhnaya et al. 2006). However, the data on the diver-
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sity and activity of methanotrophic communities from
the river ecosystems are fragmentary as yet. MOB
are grouped within alpha and gamma subdivisions of
the Proteobacteria. The a-methanotrophs include the
family Methylocystaceae (genera Methylosinus and
Methylocystis), also known as type II methanotrophs,
and acidophilic methanotrophs belonging to the fam-
ily Beijerinkiaceae (Methylocella and Methylocapsa).
The y-methanotrophs include the family Methylo-
coccaceae, which consists of type I (Methylomonas,
Methylobacter, Methylomicrobium, Methylosphaera.
Methylosarcina, Methylothermus) and type X metha-
notrophs (Methylococcus and Methylocaldum). Meth-
anotrophs play an important role in the oxidation of
methane in the natural environment, oxidizing meth-
ane biologically produced in anaerobic environments
by the methanogenic archaea and thereby reducing the
amount of methane released into the atmosphere. Al-
though methanotrophs can oxidize as much as 100 % of
methane production (Le Mer & Roger 2001), authors
monitoring methanotrophy in riverine ecosystems in-
dicate that CH, losses due to microbial consumption
are rather less (Zaiss et al. 1982, Lilley et al. 1996).
Estimates of methanogens and methanotrophs
abundance in natural samples are based on a number of
complementary techniques. Fluorescent in situ hybrid-
ization (FISH) with rRNA-targeted oligonucleotide
probes has become very useful in studies of microbial
ccology. as this method allows target populations to be
detected and enumerated directly in their environment

without cultivation. A classical FISH method is based
on the direct microscopic identification of single cells
after hybridization with 16 S rRNA targeted fluores-
cent dye-labelled oligonucleotide probes. The inten-
sity of probe signal depends on cellular rRNA content,
which correlates with the physiological status of the
microbial population (Kallistova et al. 2007).

The present results are part of a long-term study
of organic carbon dynamics and associated micro-
bial communities in hyporheic sediments in the Sitka
Stream, Czech Republic. The main objective of this
study was a basic characterization of both methano-
genic and methanotrophic populations in different lo-
calities along the longitudinal profile of a small low-
land stream. We used FISH method for the analysis of
microbial community composition and determination
of methanogenic and methanotrophic abundance using
oligonucleotide probes targeting the 16 S rRNA. In ad-
dition, total sediment microbial activity was measured
simultaneously with potential methane production and
oxidation in order to assess whether a relationship be-
tween the activity and distribution of the methanogens
and methanotrophs could be found.

Material and methods

Study site

The sampling sites are located on the Sitka stream, Czech Re-
public (Fig. 1). The Sitka is an undisturbed. third-order, 35 km

Czech Republic

Sitka stream

. Olomouc
Praque

Fig. 1. A map showing the location of the Sitka stream. Black circles represent the study sites (1-5).
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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. Mean annual dis-
charge is 0.81 m* s™'. The Sitka stream flows in its upper reach
through a forested area with a low intensity of anthropogenic
effects, while the lower course of the stream naturally mean-
ders through an intensively managed agricultural landscape.
Except for short stretches. the Sitka stream is unregulated with
well-established riparian vegetation. River bed sediments are
composed of gravels in the upper parts of the stream (median
grain size 13 mm) while the lower part. several kilometres away
from the confluence. is characterized by finer sediment with a
median grain size of 2.8 mm. The Sitka stream confluences with
the Oskava stream about 5 km north of Olomouc. More detailed
characteristics of the geology. gravel bar, longitudinal physico-
chemical (e.g. temperature, pH. redox, conductivity. O,, CH,,
NO,". SO,*") patterns in the sediments and a schematic view of
the site with sampling point positions have been published pre-
viously (Rulik et al. 2000, Rulik & Spacil 2004). Earlier meas-
urements 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).

Sediment sample collecting and sample
processing

Five localities alongside stream profile were chosen for sam-
pling sediment and interstitial water samples based on previous

investigations (Table 1). Hyporheic sediments were collected
with a freeze-core using N, as a coolant (Bretschko & Klemens
1986) throughout September 2009. At each locality, three cores
were taken for subsequent analyses. After sampling two layers,
the surface 0-25cm and 25-50 cm depth were immediately
separated and stored at a low temperature whilst being trans-
ported to the laboratory. Just after thawing the wet sediment of
cach layer was sieved. Only particles < 1 mm were considered
for microbial and microbial activity measurements as most of
the biofilm is associated with this fraction (Leichtfried 1988).

Four randomly selected subsamples (1 mL) were used for
extraction of bacterial cells and. consequently. for estimations
of bacterial numbers: other sub-samples were used for meas-
urement of microbial activity and respiration, organic matter
content determination. etc. 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).

Water samples and analysis of methane

Surface water was collected from the river at a depth of 10 cm
below the air-water interface in autumn 2009 at cach study
site. Interstitial water samples were collected using a set of
5—6 minipiezometers (Trulleyova et al. 2003) randomly placed
at depths of about 20-50 cm in the sediments at each study site.

Table 1. Selected longitudinal physicochemical patterns (annual means) of the hyporheic interstitial water taken from the depth
25-30 cm. Saturation ratio R of methane = measured concentration of the gas in the water divided by the concentration in equilib-

rium with the atmosphere).

Variable/ Locality L 1L

III. Iv. V.

Geographic coordinates
17°18'47.528"E

elevation above sea-level 535 330
[m]

distance from the spring 6.9 18.2
[km]

dominant substrate gravel gravel
composition

grain median size 12.4 12.9
[mm]

organic carbon in sediment 0.9 0.7
<1 mm [%]

interstitial dissolved oxygen 63.0 89.3
saturation [%]

interstitial water DOC 2.05 1.31
[mg L]

interstitial CH, concentration 1.34 0.65
[ng L]

saturation ratio R of 29.6 11.3

interstitial CH,

49°49'27.782" N, 49°45'53.953" N, 49°42'46.109"N. 49°40'43.709"N. 49°38'7.977"N.
17°19'5.141"E

17°15'36.225"E 17°14'49.025"E 17°14'37.068"E

240 225 215
256 309 349
gravel sand-clay gravel-sand
13.2 0.2 5.4

0.6 1.0 1.2
83.5 62.5 593
2.71 5.76 2.62
10.34 7260.8 18.38
224.6 146321 402.1
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The initial 50—100 mL of water was used as a rinse and discard-
ed. Then two subsamples of interstitial water from each min-
ipiezometer were collected from a continuous column of water
with a 100 mL polypropylene syringe connected to a hard PVC
tube. The subsamples were injected into separate 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. All samples were taken
in the morning between 9 a.m. and 12 noon. All measurements
were done at base flow. Interstitial water temperature. dissolved
oxygen (mg L' and percent saturation) and conductivity were
measured in the field with a portable Hanna HI 9828pH/ORP/
EC/DO meter. Dissolved organic carbon (DOC) was measured
by Pt-catalysed high temperature combustion on a TOC FOR-
MACS"™ analyser.

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 vigor-
ously shaking the vials for 15 seconds (to release the 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 2 mL of gas sub-sample with a gas-tight sy-
ringe into a CHROM 5 gas chromatograph, equipped with the
flame ionization detector (CH, detection limit=1pg L™') and
with the 1.2 m PORAPAK Q column (i.d. 3 mm), with nitrogen
as a carrier gas. Gas concentration in water was calculated us-
ing Henry s law. The saturation ratio (R) was calculated as the
measured concentration of gas divided by the concentration in
equilibrium with the atmosphere at the temperature of the wa-
ter sample using the solubility data of Wiesenburg & Guinasso
(1979), Weiss & Price (1980), and Weiss (1974).

Methanogenic potential and methanotrophic
activity

The rate of methane production (methanogenesis) was meas-
ured using the PMP method (Segers 1998). The sediment was
sieved and placed into incubation flasks. C-amended solutions
(flushed for 5 minutes with N,) with acetate Ca(CH,COO),
(100mg C in the incubation flask) were used for the exami-
nation of methanogenic potential. The substrate (acetate) was
chosen according to our previous results obtained for the same
study site which showed that acetate is more important than
hydrogen for methanogenesis in the hyporheic sediments
(Hlavacova et al. 2005). All laboratory sediment incubations
were performed in 250-mL dark glass flasks, capped with rub-
ber stoppers, using approximately 100 g (wet mass) of sediment
(grain size <1 mm) and 180 mL of amended solution or distilled
water. The headspace was maintained at 20 mL. Typically., trip-
licate live and dead (methanogenesis was inhibited by addition
of 1.0 mM chloroform) samples from each depth were stored at
20°C in the dark and the incubation time was 72 hours: how-
ever. subsamples from the headspace atmosphere were taken
every 24 hours. Gas production was calculated from the dif-
ference between final and initial headspace concentration and
volume of the flask: results are expressed per unit wet weight of
sediment per one hour (pM CH, mL™' WW hour™).

Rate of potential methane oxidation (methanotrophy) was
measured using a modified method of methane oxidation in soil
samples from Hanson (1998). The sediment was sieved and
placed into incubation flasks. 50 mL of methane was added by

syringe to the closed incubation flask with the sieved sediment
and then the pressure was balanced to atmospheric pressure.
All laboratory sediment incubations were performed in 250-mL
dark glass flasks. capped with rubber stoppers. using approxi-
mately 100 g (wet mass) of sediment (grain size <2 mm). Typi-
cally, triplicate live and dead (samples killed by HgCl, to arrest
all biological activity) samples from each depth were stored at
20°C in the dark. and incubation time was 72 hours; however.
subsamples from the headspace atmosphere were taken every
24 hours. Potential CH, oxidation rates at the different concen-
trations were obtained from the slope of the CH, decrease with
time (r’ >0.90; methane oxidation was calculated from the dif-
ference between final and initial headspace concentration and
volume of the flask: results are expressed per unit wet weight of
sediment per one hour (nM CH, mL™' WW hour™).

Respiratory - electron transport system (ETS)
activity and hydrolytic (esterase) activity

ETS activity was measured using the assay originally proposed
by Kenner & Ahmed (1975) and modified by Toth (1995) and
Sim¢i¢ (2005). Samples of sediment were collected by the
freeze-core method and then transported to the laboratory and
analysed within 24 hours. The samples (approximately 1 mL
of sediment) were gently shaken for 5 minutes (500 rpm: OS
Control 10) in 4 mL volume of ice-cold homogenization buffer.
After that samples were sonicated (20 seconds. 20 % power;
Sonopuls 2200) and centrifuged (5 minutes. 3 000xg: Rotofix
32 A). Then 0.5 mL of supernatant (in triplicate) was incubated
in 1.5 mL substrate solution (containing NADH, NADPH) with
0.5mL reagent solution [2(p-iodophenyl)-3-(-p-nitrophenyl)-
5-phenyl tetrazolium chloride. INT] for 30 minutes at in sifu
temperature. Controls with no supernatant were also incubated.
After incubation a stopping solution (formalin conc. : H;PO,)
was added to all samples (including the controls). The formazan
production was determined spectrophotometrically against a
calibration curve produced by formazan standards. Results are
expressed per unit wet weight of sediment per one hour (WM
O, hour' mL™).

Sediment samples for measurement of esterase activity
were also collected by the freeze-core method and then trans-
ported to the laboratory and analysed within 24 hours. The
samples (approximately 1 mL) were placed into sterile tubes.
Secondly 5 mL of phosphate buffer. 4 mL of distilled water and
1 mL of FDA solution were added to all samples. Controls were
inactivated with HgCl,. All samples were gently shaken for
Sminutes (500 rpm: OS Control 10) and after that incubated
for 30 minutes at in situ temperature. Incubation was stopped
with HgCl,. the samples were then sonicated (30 seconds, 40 %
power: Sonopuls 2200) and centrifuged (5 minutes, 3 000xg:
Rotofix 32 A). Absorbance of the supernatant at 490 nm was
measured spectrophotometrically against a fluorescein calibra-
tion curve. The assay proposed by Battin (1997), modified by
Ntougias et al. (2006). was used for measuring hydrolytic activ-
ity. Results are expressed per unit wet weight of sediment per
one hour (uM FDA hour™ mL ™).

Abundance of microbial cells and microbial
community composition

For measuring microbial parameters. formaldehyde fixed sam-
ples (2% final conc.) were first mildly sonicated for 30 sec-
onds at the 15 % power (sonotroda MS 73, Sonopuls HD2200,
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Sonorex, Germany), followed by incubation for 3 hours under
mild agitation with 10mL of detergent mixture (Tween 20
0.5 %. vol/vol. tetrasodium pyrophosphate 0.1 M and distilled
water) and density centrifugation (Priemé et al. 1996, Santos
Furtado & Casper 2000, Amalfitano & Fazi 2008). For density
centrifugaton, the non-ionic medium Nycodenz (1.31g mL™":
Axis- Shield, Oslo, Norway) was used at 4600G for 60 min-
utes (Rotofix 32 A, Hettich, Germany). After the preparation
processes, 1 mL of Nycodenz was placed underneath 2 mL of
treated slurry using a syringe needle (Fazi et al. 2005). 1 mL of
supernatant was then taken for subsequent analysis.

Total cell numbers (TCN)

The supernatant was filtered onto membrane filters (0.2 pm
GTTP: Millipore Germany), stained for 10 minutes in cold
(4-6°C) and in the dark with DAPI solution (0.0063g mL™": wt
vol™"; Sigma, Germany) and gently rinsed in distilled water and
80 % ethanol. Filters were air-dried and mounted in immersion
oil. Stained cells were enumerated on an epifluorescence mi-
croscope (Olympus BX 60) equipped with a camera (Olympus
DP 12) and image analysis software (NIS Elements: Laboratory
Imaging, Prague. Czech Republic). At least 200 cells within
at least 20 microscopic fields were counted in three replicates
from each locality. TCN was expressed as bacterial numbers
per 1 mL of wet sediments.

Prokaryotes community composition

The methanogenic archaea and methanotrophic bacteria were
detected using FISH (Fluorescence in situ hybridization) with
16 S rRNA-targeted oligonucleotide probes labelled with in-
docarbocyanine dye Cy3 (see Table 2). The prokaryotes were
hybridized according to the protocol by Pernthaler et al. (2001).
Briefly. the supernatants which were used also for TCN were
filtered onto polycarbonate membrane filters (0.2 um GTTP;
Millipore). filters were cut into sections and placed on glass
slides. For the hybridization mixtures, 2 pl of probe-working
solution was added to 16 pl of hybridization buffer in a mi-
crofuge tube. Hybridization mix was added to the samples
and the slides with filter sections were incubated at 46 °C for 3
hours. After incubation, the sections were transferred into pre-
heated washing buffer (48 °C) and incubated for 15 minutes in
a water bath at the same temperature. The filter sections were
washed and air-dried. The DAPI staining procedure followed
as previously described. Finally, the samples were mounted in
a 4:1 mix of Citifluor and Vecta Shield. The methanogens and
methanotrophs were counted in three replicates from each lo-
cality and the relative proportion of bacteria, archaca, metha-
nogens and methanotrophs to the total number of DAPI stained
prokaryotes was then calculated.

Statistics

Data analyses were performed using statistical software R-
version 2.6.0 and GLM (General linear models). Analysis of
deviance was chosen for the factors cogency. Models with de-
pendent variable (methanogenic potential and methanotrophic
activity) were log-transformed (y = log[x +1]) to achieve nor-
mality. In the models where the dependent variable was abun-
dance (TCN, FISH), Negative Binomial Model was used. De-
pending on data distribution Wilcoxon signed rank sum test or
paired t-test were used.

Results

General processes

a) Cell counts and in situ hybridization

The total cell number (DAPI-stained cells, TCN) on
hyporheic sediments <l mm revealed from DAPI
staining (TCN) varied between 2.06+1.7x10° and
1236+8.7 10° cells mL™ wet sediment. DAPI-
stained prokaryotes showed significantly higher av-
erage cell numbers in the middle part of the stream
(p <0.001,n=120) (Fig. 2a). Generally, cell numbers
were higher in the upper 0-25cm sediment laver
(7.5+1.9x10° cells mL™") than at greater sediment
depth of 25-50cm (4.6+1.2x10° cells mL™). The
highest number of cells was found in the 0-25cm
layer at the locality IV where the TCN reached up to
18x 10° cells mL~" wet sediment.

The percentage of cells identified with probe
EUB338 which targeted members of the domain Bac-
teria, accounted for 5.1 to 31.3 % of the DAPI-stained
cells. The average portion of EUB-hybridized bacte-
ria in the upper sediment layer (13.8 %) was similar
to that in deeper sediments (14.7 %) (Table 3). Probe
ARCHO15 targeting members of the domain archaea
resulted in average cell counts of 10.9 to 14.3 % of
the DAPI-stained cells. The portion of arch-hybridized
cells slightly increased with the sediment depth, how-
ever no significant difference has been found between
both sediment layers (Table 3).

Table 2. Sequences and target organisms of used oligonucleotide-probes.

Probe Target sequence (5°-37) Target phylogenetic group Reference

EUB338 GCTGCCTCCCGTAGGAGT Eubacteria Amann et al. (1990)
My84 CCACTCGTCAGCGCCCGA Type I methanotrophs Eller & Frenzel (2001)
My705 CTGGTGTTCCTTCAGATC Type I methanotrophs Eller & Frenzel (2001)
Moad50 ATCCAGGTACCGTCATTATC Type I methanotrophs Eller & Frenzel (2001)
ARCHI15 GTGCTCCCCCGCCAATTCCT Archaea Raskin et al. (1994)
MPB1 CATGCACCWCCTCTCAGC Methanogen-specific probe Jupraputtasri et al. (2005)
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Fig. 2. Total cell numbers (grey bars). methanogens (panel a).
type I (b) and II (¢) methanotrophs (white bars) at different lo-
calities along longitudinal profile of the Sitka stream. The lines
indicate the percentage of methanogens or methanotrophs as
compared to total bacterial cell numbers. Values are averages
for both sediments layers (standard errors are given for bars).

b) ETS and esterase activity

ETS activity measured as INT reduction varied be-
tween 0.14-2.84uM O, hour mL™" wet weight sedi-
ment; however, no differences were found in ETS ac-
tivity between localities studied. Esterase activity as
showed by FDA method was in the range from 0.73
to 16.22uM FDA hour" mL™ wet weight sediment
and the values were significantly different at various
localities (p <0.05, n=40). Both ETS activity and es-
terase activity exhibited significantly much higher val-
ues for the upper sediment layer at all localities (Table
4). These results supported measurements of MP and
MA mentioned above and suggest that the majority of
metabolic processes occur in the upper 0—25 cm of the
sediments where input of dissolved oxygen from the
surface stream is still sufficient.

Methane related processes
a) Methanogens and MOB numbers

Methanogens-targeting probe MPBlgave a much
higher signal for the deeper sediment layer (p <0.05)
(Table 3) and percentage of MPB1-hybridized metha-
nogen was in the range of 4.6 to 31 % of the DAPI-
stained bacteria. The percentage of DAPI-stained cells
hybridizing with methanotroph-specific probes was
generally higher for type I than type II, with a pro-
nounced increase in type I towards to the deep sedi-
ments (Table 3). Percentage of type I methanotrophs,
hybridized with combination of My84 plus My705
probes was in the range 5 to 33.4% of the DAPI-
stained cells and clearly tended to be significantly
much higher in deeper sediment layers compared to
that from the surface (p <0.05) (Table 3). By con-
trast, type Il methanotrops showed significantly lower
percentage of DAPI-stained cells (2.9-18.2 % of the
DAPI) and the portion of their cell count was almost
the same in both sediment layers (Table 3).

Table 3. Relative numbers of eubacteria. archaca, methanogens and methanotrophs detected by FISH in relation to the total DAPI
counts in different sediment depths of the Sitka stream (average + SE, range in parentheses). EUB338 — a probe that targets all
bacteria, ARCH915 — a probe that targets archaca; MPB1 — a probe that is specific for methanogens: My84 plus My705 — a probe
combination that is specific for type I methanotrophs: Ma450 — a probe that is specific for type I methanotrophs.

Depth EUB338 ARCHY15 MPB1 My84 + My705 Mad50
[cm] [%0] [%0] [%] [%] [%]
0-25 138+3.8 10.9+3.5 128+3.7 137436 88+3.7
(5.1-28.5) (3.8-252) (4.5-23.4) (5.3-30.9) (2.8-17.6)
25-50 147439 143429 234467 214448 119423
(5.6-312) (6.5— 23.4) (13.6-31.0) (14.8-33.3) (7.9-18.1)
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Table 4. Summary of the microbial metabolic activity in the different sediment depths of the Sitka stream (average + SE).

Depth ETS FDA MP MA
[cm] [uM O, /mL/hour] [uM FDA/mL/hour] [pM CH,/mL/hour | [nM CH,/mL/hour |
0-25 1.59+0.29 11415 38.9+30.1 18.47+6.97
25-50 0.25+0.13 24+03 1.9+036 15.71+£6.48
1 l—«
0-25¢cm
3
S
5
E | o TCN
§ B Methanogen
o @ Methanotroph |
Methanotroph Il
0 2 4 6 8 10

abundance [x 10°ml™]

Fig. 3. Average total cell numbers, (DAPI-stained, TCN), methanogens. type I and IT methanotrophs found in different sediment

layers, horizontal bars indicate 1 SE.

Fig. 2 shows the population of methanogenic and
methanotrophic communities along a longitudinal pro-
file of the Sitka stream. Cell numbers of methanogens
and type I methanotrophs differed among localities (p
<0.001, n=30) while type Il methanotrophs exhibited
less significant difference in the cell numbers among
localities (p =0.026, n=30). Generally, both methano-
genic archaca and acrobic methanotrophs were found
in all samples and at all localities along the longitudi-
nal profile. The proportion of these groups to the TCN
was quite consistent and varied only slightly (Fig. 2a—
¢) along the longitudinal stream profile. The percent-
age of methanogens to total DAPI counts revealed a
maximum (22.9 %) at locality II: despite the fact that
this locality showed relatively low TCN as well as
number of methanogens. Methanotrophs showed simi-
lar trends, however they differ in percentage — type
I methanotrophs reached the maximum at locality 111
(24.8 %) while II type methanotrophs at locality II
(15.5%) (Fig. 2b, c).

All three groups also formed a higher proportion
(although non-significant) of the TCN in the deeper
sediment layer. Methanogens comprized on average
up to 23 % of the total (p=0.167, n=30), while type
I methanotrophs comprized ~22% (p=0.68, n=30)
and type Il methanotrophs comprized 12 % (p=0.795,

n=30) of the total respectively (Table 3). However,
the abundance of methanogens and methanotrophs
remained almost unchanged with increasing sediment
depth, thus their increase in the proportion to the TCN
corresponded mostly to the total bacterial cell count
decreasing from 7.53 +1.93x 10° cells mL™" wet sedi-
ment in the upper sediment layer to 4.6x 10° cells mL™
wet sediment in the deeper sediments (Fig. 3).

The average abundance of methanogens
(0.88+0.28 and 1.07+0.23x10° cells mL™" in the
upper and deeper layer. respectively) and type II
methanotrophs  (0.44+0.14x10° cells mL™"' and
0.56%0.1x 10° cells mL™") increased slightly with the
sediment depth (Fig.3), while type I methanotrophs
had lower average abundance in the deeper layer
(0.98+£0.23x 10° cells mL™" ) compared to their abun-
dance 1.07+0.28x10° cells mL™" in the upper sedi-
ment layer (Fig. 3). Increase in the abundance with in-
creasing sediment depth had been expected in the case
of methanogens: however, we have no explanation yet
for type II methanotrophs.

b) Methanogenic potential (MP) and
methanotrophic activity (MA)

Methanogenic potential was significantly higher in the
upper sediment layer compared to that from the deeper
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Fig. 4. Methanogenic potential (MP) and methanotrophic activ-
ity (MA) along longitudinal profile of the Sitka stream. Vertical
bars indicate SE.

sediment layer (»p <0.001, n=30) (Table 4). Gener-
ally. average MP varied between 0.74-158.6 pM CH,
mL~ WW hour™ with the highest values found at site
IV located the furthest downstream (Fig.4a). In the
long term, this locality also exhibits both high inter-
stitial methane concentrations and emissions of meth-
ane to the atmosphere. Average MA varied between
0.02-31.3nM CH, mL™" WW hour™ and the highest
values were found to be at the downstream localities
(p <0, n=30) while sediment from sites located up-
stream showed much lower or even negative activity
(Fig. 4b). Similar to MP, values of MA were signifi-
cantly higher in sediments from upper layers com-
pared to those from deeper layers (p <0.001, n=30)
(Table 4).

Discussion

During this study we found relatively well developed
populations of methanogenic archaea at all localities
and that all localities also showed positive methano-
genic potential. After DAPI staining, the highest mi-
crobial density was obtained in the upper sediment
layer 0—25 cm and density decreased with depth. This
zone corresponded to that of highest metabolic activ-
ity, as indicated by the methanogenic potential, metha-
notrophic activity, INT and FDA profiles whereas the
methane profile increased in the deeper sediment. This
observation is in strong concordance with some previ-
ous studies which suggested that there may be a spatial
uncoupling of bacterial production and organic carbon
mineralisation in sediments, with growth occurring
predominantly in the near-surface acrobic layer whilst
the bulk of mineralisation takes places in deeper, an-
oxic sediment (Wellsbury et al. 1996).

Artificial electron acceptors such as tetrazolium
salts are commonly used as an indicator of electron
transport system (ETS) activity. Although it is well
established that tetrazolium salts (mostly 5-cyano-2.3-
ditolyl tetrazolium chloride, CTC, triphenyl tetrazo-
lium chloride, TTC and INT) can be used to detect
specifically the metabolic activity of aecrobic bacte-
ria. some results suggest that tetrazolium salts could
potentially be used to detect the metabolic activity of
bacteria under some anacrobic conditions (Fukui &
Takii 1989, Walsh et al. 1995, Smith & McFeters 1997,
Bhupathiraju et al. 1999) and a positive response to
the INT test has been found even in strictly anaerobic
bacteria in activated sludge (Maurines-Carboneill et
al. 1998). Hence, measurement of ETS activity in the
Sitka stream sediments should not be affected by the
prevalence of an anaerobic metabolism in the deeper
sediments (Hlavacova et al. 2005, 2006) and, moreo-
ver, ETS activity can be considered as a measure of the
total microbial respiratory potential in the sediments
(Sim¢i¢ & Mori 2007). Though one would expect that
freezing and thawing of sediment samples may affect
cell numbers and ETS activity we never observed any
serious changes. Similarly, activities of extracellular
o-glucosidase, P-glucosidase and PB-xylosidase that
were repeteadly measured in frozen and thawed hypo-
rheic sediments and compared to those from the sam-
ples taken by handy shovel showed also no significant
difference (Rulik & Spacil 2004). Hence, number of
cells and microbial activities should not be affected by
freezing and thawing. On the other hand, results from
some experiments revealed that the tetrazolium salt
INT is toxic to some groundwater bacteria at concen-
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trations normally used for ETS assays, and may thus
alter the composition of the microbial community un-
der study. The results also suggest that some viable and
actively growing bacteria do not reduce tetrazolium
salts and tetrazolium salt assays are likely to dramati-
cally underestimate total ETS activity in groundwater
(Hatzinger et al. 2003). Fluorescein diacetate (FDA)
is hydrolysed by non-specific esterases and can be
considered as a useful indicator of cell activity (Bat-
tin 1997). In our study, we have used this method to
measure esterase activity of the sediment biofilm. The
distribution pattern of both ETS and esterase activ-
ity showed the highest values in the upper sediment
layer and also reflect to some extent the methanogenic
and methanotrophic activities mentioned above. This
observation is in accordance with the results of ETS
measurements by Vosjan (1982) in sediments of the
Wadden Sea and also with our previous study focusing
on enzyme activity (Rulik & Spacil 2004). Surface sed-
iments exhibited significantly higher enzyme activities
compared to deeper layers and we had suggested that
higher activity in surface sediments could be attributed
to the occurrence of biofilm internal DOC cycling me-
diated by epilithic algac. Under light conditions, au-
totrophic algae in the biofilm are a possible source of
labile compounds that may be used by biofilm bacteria
living in close proximity (Rulik & Spacil 2004).

The method we have used for characterisation of
ETS activity did not allow us to determine the number
of metabolically active cells. However, if the abun-
dance of metabolically active cells correlates with to-
tal cell numbers (Haglund et al. 2002), then we can
suppose that sediment microbial community of the up-
per 0—25 cm layer exhibits a larger proportion of ac-
tive cells compared to the deeper sediment layer (see
Fig. 3).

Methanogenic processes

Measurement of potential methane production could
be affected by a different methodological approach,
because there is no standardized approach. The MP
range is quite broad and may differ up to three orders
of magnitude (107> to 10" pmol m~ s™'); however, de-
pending on temperature or availability of electron ac-
ceptors for methanogens the values of MP may reach
up to 10° pmol m~* s™' (Segers 1998). Our data from
the Sitka stream showed much greater differences with
maximum value being 230 times higher compared to
the lowest one. Anacrobic incubation of sediment
from various depths (0—8cm) of chalk streams re-
vealed maximum MP in the depth of 6¢cm (16.5 CH,

nmol g™ wet sed h™") with MP decrease with increas-
ing sediment depth (Sanders et al. 2007). This finding
corresponds to our own research that methane produc-
tion in the upper 0—25cm sediment layer was higher
compared to the lower sediment depth.

Methane production was detected in all samples:
generally, upper sediment layer 0-25cm showed
much higher potential methane production compared
to lower 25-50 cm layer. We have no exact explana-
tion for these findings. In the case of locality IV, where
considerable methane production has been found in
the upper sediment, we suppose that predominance of
clay sediment in deeper layers could be a reason ex-
plaining the failure of methanogenesis at this locality.
Another suggestion could be better substrate provision
in the upper sediment layer (Galand et al. 2002, Kob-
abe et al. 2004). These authors studied methanogens
and their activity in peat bogs or fens and found that
most of the degradation of organic matter occurs in the
surface layers. The low potential methane production
in the deeper layers of the peat can then be explained
by the lack of suitable substrate or the presence of
less favourable substrate for the methanogens at those
depths (Valentine et al. 1994). In their study, Chan et
al. (2005) observed that the vertical decrease of meth-
ane production rates correlated better with the similar
decrease of bacterial rather than archaeal numbers.
This assumption is based on the fact that very first
steps of organic matter degradation were found to be
rate-limiting for methane production and that the de-
crease in bacterial numbers reflects a similar decrease
in methane production (Chan et al. 2005). Indeed. our
results show that the total number of microbial cells
decreased with depth. However, decrease in total num-
bers of microorganisms is the rule for stratified lake
sediments (Zepp-Falz et al. 1999, Haglund et al. 2003,
Koizumi et al. 2003) as fresh substrates are only sup-
plied from above (Schulz & Conrad 1995). Distribu-
tion of organic matter in running waters is dependent
on many factors such as stream velocity or river bed
topography (Rulik 1994). We have found no clear dif-
ference in the organic carbon content between differ-
ent sediment layers, thus the hypothesis of the better
substrate provision might be refused. However, much
higher microbial cell numbers and both ETS and es-
terase activity in the upper sediment layer compared to
deeper layer (cf. Table 4) would indicate that the “hot
spot” of microbial metabolic activity indeed occurs in
the surface sediment layer and can support methano-
genic populations living here.

The distribution pattern of all methanogens did
not reflect the sediment methanogenesis activity as
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it did in the study of Casper et al. (2003). Generally,
the number of methanogens increased slightly with
increasing depth: however methanogenic potential
in deeper sediments remained very low. as has been
showed carlier. One reason for such a difference could
be adding only acetate as a methanogenic substrate
for MP measurements. Our current results of stable
carbon isotopic analysis of interstitial methane indi-
cate that hydrogenotrophic methanogenesis predomi-
nates in the sediment zones where the most amount
of methane is produced (unpublished data). Very re-
cently, however, using the FISH method we found that
abundance of methanogens belonging to three selected
families reached their maximum in the sediment depth
of 20-30cm and had closely reflected vertical distri-
bution of acetate concentrations. Species of family
Methanomicrobiaceae grow only with hydrogen, for-
mate and alcohols (except methanol), Methanosarci-
naceae can grow with all methanogenic substrates ex-
cept formate, and members of Methanosetaceae grow
exclusively with acetate as energy source. All three
families also showed similar proportion to the DAPI
stained cells, ranging from 9.9% (Methanosarcie-
naceae) to 12.3 % (Methanobacteriaceae). Thus, these
results indicate that low methanogenic activity within
the deeper sediments are unlikely to be caused by the
presence of predominantly hydrogenotrophic metha-
nogens which did not grow in the MP assay when
amended by acetate.

Generally, the proportion of prokaryotic cells were
low in the samples. The factors limiting detection of
microbial cells by FISH might be the abundance of
ribosomes per cell. accessibility of the rRNA and cell
wall permeability (e.g. Cotrell & Kirchmann 2000,
Bouvier & del Giorgio 2003). In addition, methano-
gens seem more abundant than total archaea in hypo-
rheic sediments of the Sitka stream. One reason could
be a lack of specificity of the ARCH915 domain probe,
which has been shown to hybridize non-specifically
to some members of the Bacteria (see e.g. Battin et
al. 2001, Simon et al. 2000, Lehours et al. 2005). The
observation of the number of methanogens is simi-
lar to that made by Kotsyurbenko et al. (2004) in an
acidic West-Siberian peat bog who also found a slight
increase with depth. The proportion of methanogens
(15-28 % of total microbial cell numbers) in our study
is similar to those found by Casper et al. (2003) and
Kobabe et al. (2004), but rather higher than mentioned
by other authors (Zepp-Falz et al. 1999, Koizumi et al.
2003, Chan et al. 2005).

One might wonder how methanogenic archaea can
occur in the river surface sediments fully saturated

with dissolved oxygen. One possibility could be the
existence of hyporheic microbial biofilm attached to
the sediment particles where separated layers allow
coexistence and growth of various microorganisms
(Koutny & Rulik 2007). Although we tried to explain
the discordance between the number of methanogens
and potential methanogenic production in the ver-
tical profile of the sediment, there is still a question
to be answered: why analysis of interstial water usu-
ally showed higher methane concentrations in deep-
er sediments compared to the upper sediment layers
(unpublished data). A possible explanation might be
that methane concentrations in the upper sediments
are continually lowered by oxidation and consump-
tion by aerobic methanotrophic bacteria. Neverthe-
less. we should be very careful when comparing sedi-
ment methanogenic activity, interstitial water methane
concentration and distribution of methanogenic Ar-
chaea in the hyporheic sediments. Firstly, river bed
sediments are already much more heterogeneous com-
pared to the lake sediments. We must take into account
that our data on number of bacterial/archacal cells are
based on numbers obtained from sediment particles
smaller than 1 mm; therefore. distribution pattern of
microbial cells reflects to some extent the distribution
of those particles, which may vary from 2 up to more
than 60 % of the Sitka stream bulk sediment (unpub-
lished data). Secondly, vertical distribution of organic
matter, and particularly dissolved oxygen in the river
sediments, is quite different from those in lakes and
may change substantially step by step due to unpre-
dictable movement of the interstitial water. Finally,
we should also consider that we measured methano-
genesis on substrate amended with acetate as has been
mentioned above.

Although only a small basis of experimental meth-
ods for measurement of potential oxidation of methane
are reported, MA may vary in three orders of magni-
tude (Segers 1998). In Lake Miiggelsee, MA depend-
ing on the location varied from 0.68 to 10.10 mmol
m~? day™ and correlated also with the measured MP
(Rolletschek 1997) while Sanders et al. (2007) found
values to be 0.145 pmol CH, g™ wet sediment h™ in
a chalk stream. Since oxidation of methane requires
both available methane and oxygen, methanotrophic
activity is expected to be high at sites where both
methane and dissolved oxygen are available. There-
fore, high values of the MA were usually found in the
upper layers of the sediments (Segers 1998) or at the
interface between oxic and anoxic zones. Relatively
high methanotrophic activity found in deeper sedi-
ments of the localities I1I-V (Fig. 4b) indicates that
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methane oxidation is not restricted only to the surface
sediments as is common in lakes but also takes place
at greater depths. It seems likely that an oxic zone
occurs in a vertical profile of the sediments and that
methane diffusing from the deeper layer into the sedi-
mentary acrobic zone is being oxidized by methano-
trophs here. Increased methanotrophic activity at this
hyporheic oxic-anoxic interface is probably evident
also from higher abundance of type Il methanotrophs
in the same depth layer (Fig. 3). A similar pathway of
methane cycling has been observed by Kuivila et al.
(1988) in well oxygenated sediments of Lake Wash-
ington. Nevertheless. all the above mentioned findings
support our previous measurements that coexistence
of various metabolic processes in hyporheic sediments
is common due to vertical and horizontal mixing of the
interstitial water and occurrence of microbial biofilm
(Hlavacova et al. 2005, 2006).

Rather surprisingly we found a relatively high
number of methanotroph cells compared to the total
number of cells determined by DAPI counting. In
our sediments methanotrophs accounted for 10.6 to
25.7 % of the total cell numbers while papers focused
on peat bog or rice soils mention much lower values
(0.8 % — 4.9 %) (Dedysh et al. 2003a, b, Eller & Fren-
zel 2001). An exception is Kallistova et al. (2007) who
found that methanotrophs accounted for about 50 %
of the total bacterial population. The number of aero-
bic methanotrophic bacteria in the sediments of three
coastal thermal springs of Lake Baikal varied between
10°~10* cells mL™", with the highest number of metha-
notrophs (10* cells mL™") found in the Sukhaya spring.
These values for methanotrophs were much higher
than their numbers in the decpwater sediments of Lake
Baikal: 10>~10° cells mL™' (Zelenkina et al. 2009). To-
tal methanotrophs in Lake Washington were estimated
to be 3.6x 10°~7.4x 10®* cells g™' dry weight sediment
(Costello et al. 2002). The total number of type I
methanotrophs g™ dry weight sediment was found to
be 3.4x10°~6.7x 10%, while the total number of type
11 methanotrophs was found to be 2.3x 10’-6.8x 107
cells g™ dry weight sediment (Costello et al. 2002).

In soils type II methanotrophs are found more fre-
quently than type I methanotrophs. Type II methano-
trophs were dominant in boreal peatland soil, type Il
methanotrophs were also found to be the dominant
methanotrophs in peat bogs, whereas type I methano-
trophs seem to prevail in aquatic environments, such
as lake water and lake sediments (Henckel et al. 1999).
Our data correspond to this premise. Type I methano-
trophs were found in higher density and percentage to
DAPI stained cells compared to type II methanotrophs.

Similar results were also published by Costello et al.
(2002) in Lake Washington sediments and Rahalkar
et al. (2009) in Lake Constance sediments. Moreover.,
methanotrophs of type I also dominated over type Il in
the studies by Kallistova et al. (2007), Urmann et al.
(2009) and Wang ct al. (2008).

Several hypotheses have been raised for the eco-
logical differences between Type I and Type II metha-
notrophs. For example, it has been hypothesized that
Type I methanotrophs prefer relatively low CH, and
high O, concentrations, while Type Il methanotrophs
prefer relatively high CH, and low O, concentrations
(Amaral & Knowles 1995). A test of this hypothe-
sis using Italian rice field soil showed that Type I in
contrast to Type II methanotrophs indeed prefer rel-
atively low CH, concentrations, but show no prefer-
ence for high versus low O, concentrations (Henckel
et al. 2000, Conrad 2007). In the Sitka stream, type
I and type II methanotrophs were found at all locali-
ties in nearly the same abundance, thus, it is not clear
whether any preference for methane concentration or
dissolved oxygen exists between both types of metha-
notrophs. However, higher abundance of the type Il
methanotrophs (compared to those from upper layer
found in the deeper sediment layer 25—50 cm in depth
where also high methanotrophic activity has been de-
tected) may suggest that suitable conditions for type
IT methanotrophs would occur here. However, since
methanotrophs are able to survive periods of CH, or
0, deficiency (Roslev & King 1994, Schnell & King
1995), this suggestion is only speculation.

Conclusions

To our knowledge this study is the first analysis of the
composition of active methanogenic/methanotrophic
communities in river hyporheic sediments. By use of
FISH we have shown that both methanogenic archaca
and acrobic methanotrophs occur commonly within
river sediments, however their distribution only partly
reflects potential methane production and consump-
tion rates measured simultancously. Rather surprising
is the detection of type I and II methanotrophs in the
deep sediment layer 25—50 cm. indicating that suita-
ble conditions for methane oxidation occur here. Since
we have only used oligonucleotide probes to specifi-
cally detect all methanogens and type I and II metha-
notrophs, we cannot show whether a function-struc-
ture relationship exists along longitudinal and vertical
profile of the Sitka stream sediments. Thus, our future
investigations will focus more on FISH population
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analysis with family and genus specific probes and
phylogenetic analyses conducted by DGGE and se-
quencing.
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Introduction

The decomposition of organic matter in aquatic sediments is
an important process in global and local carbon budgets, as it
ultimately recycles complex organic compounds from terrestrial
and aquatic environments into carbon dioxide and methane.
The latter is a major component in the carbon cycle of
anaerobic aquatic systems. Since a relatively large amount of
methane production has been observed in river sediments
[14], we hypothesised that river sediments may act as a
considerable source of methane gas emission into the
environment [5].

Methane (CH,) is produced mostly by methanogenic archaea
[6,7] as a final byproduct of anaerobic respiration and
fermentation but there is also aerobic formation of meth. by

mV for their growth [12]. They can be found in moderate
habitats such as rice paddies [13], soils [14], lake sediments
[15], in extreme conditions such as hydrothermal vents [16],
permafrost soils [17,18] and also in the gastrointestinal tract of
animals [19]. Freshwater sediments, including wetlands, rice
paddies and lakes, are thought to contribute 40 to 50% of the
annual atmospheric methane flux [20].

Rates of methane production and consumption in sediments
are controlled by the relative availability of substrates for
methanogenesis. The most important immediate precursors of
methanogenesis are acetate and H,/CO,. The acetate is
converted into CH, and CO, by acetoclastic methanogens
while hydrogenotrophic methanogens convert CO, and H, or
formate to CH, [21]. Acetate is consumed by a limited number

the aerobic degradation of methyl phosphonates [8] or by
oxidation of ascorbic acid using iron compounds and hydrogen

peroxide [9]. Methanogenic archaea belonging to the
Euryarchaeota phylum are divided into seven orders:
Methanopyrales, Methanococcales, Methanobacteriales,

Methanomicrobiales, Methanosarcinales and the recently
recognized groups Methanocellales and Methanoplasmatales
[10,11]. Methanogenic archaea are ubiquitous in anoxic
environments and require a redox potential of less than -300

PLOS ONE | www.plosone.org

of such as Methanosarcina spp. and Methanosaeta
spp., the latter are incapable of using hydrogen. A large
quantity of the acetate is produced in natural ecosystems and

acetoclastic methanogens are responsible for 30-70% of
methane production from freshwater sediments [22].
Hydrogenotrophic methanogens of the genus

Methanobacterium, are important in maintaining low levels of
atmospheric H, [23]. According to Conrad et al. [24], the
degradation pathway of polysaccharides in methanogenic
sediments (lakes, bogs, paddy fields, marine etc) is such that
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about two-thirds of the produced CH, is theoretically derived
from acetate and one thid from H,/CO, if steady state
conditions exist. The universal distribution of the
hydrogenotrophic pathway suggests that hydrogenotrophic
methanogenesis may be the ancestral form of biological
methane production and that hydrogenotrophic
methanogenesis appears only once in evolution [25]. Some
studies showed that temperature conditions can be helpful for
defining the structure and function of the methanogenic
microbial community. Noll et al. [26] observed functional
changes in rice fields soil from a mixture of acetoclastic and
hydrogenotrophic methanogenesis to exclusively
hydrogenotrophic methanogenesis over a temperature range of
42-46°C. Another study indicated that at 30°C, the
methanogenic community in soil consists mainly of
Methanosarcinaceae, whereas at 15°C, the diversity of
methanogenic archaea is greater and includes for example
members of the Methanosaetaceae family [27]). However,
despite the fact that anaerobic metabolism is described in
many lakes, estuaries and wetland sediments, there is a
paucity of information on the methanogen diversity in river
ecosystems.

Methanogenic archaea express the enzyme methyl-
coenzyme M reductase which catalyzes the terminal step in
biogenic methane production [28,29]. This enzyme complex is
present in methanogens and methane oxidizers, making it a
suitable tool for specific detection of meth Methyl-
coenzyme M reductase (mer) constitutes about 5-12% of
methanogen cellular protein and has been resolved into three
components - A, C, and a small cofactor B. Component C is
thought to be the site for methyl reduction and it is composed
of three subunits; a, B and y which are coded for by mcrA,
merB, and merG genes respectively [30]. The genomes of all
methanogenic archaea encode at least one copy of the mcrA
operon [28]. The gene coding for mer has been the target for
many molecular ecological studies of methanogens [30-32].
The mer operon exists in two forms, mecrA and mrtA gene
coding. The mcrA gene is thought to be present in all
methanogens, while the mrtA gene has only been
demonstrated in members of the orders Methanobacteriales
and Methanococcales [33].

The aim of this study was to identify and investigate the
distribution of methanogens in two sediment depths (0-25 cm
and 25-50 cm sediment layer) using the functional gene marker
(the a-subunit of the methyl-coenzyme M reductase — mcrA
gene). We used PCR, cloning and sequencing analysis for the
determination of the methanogenic phylogenetic composition.
In addition, analysis of dissolved methane, total cell numbers,
abundance of methanogens and potential methane production
were also measured at the chosen locality simultaneously. The
results are part of a long-term study of organic carbon
dynamics and associated microbial communities in hyporheic
sediments of the small lowland Sitka stream in Olomouc, a city
in the Czech Republic. Earlier measurements of relatively high
methane production confirmed the suitability of the field site for
the study of methane cycling [1,34].

PLOS ONE | www.plosone.org
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Materials and Methods

Ethics statement

No specific permits were required for the described field
studies. No permission was required for any locations or any
activity. The locations are not privately owned or protected in
any way. No activity during field study involved any
endangered or protected species.

Study site

The sampling sites are located on the Sitka stream,
Olomouc, Czech Republic. Five study localities are placed
along the Sitka stream and they were studied as a part of long
term ch on methanog Localities | and Il are
situated in an upper forested area. Localities IlI-V are situated
in agricultural landscape. This study was on the locality IV, in
particular. The Sitka is an undisturbed, third-order stream, 35
km long lowland stream originating in the Hruby Jesenik
mountains 850 m above sea level. The catchment area is
118.81 km?, the 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. Mean annual discharge is 0.81 m®s'. The Sitka stream
flows in its upper reach through a forested area with a low
intensity of anthropogenic effects, while the lower course of the
stream naturally meanders through an intensively managed
agricultural landscape. Except for short stretches, the Sitka
stream is unregulated with well-established riparian vegetation.
River bed sediments are composed of gravels in the upper
parts of the stream (median grain size 13 mm) while the lower
part is several kilometres away from the confluence and is
characterised by finer sediment with a median grain size of 2.8
mm. More detailed characteristics of the geology, gravel bar,
longitudinal physicochemical (e.g. temperature, pH, redox,
conductivity, O,, CH,, NOy, SO,*) pattems in the sediments
and a schematic view of the site with sampling point positions
have been published [34,35]. 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 [1,5,34].

Collection and processing of sediment sample

Based on the conclusions of the previous research carried
on the Sitka stream in 2009 [36], locality no. IV was chosen
from five localities for sampling sediment and interstitial water.
The values of selected physico-chemical parameters of five
localities, used in this study (Table 1), were the annual mean
values of the reading collected during the year 2009 to 2011.
Locality no. IV shows long- term extreme values in most cases
(organic carbon in sediment, dissolved ferrous iron, acetate
and methanogenic potential) (Table 1) and was chosen for
more detailed study of the dynamics of methane and vertical
distribution of methanogens. All samples were collected and
parameters measured at 4th Oct 2010 (Table 2). The mean
physico-chemical parameters and SDs were calculated for
values of upper sediment layers (0-25cm) and deeper sediment
layers (25-50 cm). Hyporheic sediments were collected with a
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Table 1. Selected physico-chemical parameters (annual
means 2009-2010) of the hyporheic interstitial water and
sediment along the longitudinal stream profile (average +
SD).

Variable/ Locality I ) n v v
Organic carbon in 098 + 091% 057% 074+
. 1.31+063
sediment < 1 mm [%] 0.12 0.02 0.31 0.30
Dissolved oxygen 8048+ 8801+ 8238+ 3845% 50.91 &
saturation [%] 665 291 5.66 20.37 2466
Ferrous iron Fe2* 178+ 423+
<1 <1 8.08+5.76
[mg LY 0.15 4.01
021% 034 052 020+
Acetate [mmol L] 1.87 £0.55
0.13 0.18 0.17 0.17
Dissolved methane 494 + 071% 8.06 2480.19+ 4283 %
concentration [ug L] 3.45 0.15 1.65 1145.10 321
Methanogenic
potential [pmol CHg 173+ 045 053 1845+ 1Mz
1.70 0.02 0.50 25.16 2.00
g1 DWh)
Interstitial water 870 % 044 1160 11.20 11402
temperature [°C] 0.85 037 1.27 0.14 353

doi 10.1371/ournal.pone.0080804.1001

Table 2. Vertical gradient of physico-chemical parameters
and variables of the hyporheic interstitial water and
sediment at the locality no. IV (average + SD).

Variable/ Depth 0-25 cm 25-50 cm
Dissolved oxygen saturation [%)] 59.37 £21.83 17.54 £6.02
Ferrous iron Fe2* [mg L] 3.70+3.908 1226 +1.49
Acetate [mmol L] 1.72+0.73 2024012

Dissolved methane concentration [ug L'1]  2262.65 + 2053.41 3856.01 + 898.02
Methanogenic potential [pmol CHg "' DW

" 191.5+75.14 173,87 +61.84
Total cell number [108 cells g'DW] 428653 6.18+6.13
Methanogens abundance [108 cells

065+1.21 1.01£1.16

g'ow
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matter values were then converted to carbon equivalents
assuming 45% carbon content of organic matter [39].

Collection of water samples and methane analysis

Interstitial water samples were collected using a set of 5-6
minipiezometers [40] randomly placed into hyporheic
sediments on locality IV at specified depths (Table 2, for more
details see File S1). The initial 50-100 mL of water was used
as a rinse and discarded. Two subsamples of interstitial water
from each minipiezometer were then collected from a
continuous column of water with a 100 mL polypropylene
syringe connected to a stiff PVC tube. The subsamples were
injected into separate sterile, clear vials (40 mL) with screw-
tops, covered by a polypropylene cap with PTFE silicone septa
(for analysis of dissolved gases) and stored before returning to
the laboratory. All samples were taken in the moming and all
measurements were done at base flow. Interstitial water
temperature, dissolved oxygen (percent saturation) were
measured in the field with a portable Hanna HI 9828
pH/ORP/EC/DO multimeter (Fischer Scientific, USA).
Dissolved ferrous iron (Fe?*) concentration was measured
using absorption spectrophotometry after reaction with 1, 10-
phenanthroline. Concentrations of organic acids were
measured using capillary electrophoresis equipped with diode
array detector HP 3D CE Agilent (Waldbron, Germany). Limits
of detection (LOD) for particular organic acids were set as
follows: LOD (acetate) = 6.2 pmol L'; LOD (propionate) = 4.8
pmol L'; LOD (butyrate) = 2.9 pmol L'; LOD (valerate) = 1.8
pmol L.

Concentrations of dissolved methane in the 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 the vials were
vigorously shaken for 15 s (to rel the gas from the water to
facilitate equilibration between the water and gas phases). All
samples were equilibrated with air at room temperature.
Methane was analysed from the headspace of the vials by
injecting 2 mL of gas subsample with a gas-tight syringe into a
CHROM 5 gas chromatograph, equipped with the flame

doi: 10.1371/journal. pone.0080804.1002

freeze-core using liquid N, as a coolant [37]. Altogether, three
cores were gathered and taken for subsequent analyses. After
sampling two layers, the surface 0-25 cm and 25-50 cm depth
were immediately separated and stored at low temperature
during transport to the laboratory. Immediately following
thawing the wet sediment of each layer was sieved and only
particles < 1 mm were considered for the following molecular
analyses since most of the biofilm is associated with this
fraction [38]. Four randomly selected subsamples (1 mL) from
each core were used for the extraction of microbial cells and
subsequently used for the estimation of bacterial and archaeal
numbers. Four other subsamples were used for DNA
extraction.

Sediment organic matter content was determined by oven-
drying at 105°C to constant weight and subsequent combustion
at 550°C for 5 h to obtain ash-free dry weight (AFDW). Organic
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ionization detector (CH, detection limit = 1ug L") and with the
1.2 m PORAPAK Q column (.D. 3 mm, Sigma-Aldrich,
Germany), with nitrogen as a carrier gas. Gas concentration in
water was calculated using Henry's law.

Analysis of methanogenic potential

The rate of methane production (methanogenesis) was
measured using the potential methane production method [41].
The sediment was sieved and placed in incubation flasks. C-
amended solutions (flushed for 5 min with N,) with acetate Ca
(CH,CO0), (100 mg C in the incubation flask) were used for
examination of the methanogenic potential. The substrate,
acetate, was chosen as our earlier results for the same study
site showed that acetate is more important than hydrogen for
methanogenesis in hyporheic sediments [1]. All laboratory
sediment incubations were performed in 250-mL dark glass
flasks, capped with rubber stoppers, using approximately 100 g
(wet mass) of sediment (grain size < 1 mm) and 180 mL of
amended solution or distilled water. The headspace was
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maintained at 20 mL. Typically, triplicate live and dead samples
(methanogenesis was inhibited by addition of 1.0 mmol
chloroform) from each depth were stored at 20°C in the dark
and the incubation time was 72 h; however, subsamples from
the headspace atmosphere were taken every 24 h. Gas
production was calculated from the difference between initial
and final headspace concentration and volume of flask; results
are expressed per unit dry weight of sediment per one hour
(pmol CH, g' DW h'').

Abundance of microbial cells and methanogens

For measuring microbial parameters, paraformaldehyde fixed
samples of sediment were sonicated followed by incubation
with detergent mixture (Tween 20, 0.5% v/v) and density
centrifugation (non-ionic medium Nycodenz, 1.31 g mL"') was
used.

The supernatant was filtered onto membrane filter. The
abundance of methanogenic archaea was identified by
fluorescence in sifu hybridization (FISH) with 16S rRNA-
targeted methanogen-specific oligonucleotide probe MPB1 5™
CAT GCA CCW CCT CTC AGC -3 [42] labelled with
indocarbocyanine dye Cy3. The MPB1 probe was designed to
target position 978-996 (E.col). The prokaryotes were
hybridized according to the protocol [43]. Staining with DAPI
solution (6.3 mg mL'; wh) for total cell number (TCN)
estimation was then used (more detailed protocol is described
in [41]). Stained cells were enumerated on an epifluorescence
microscope (Olympus BX 60, 1000 x magnification, Olympus
corporation, Japan) equipped with a camera (Olympus DP 12)
and image analysis software (NIS Elements; Laboratory
Imaging, Prague, Czech Republic). At least 200 cells within at
least 20 microscopic fields were counted in three replicates
from each sediment layer. Total cell numbers (TCN) were
expressed as cell numbers per 1 g of dry sediments.

Nucleic acid extraction and PCR amplification

Nucleic acids were extracted from 0.5 g of sieved sediment
with a Power Soil DNA isolation kit (MoBio, Carisbad, USA)
according to the manufacturer's instructions. Fragments of the
methanogenic DNA (~ 470 bp) were amplified by PCR using
merA gene specific primers. Primer sequences for mecrA gene
are as follows,

mcrA F 5-
GGTGGTGTMGGATTCACACARTAYGCWACAGC-3',

mcrA R 5-TTCATTGCRTAGTTWGGRTAGTT-3"

[29]. PCR amplification was carried out in a 50 pL reaction
mixture within 0.2 mL thin walled micro-tubes. Amplification
was performed in a TC-XP thermal cycler (Bioer Technology,
Hangzhou, China). The reaction mixture contained 5 pL of 10 x
PCR amplification buffer, 200 pmol of each dNTP, 0.8 pmol of
each primer, 2 pL of template DNA and 2.5 U of FastStart Taq
DNA polymerase (Polymerase dNTPack; Roche, Mannheim,
Germany).

The initial enzyme activation and DNA denaturation were
performed for 6 min at 95°C, followed by 5 cycles of 30 s at
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ramp rate was then set to 1°C/s, and 30 cycles were performed
under the following conditions: 30 s at 95°C, 30 s at 55°C, 30 s
at 72°C and a final extension at 72°C for 8 min — according to
the protocol [44]. PCR products were visualised by horizontal
gel electrophoresis in ethidium bromide stained, 1.5% (w/v)
agarose gel.

Cloning, sequencing and phylogenetic analysis

Purified PCR amplicons (PCR purification kit; Qiagen, Venlo,
Netherlands) were ligated into TOPO TA cloning vectors and
transformed into chemically competent Escherichia coli
TOP10F' cells according to the manufacturer’s instructions
(Invitrogen, Carisbad, USA). Positive colonies were screened
by PCR amplification with the primer set and PCR conditions
as described above. Plasmids were extracted using UltraClean
6 Minute Plasmid Prep Kit (MoBio, Carlsbad, USA), and
nucleotide sequences of cloned genes were determined by
sequencing with M13 primers in Macrogen company (Seoul,
Korea).

Raw sequence data were then analyzed by BLAST software
to search for the similarity with other methanogen sequences
available in the GenBank database. The sequences were then
aligned by using CLUSTAL W [45] software in order to remove
any chimeric sequences. The most appropriate substitution
model for maximum likelihood analysis was identified by
Bayesian Information Criterion implemented in MEGA 5.05
software [46]. The phylogenetic tree was constructed by the
maximum likelihood method (Kimura 2-parameter model,
gamma variation across sites). The tree topology was
statistically evaluated by 1000 bootstrap replicates (maximum
likelihood) and 1000 bootstrap replicates [47]. The cut-off value
for determination of identical sequences was 97%.

GenBank accession numbers for methanogenic mcrA gene
sequences retrieved from Sitka are as follows:

KC952027-KC952036, KC952039, KC952041-KC952042,
KC952043-KC952048, KC952050-KC952052 and KF156778-
KF156780.

Statistics

The analyses were performed using statistical software R
version 26.0. Studied parameters were analyzed by a
Wilcoxon signed rank sum test. All tests were considered
significant at probability level p < 0.05.

Results and Discussion

Environmental and microbial parameters of the river
hyporheic sediment

Generally, interstitial water revealed relatively high dissolved
oxygen saturation with the exceptions of localities V and IV
where the concentration of dissolved oxygen sharply
decreased with depth. However, it never dropped below ~ 10%
of the oxygen saturation (data not shown). Vice versa, these
two localities were also characterized by much higher

95°C, 30 s at 55°C and 30 s at 72°C, and the temp
ramp rate between the annealing and ion segment was
set to 0.1°C/s because of the degeneracy of the primers. The
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cor ions of dissolved ferrous iron and dissolved methane
than sites located upstream (Table 1). Concentration of ferrous
iron reflected the anaerobic conditions of the interstitial
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environment and showed the highest concentration in the
deepest sediment layer (25-50cm) (p=0.02; n=5) at locality IV
(Table 2). In aquatic environments, iron can be found in two
forms. In oxic environments iron occurs in the form of ferric iron
(Fe*) and in anoxic enviroment ferrous iron (Fe®*) dominates.
Ferric iron is reduced to ferrous iron in anoxic conditions by
bacteria which utilize this reduction process for their growth.
This reduction can be camied out using one of several
reductans such as hydrogen, pyruvate, lactate, acetate etc.
[48].

Localities IV and V are situated in the lowland part of the
stream which naturally meanders through an intensively
managed agricultural landscape with increasing trophic level in
the environment. The river bed sediment in lowland parts is
characterised by fine sediment with organic matter
accumulation. These budgets of organic matter allow local
anoxic conditions. Locality IV, in particular, showed high
concentration of organic carbon, ferrous iron and acetate in the
sediment. These parameters facilitate the presence of
methanogens in sediment and this is supported by the high
concentration of dissolved methane in intestitial water and the
methanogenic potential measurements (Table 1).

The average annual temperature of interstitial water at
localities in the downstream parts of the Sitka stream was
about 2.5°C higher than in localities upstream and this may
result in higher methane production in the region.

The precursor of methanogenesis, acetate was found in the
interstitial water at all study sites and measured regularly at
higher concentration with maximum concentration usually
during the summer period (Table 2). However, the
concentration of other precursors such as propionate, valerate
and butyrate were also measured but the values were under
detection limits (data not shown).

At locality no. IV the mean methane concentration in the
interstitial water ranged between 2262.65 - 3856.01 pg L' at
0-25 and 25-50 cm depths, respectively (Table 2). However the
differences were not significant (p=0.11; n=5). Generally, the
methanogenic potential (MP) varied around 180 pmol CH, g
DW h' (0,21 nmol CH,.g.WW.h"', respectively) at the study
site. The methanogenic potential was found to be similar in
both sediment layers (p=0.82; n=5) (Table 2). These results
show decreased readings compared to our previous study [34],
in which a considerable amount of methane production was
found in the upper sediment layer. To date, there is no
standardised approach to measuring potential methane
production and hence different results could be due to different
methodologies. The MP range is quite broad and may differ by
up to three orders of magnitude (10-2 to 10' pmol m* s,
10%-10° nmol m?® h"' respectively); however, depending on
temperature or availability of electrons, it can reach up to 10°
nmol m?® h''. Increasing temperature apparently raises the
ability to produce methane [41]. Study of anaerobic incubation
of sediment acceptors for methanogens of chalk streams
revealed maximum MP at a depth of 6 cm (16.5 CH, nmol g"'
wet sed. h'') with MP decrease with increasing sediment depth.
However these authors only investigated a depth 0-8 cm under
the river bed [2].
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Although there was found a lot of variability in interstitial
methane concentration and methanogenic potential, the values
of both the parametres suggest that the studied locality (no. IV)
produces a lot of methane and hence would be suitable for
analysis of methanogen diversity in the region. Fluctuation in
the data even during measurements conducted at the same
day should not be suprising when considering the very dynamic
system of hyporheic zone. Concentrations of methane may
differ by up to several orders of magnitude both in horizontal
and vertical profile of the sediments [49].

Total prokaryote cell numbers showed a significantly higher
value in the deeper sediment layer (6.18x10° cells g'DW) than
in the upper sediment layer (4.28x10° cells g'DW) (p=0.02;
n=15). The abundance of methanogenic archaea identified with
probe MPB1 was higher in deeper sediment layer, however the
values were not significantly different (p=0.06; n=15) (Table 2).
The values of the total cell numbers obtained from river
sediment were relatively low compared to that of other
sediments which varied from 10° - 10'° per g"'DW [50,51]. This
could be explained by the use of density centrifugation and
sonication which can potentially damage prokaryote
communities and influence total cell numbers and diversity.

However, additional purification of cells by a combination of
sonication and detergent treatment, followed by density
gradient centrifugation is often recommended for soil, sediment
or biofim samples [52]. Even if the total cell numbers are
slightly underestimated, sonication and density centrifugation
techniques are still powerful enough to enable comparison
between equally treated samples [53). Further, checking of
direct microscopic cell counts after sonication showed that the
efficiency of the sonication was 85-80% (as shown in our
previous experiments). Direct counting of bacteria in sediment
is limited due to masking of bacteria by sediment particles.
Density centrifugation results in the separation of bacteria from
sediment particles and improves the purity of cell suspensions
[54].

Identification of methanogens based on mcrA genes
The methanogenic community in the hyporheic sediment of
the Sitka stream was also analyzed by PCR amplification,
cloning, and sequencing of the methyl coenzyme M reductase
(merA) gene. A total of 80 mcrA gene sequences revealed 24
different phylotypes. These phylotypes were clustered into four
groups and they confirmed affiliation to Methanosarcinales (10
phylotypes), Methanomicrobiales (10 phylotypes, one
phylotype was found in both sediment layer, respectively) and
Methanobacteriales orders (3 phylotypes) and uncultutured
group (1 phylotype) of methanogens. Six members of the
Methanosarcinales  order  were  affiliated to the
Methanosarcinaceae family and the nearest identical
uncultured sequences were obtained from fen soil in Germany
[55], Tibetian Zoige wetland sediment [56] and rice roots grown
in Holland [57]. Four phylotypes were related to the
acetoclastic methanogen Methanosaeta concilii and showed
the highest similarity with sequences retrieved in a meromictic
lake sediment in France [58] and flooding soil in Holland [59].
Within the Methanomicrobiales order, ten different phylotypes
were detected and clustered along with the uncultured
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sequences, which were obtained from humic bog lake [60],
acidic peatland [61], peat soil from Finland [62], Tibetian
wetland soil [56] and rice roots in Holland [57). Three
phylotypes were related to the Methanobacteriales order and of
these three phylotypes, one was closely affiliated to
Methanobacterium sp. which was isolated from a Western
Siberian peat bog [63] and the second one was clustered with
clone originating in flooding soil [59] and rice root samples in
Holland [57]. One single clone remains unclassified and was
clustered with a sequence, which came from a biogas plant
reactor in India [64]. It however showed 76% identity with
Methanobacterium sp. Most of the clones assigned in this
study showed low affiliation with known methanogenic species
and were closely related to uncultured methanogens obtained
from other similar environments (Figure 1). Some
environmental studies also confirmed that some clones may
constitute an unclassified methanogenic cluster [56-58].

Members of all three orders were detected in a whole bottom
sediment irrespective of depth. The number of clones affiliated
with Methanomicrobiales predominated in the deeper layer
while numbers of Methanosarcinales clones in general were
higher in the upper sediment layer. However, higher number of
Methanosarcinaceae-like clones were found in the upper layer
and Methanosaetaceae-like clones prevalenced in the deeper
layer of sediment (Table 3).

The coverage (C) of each clone library, a measure of
captured diversity, was calculated as: C=1-(n/N), where n is the
number of different phylotypes from a clone library that were
encountered only once and N is the total number of sequenced
clones in the library [65]. The coverage of each library was
76,5% for upper sediment layer (0-25 cm) and 76,9% for
deeper sediment layer (25-50 cm).

Of the total number of 24 methanogenic phylotypes identified
from hyporheic sediment, 13 phylotypes (34 clones, 57% from
total number of clones) were found in the upper sediment layer
(0-25 cm). One phylotype obtained from the upper layer (1
clone, 3%) was affiliated to the Methanobacteriales. Phylotypes
related to the Methanosarcinales order including 5 phylotypes
(20 clones, 59%) Methanosarcinaceae-like and one phylotype
(1 clone, 3%) Methanosaetaceae-like member. Larger number
of Methanosarcinales-like archaea in the upper sediment layer
was also confirmed by FISH analyses (unpublished data). Five
phylotypes (11 clones, 32%) retrieved from the upper layer
were related to the Methanomicrobiales. A single unclassified
methanogen clone (3%) was retrieved from the upper sediment
layer.

Twelve phylotypes (26 clones, 43% from total number of
clones) were detected in the deeper sediment layer (25-50 cm).
Six phylotypes (14 clones, 54%) were related to the
Methanomicrobiales. Four phylotypes (7 clones, 27%) were
affiliated to the Methanosarcinales order, Methanosarcinaceae-
like member including one phylotype (1 clone, 4%) and
Methanosaetaceae-like member consists of three phylotypes (6
clones, 23%). Two phylotypes (5 clones, 19%) of these were
associated with the genus Methanobacterium,

Our results indicate the presence of both hydrogenotrophic
and acetoclastic methanog in river sediment. These
observations are supported by the stable carbon isotope
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signature of methane (5'°CH,) which shows that both
acetoclastic and hydrogenotrophic pathways take part in
methanogenesis along the vertical profile of the Sitka stream
[66]. The latest results show that the acetoclastic pathway
predominates over the hydrogenotrophic pathway in a whole
bottom sediment imespective of depth and contributes to the
methanogenesis in the Sitka stream with approximately 70 -
80% (unpublished data).

Methanomicrobiales group of methanogens only grow in the
presence of hydrogen, formate and alcohols with the exception
of methanol. The Methanosarcinaceae can utilize all
methanogenic substrates except for formate but the
Methanosaetaceae grow exclusively using acetate as an
energy source [67] whereas Methanobacteriales grow by CO,
reduction. In the Sitka stream sediment, the number of
phylotypes related to Methanomicrobiales and
Methanosarcinales was equivalent. However the number of
Methanosarcinales clones (n=28) was higher over
Methanomicrobiales clones (n=25). As suggested in an earlier
study [68], members of these two orders may be efficient
syntrophic partners in the complete degradation of organic
biomass in freshwater sediments. Only one study mentions
methanogens in river sediment. This research investigated
microbial populations in the extremely metal-contaminated
Coeur d'Alene River sediments but the authors found just three
methanogen phylotypes related to the Methanosarcinales order
[69]. Most of the earlier reports on methanogens diversity were
came from ruminants [70-72].

Moreover, DGGE analyses based on 168S rDNA of the
methanogen community of the Sitka stream hyporheic
sediments also retrieved a resembling number of taxonomic
units at locality no. IV and this supports the results of this study
(unpublished data).

The application of PCR-based technologies for the
investigation of naturally occurring methanogen populations
has several advantages [72]. These methods are effective for
detecting novel sequences, indicating unculturable new
species and providing more complete description of the
methanogen community structure. However, molecular
methods introduce their own bias, such as the favoured lysis of
one cell type over another, leading to the recovery of
unrepresentative DNA fractions or skewed PCR amplification,
where certain bands are favoured over others [33]. Another
form of PCR bias is template reannealing which may occur
during PCR when a high concentration of a product has
accumulated and similar products and templates reanneal to
each other, inhibiting primer binding and further amplification of
a product [73]. It has also been suggested that the variability in
copy numbers and intraspecies and interspecies heterogeneity
of functional genes may represent a source of biases in
microbial ecological studies [74].

Conclusion
To the best of our knowledge, this study is the first analysis
of the methanogenic community composition in river hyporheic

sediments with respect to the process of methanogenesis. The
presence of methanogenic archaea was detected using mcrA
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Table 3. Number of clones and phylotypes and their phylogenetic affiliation to each library.

Variable/ Depth

Phylogenetic affiliation

No. of clones

[depth 0-25 cm) 1 21 (20/1) 1 1
[depth 25-50 cm] 14 7 (1) 5 0
No. of phylotypes

[depth 0-25 cm] 5 6 (51) 1 1
[depth 25-50 cm] 6 4 (1/3) 2 o
Clones occurrence [%]

[depth 0-25 cm] 22 59/3 3 3
[depth 25-50 cm] 54 4123 19 0

dok 10.1371/journal.pone.0080804.1003

gene marker and FISH (MPB-1 oligonucletide probe) to a 50
cm river sediment depth. The data from the mcrA gene
sequencing, retrieved a relatively large number of
methanogenic phylotypes. These results support our previous
measurements and suggest that methanogens contributes
significantly to the hyporheic microbial community and may
affect CH, cycling in the Sitka stream sediments. The results
also indicate the presence of both hydrogenotrophic and
acetoclastic metabolic pathways in the Sitka river sediment.
We hope these findings will be helpful for further research on
the ecological function of methanogens in the carbon cycle in
river hyporheic sediments.

Supporting Information
File S1. Original data of physico-chemical parameters and
variables of the hyporheic interstitial water and sediment

used for Table 2 calculation.
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Biological methanogenesis is linked to permanent water logged systems, e.g., rice field
soils or lake sediments. In these systems the methanogenic community as well as
the pathway of methane formation are well-described. By contrast, the methanogenic
potential of river sediments is so far not well-investigated. Therefore, we analyzed
(a) the methanogenic potential (incubation experiments), (b) the pathway of methane
production (stable carbon isotopes and inhibitor studies), and (c) the methanogenic
community composition (terminal restriction length polymorphism of mcrA) in depth
profiles of sediment cores of River Sitka, Czech Republic. We found two depth-related
distinct maxima for the methanogenic potentials (a) The pathway of methane production
was dominated by hydrogenotrophic methanogenesis (b) The methanogenic community
composition was similar in all depth layers (c) The main TRFs were representative for
Methanosarcina, Methanosaeta, Methanobacterium, and Methanomicrobium species.
The isotopic signals of acetate indicated a relative high contribution of chemolithotrophic
acetogenesis to the acetate pool.

river sedi stable carbon ! fr: depth

profile, methyl fluoride, mcrA, T-RFLP

Introduction

Biogenic methane production is carried out by highly specialized, oxygen sensitive methanogenic
archaea. Usually methanogenesis is therefore restricted to water-logged systems like freshwater
sediments, rice field soils or gut systems (Ciais et al., 2014). Rivers as turbulent systems usually have
well-aerated water bodies. Hence they are not considered to be an important source of atmospheric
methane (Conrad, 2009; Ciais et al., 2014). Even when the methane emission of different fresh water
systems (lakes, wetlands etc.,) is compared, the emission rates of rivers are usually low (Table 1).

Methane emission from fresh water systems is usually estimated using the CHy released from
open water bodies to the atmosphere. These kind of measurements are showing high spatial
fluctuations of methane concentrations (Berger and Heyer, 1989; Lilley et al., 1996; Moura et al.,
2008; Wang et al., 2009; Gar’Kusha et al., 2010; Striegl et al., 2012; Musenze et al., 2014) as well as
seasonal dynamics (Sanders et al., 2007; Gar'’Kusha et al., 2010; Musenze et al., 2014).

However, methane measurements of river water body may not give a conclusive picture
of the methanogenic potential of river ecosystems, since the well-aerated water bodies render
optimal conditions for methanotrophic bacteria possibly scavenging a large portion of the methane
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TABLE1 | from
River Methane emission rate
(mg CHy m~2h-1)

River (Nome Creek)? 35 Crawford et al., 2013

River (Sitka) 0.3-1.6 Hiavacova et al., 2006

Rivers® 0.01-6.67 Bastviken et al., 2011

Rivers 105 Ortiz-Llorente and
Alvarez-Cobelas, 2012

Lakes 18.1 Ortiz-Llorente and
Alvarez-Cobelas, 2012

Wetlands 136 Ortiz-Llorente and
Alvarez-Cobelas, 2012

Estuaries 33 Ortiz-Llorente and

Alvarez-Cobelas, 2012

2Given as 58.2nmol CHs m—2 s~ ®Calculated from Supplementary Material.

produced in the anoxic parts of the river sediment. Indeed the
methane concentrations in the sediment are usually two orders of
magnitude higher than in the surface water as can be seen for our
study site river Sitka (Hlavacova et al., 2005; Rulik et al., 2013)
and several other river sediments (Zaiss, 1981; De Angelis and
Scranton, 1993; Trimmer et al., 2009; Gar’Kusha et al., 2010).

In contrast to these in situ measurements, which to some
extent may be influenced by aerobic methanotrophic activities,
the methanogenic production potential of river sediments can
be obtained with incubation experiments under strict anoxic
conditions in the laboratory. Such experiments have so far
only been conducted for mixed top sediments (Jones et al.,
1995; Avery and Martens, 1999). In river Sitka preliminary
methane production potentials have been estimated with short
time incubations under substrate additions (ca 8 .M acetate)
(Rulik et al., 2013). Since earlier reports in sediment profiles
show vertically dispersed methane concentrations (De Angelis
and Scranton, 1993; Schindler and Krabbenhoft, 1998; Gar’Kusha
et al, 2010; Chen and Yin, 2013) we decided to test the
methanogenic potential of different depth layers of two sediment
cores to define whether these differences are due to different
methanogenic potentials.

In addition we aimed to differentiate the underlying pathway
of methane production. In the well-studied systems (e.g., rice
paddies and lake sediments) methane emission can be linked
to two dominating processes: acetoclastic (Equation 1) and
hydrogenotrophic (Equation 2) methanogenesis:

CH3COOH — CO; + CH4 (1)
CO; +4H; — 2H,0 + CHy 2)

To distinguish the two dominant methanogenic pathways the
natural abundance of stable carbon isotopes can be used if the
313C of methane and of its precursors and the methanogenic
fractionation factors are known (Conrad, 2005). The acetoclastic
methanogenesis expresses a smaller kinetic isotopic effect
(KIE = 1.009—1.027) (Gelwicks et al., 1994; Penning et al., 2006;
Goevert and Conrad, 2009) than the hydrogenotrophic methane
formation (KIE = 1.045—1.073) (Valentine et al., 2004). The
inhibition of acetoclastic methanogenesis by methyl fluoride

(CH3F) allows quantifying the contribution of both pathways
(Janssen and Frenzel, 1997; Conrad et al., 2011).

While the acetoclastic pathway is dominating in e.g., rice
paddy soils [up to 67% of methane release (Conrad, 1999)]
freshwater sediments and gut environments are dominated
by hydrogen driven methanogenesis (Conrad, 1999). The
hydrogenotrophic contribution to methane relase for White Oak
River sediments was reported to be 37-39% (Avery and Martens,
1999).

As a third aspect we were interested in quantifying
the methanogenic community in river sediment profiles
and contrast these findings to well-described ecosystems:
Lake sediments are dominated by Methanomicrobiales and
Methanosaetaceae. They show gradual vertical changes in
methanogenic potential, pathway usage and community
composition (Chan et al, 2005). Investigations of mudflat
sediments of Yangtze River estuary, China showed a dominance
of Meth icrobiales and Meth. inales (Zeleke et al.,
2013). In freshwater systems Methanomicrobiales have been
shown to increase in relative abundance with depth while
Meth inales/ Meth etaceae decrease (Chan et al,
2005; Zeleke et al., 2013). Oxygenated upland soils contain a
less developed methanogenic community than permanently
water-logged systems and are dominated by Methanocellales
and Methanosarcinales (Angel et al, 2012). Rice field soils
are generally characterized by the most complex methanogenic
community (Chin et al., 1999; Lueders et al., 2001; Ramakrishnan
et al,, 2001), which has been attributed to the seasonal change of
oxic and anoxic conditions. We speculated that the methanogenic
community of river sediments will be similar to lake sediments.

In this study, we investigated the methanogenic potential,
pathway usage and community structure in river sediment
depth profiles. We had three main objectives: (1) we wanted to
investigate how the potential methane production rates differ
over a vertical profile of two sediment cores in order to validate
the potential methane emission rates of river sediment compared
to other water logged systems. (2) We wanted to characterize
the underlying pathway usage of methane production using the
natural stable carbon isotope signals. (3) We were interested in
comparing the methanogenic community of river sediments to
community profiles of other well-characterized soil systems.

In general we hypothesized that river sediments will share
some common features with other freshwater sediments but may
also have distinct characteristics due to the water movement and
the higher oxygen load of the overlaying water.

Methods

Sampling Site

The sampling site is situated ca 10 km north of the city Olomouc
in an agricultural field area. Stream width ranges between 4
and 6m during a year. Bottom sediments are composed of
clay, sand and gravel having a median grain size of 0.2 mm.
More physicochemical parameters (e.g., grain median size,
organic carbon content, dissolved O,, DOC, interstitial, CHj
concentration) in the sediments have already been reported
(Buriankova et al., 2012) as locality IV.
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Sediment Sampling

Two sediments cores (60 cm deep) were collected using the freeze
core method (Bretschko and Klemens, 1986) at morning in April
2012. Sediment cores were split up in layers of 10 cm, sieved with
distilled deionized water to 1 mm grain size and stored at 4°C
under river water in closed plastic jars.

Incubation Experiments

For determining the methanogenic potential of sediment and
carbon isotopic composition of methane and carbon dioxide,
the samples were incubated in triplicates under wet anoxic
conditions: 5 g of wet sediment samples were supplemented with
2 ml of distilled water and placed in 27-ml pressure tubes, closed
with butyl rubber stoppers and incubated under N at 25°C; if
needed 3% (v/v of the headspace) methyl fluoride (CH3F) was
added to specifically inhibit acetoclastic methanogenesis (Janssen
and Frenzel, 1997; Conrad and Klose, 1999). Gas subsamples
(0.1-0.4 ml) were taken repeatedly from the headspace using a
gas-tight syringe (VICI) and analyzed for concentration and 8'*C
of CH4 and CO;. Methane production potentials were calculated
as slope of the methane concentration over time using at least
three data points during the linear phase of methane release.
The production potentials are given in nmol CHy per gram dry
weight (DW) per day. The water content of fresh samples was
approximately 24.6% =+ 4.

At the end of the incubation, the vials were sacrificed,
sediments were centrifuged and the supernatants were filtered
through 0.2 — pm polytetrafluoroethylene (PTFE) membrane
filters and stored at —20°C for later analysis of concentration and
813C of acetate (and other fatty acids).

In-Situ Gas Measurements

At morning time in October 2012, sampling of gas ebullition
from river sediments was carried out at the same stream stretch
from where sediment cores were collected. Ebullition samples
were taken in water depths varying from 30 to 80 cm according
to spatial changes in the water level. To collect the samples
we modified the method described by Martens et al. (1992).
The gas was collected in an inverted funnel (20cm diameter)
and transferred into a 6ml gas tight syringe. The gas samples
(2 ml) were then transferred into 12-ml glass vials containing N3
previously sealed with butyl rubber stopper. Nine samples were
sent for carbon isotopic analysis of methane and carbon dioxide
to the Max-Planck Institute for terrestrial Microbiology, Marburg
(Germany).

Chemical and Isotopic Analyses

CH; was analyzed by gas chromatography (GC) using a
flame ionization detector (Shimadzu, Kyoto, Japan). CO,
was analyzed after conversion to CH; with a methanizer
(Ni-catalyst at 350°C, Chrompack, Middelburg, Netherlands).
Isotope measurements of 13C/12C in gas samples were performed
on a gas chromatograph combustion isotope ratio mass
spectrometer (GC-C-IRMS) system (Thermo Fisher Scientific,
Bremen, Germany). The principle operation was described by
Brand (1996). The gaseous compounds were first separated in a
Hewlett Packard 6890 GC using a Pora Plot Q column (27.5m
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length, 0.32mm internal diameter, and 10um film thickness;
Chromopack Frankfurt, Germany) at 30°C and He (99.996%
purity; 2.6 ml/min) as carrier gas. The sample was run through
the Finnigan Standard GC Combustion Interface III and the
isotope ratio of 1*C/'2C was analyzed in the IRMS (Finnigan
MAT Deltaplus). The reference gas was CO, (99.998% purity)
(Air Liquide, Diisseldorf, Germany), calibrated with the working
standard methylstearate (Merck). The latter was intercalibrated
at the Max Planck Institute for Biogeochemistry, Jena, Germany
(courtesy of W. A. Brand) against the NBS-22 and USGS-24
standards and reported in the delta notation vs. Vienna Pee Dee
Belemnite.

8C = 10*(Rsample/Rstandard — 1) 3)

with R =!3C/12C of sample and standard, respectively.

Isotopic analysis and quantification of acetate were performed
on a high pressure liquid chromatography (HPLC) system
(Spectra System P1000, Thermo Fisher Scientific, San Jose, CA,
USA; Mistral, Spark, Emmen, the Netherlands) equipped with an
ion-exclusion column (Aminex HPX-87-H, BioRad, Miinchen,
Germany) and coupled to Finnigan LC IsoLink (Thermo Fisher
Scientific, Bremen, Germany) as described (Krummen et al,
2004). Isotope ratios were detected on an IRMS (Finnigan MAT
Deltaplus Advantage).

The §'3C in the organic matter was analyzed at the University
of Gottigen (Germany) using an elemental analyzer (Fisons EA
1108) coupled to a mass spectrometer. The C, N, and H content
of the sediments were quantified on a CHNS-element analyzer by
the Analytical Chemical Laboratory of the University of Marburg.

Calculations

The carbon isotopic signature was given in the delta notation
relative to the Vienna Pee Dee Belemnite (V-PDB) standard. The
fractionation factor a for a reaction A — B are defined after
(Hayes, 1993):

aa = (8°Ca + 10%)/(3°3Cp + 10%) (a)

Isotopic calculations of fractionation factors and estimation of
the approximate partition of hydrogenotrophic methanogenesis
of the total methanogenesis were calculated according to Conrad
(2005):

The apparent fractionation factor (azpp) for conversion of
CO, to CHy is given by:

Qapp = (3CO; + 10%)/(3CH; + 10°) (5)
where 3CO, and 3CHj are directly measured isotopic signatures
of the carbon in CO;, and CHy, respectively.

Fractionation factor for hydrogenotrophic methanogenesis
(otmc) is given by:

Ome = (8CO; + 10%)/(Bmc + 10%) ()

where 3y is carbon isotopic signature of methane solely
produced from carbon dioxide (directly measured from assays
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inhibited by methyl fluoride). Partition of hydrogenotrophic
methanogenesis is calculated by the following mass balance
Equation (7):

fmc = (5CH4 - 8ma)/ (smc - 8ma) (7)

where fnc is the partition of hydrogenotrophic methanogenesis
and 3, is carbon isotopic signature of methane solely produced
from acetate. It is calculated from the following equation:

3ma = (1/0tma)(8ac + 10° — ma* 103) ®)

where om, is fractionation factors for acetoclastic
methanogenesis and 8,c is the measured isotopic signal of
acetate. Several published ama have been used to estimate
the contribution of hydrogenotrophic methanogenesis e.g.,
(Gelwicks et al., 1994; Penning et al., 2006; Goevert and Conrad,
2009).

Molecular Analyses

DNA was extracted from the fresh sediment before the start
of the incubation and at the end of the incubations (with and
without methyl-fluoride) using the PowerSoil DNA Isolation Kit
(MO BIO, USA), according to the manufacturer’s instructions.
The extracted DNA was used to characterize the mcrA gene by
T-RFLP (Terminal-restriction length polymorphism) according
to Chin et al. (Liu et al, 1997; Chin et al,, 1999) using the
primers mcrA f (TAY GAY CAR ATH TGG YT) and mcrA
r (ACR TTC ATN GCR TAR TT) published by Springer
et al. (1995) with a FAM (6-carboxyfluorescein)-label at the
forward primer. The mcrA gene amplicons were digested with
Sau96l1 (Fermentas), and the products were size-separated in
an ABI 3130 DNA sequencer (Applied Biosystems, Darmstadt,
Germany). For downstream analysis only fragments between
80 and 520 bp have been considered to avoid analysis of false
signals originated from primer residuals, primer dimmers, and
undigested PCR product. The normalization and standardization
of the T-RFLP profiles was done according the method from
Dunbar etal. (2001). The relative abundance was calculated using
the ratio between the height of the fluorescence signal and the
total height of all signals in one sample. To assign the resulting
fragments we used a clone library which was constructed in our
lab in a framework to characterize the methanogenic community
at different locations and depth of River Sitka (Figure S9). The
dominant peaks well-reflect published literature values of other
water logged systems (Lueders et al., 2001; Ramakrishnan et al.,
2001; Chin et al., 2004; Kemnitz et al., 2004; Conrad et al., 2008).

Results

All samples of core I and almost all samples of core II
(except the 20-30 and 30-40 cm depth and the 10-20 cm depth
under inhibited conditions) released methane and all samples
released carbon dioxide under the chosen incubation conditions
(Figure 1, Figures S1, S2). Both cores showed the same vertical
pattern of methane emission rates (Figure 1, Figure S1): The
highest average methane production rates (up to 34 & 11 nmol
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FIGURE 1 | Vertical profile (60cm depth sampled in 10cm slices) of
the ic p of two sed| cores. Core | uninhibited
control No#, core | methyl fluoride (Np + 3% CHgF)#, core Il uninhibited
control Np[J, core Il methyl fluoride (Np + 3% CHgF)l. The methanogenic
potential (in nmol per g dry weight (DW) per day) has been calculated
using the slope of the methane concentration over the last 10-11 day of
the incubation (compare Figure S1). The values of the individual layers
(e.g., 0-10cm) are given as average (e.g., 5cm) The rates are given =+
standard deviation (n =3 — 5).

CH,4 g~! DW day™!) were found in the top 10 cm and in the 40~
50 cm depth layer. The 10-40 cm depth layers as well as the 50—
60 cm depth layer proved low methane production rates (below
9 + 9nmol CH, g~! DW day™) for the first core and negligible
if any methane production for the second core. Roughly threefold
more methane was released under uninhibited conditions in
the top 10 cm; the 40-50cm peak was doubled in the absence
of methyl fluoride. In the presence of methyl fluoride methane
production rates followed the same pattern, again showing the
highest values in the 40-50 cm depth layer of both cores.

The concentrations of free carbon dioxide in the headspace
increased in all sediment layers under all tested treatments in
both cores (Figure S2). During the methanogenic lag phase
carbon dioxide concentrations of both cores increased faster
and later on the increase was slowing down up to the end of
incubation. The upper 10cm of both cores showed the highest
concentrations. Generally methyl fluoride amendment did not
systematically affect the carbon dioxide concentrations.

In both cores the 3'>C of methane for uninhibited controls was
in the range of —98.6 to —48.2%o and for inhibited incubations
in the range of —116.3 to —74.5%0 (Figure 2, Figure S$3). The
313C of methane was not affected by the sampling depth. The
in-situ 813C of methane (—59.0 + 1.2%0, n = 9) was very
close to the methane measured in the maximum methanogenic
depth layers for uninhibited control assays (—59 to —62%o).
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for core () open symbols and core (Il) filled symbols.
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Figures S1, S3.

The 8'3C of carbon dioxide was irrespective of the treatment

1.080

during the incubations in the range of —18.8 to —36.0%. for
all depth layers and both cores (Figure $4). The initially light
CO, (—18.8t0 —25.3%0) usually became heavier during the WG N
incubation; only the samples showing high methane production N\
rates had lighter CO, in the end (Figure $4). The in-situ $13C i O\ i /\ \
carbon dioxide was slightly heavier (—16.3 =+ 1.2%0, n = 9). \ N7

We calculated the apparent fractionation (aapp) for s '\M '3
uninhibited control and inhibited samples using Equations L 3 ey
(5) and (6), respectively, (Figure3). While the apparent ~ N ;
fractionation of core I for the uninhibited samples was on o ;{\’:‘\M‘
average 1.046 + 0.009 (n = 54) ranging from 1.039 (50-60cm) \F‘./.?":' S
to 1.062 (20-30 cm), the inhibited samples were approximately
20%o more depleted in *C: 1.065 + 0.006 (n = 43) ranging s = g3 = s o
from 1.057 (10-20cm) to 1.073 (0-10cm). Only three depth time [d]
layers (0-10, 40-50, and 50-60cm) of core II could be fully = 0stfiem 60 4 g 520220 s el Mo el Mo, W0 0 e
evaluated using prolonged incubation times (30-80 days). The R =102 e A = = e = R e
apparent fractionation of the uninhibited samples ranged from FIGURE 3 | Course of fractionation factors during incubations:
1.039 to 1.065. The inhibited samples again were approximately apparent fractionation factor(xapp) for the core 1. Uninhibited incubations
29%o more depleted in '>C and ranged from 1.069 to 1.088. Itis | in black, methyl fiuoride inhibited samples in gray.

worth noting that the two depth layers with the highest methane
production potentials showed distinct apparent fractionations:
in the top layer the average apparent fractionation was 1.073
in the inhibited and 1.050 in the uninhibited samples; in the
40-50 cm depth layer the apparent fractionation was 1.062 and
1.040, respectively. The average apparent fractionation factor for
the in situ samples was 1.045 + 0.002 (n = 9).

Carbon contents in incubated sediments are listed in Table 2.
They showed no vertical pattern but differed in the two sediment
cores. The average carbon isotope values of organic matter
was —26.3%o (= 0.1%0, n = 12). The acetate concentrations at the
end of the incubations stayed at a relatively low level (<0.02 mM
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TABLE 2 | Depth profiles of two sediment cores.

Depth [cm] Cooil [%] 813Cgqy [Tl Uninhibited methyifiuoride

acetate [mM] 813Ccotate [%0] acetate [mM] 813C,cotate [%0]
CORE I.
0-10 0.6 -26.2 n.d. n.d. 1.53+ 0.6 —4204+1.2
10-20 23 -25.9 n.d. n.d. 0.47 £0.17 —478+79
20-30 0.9 -25.8 n.d. n.d. n.d. n.d.
30-40 29 —26.8 0.02 +0.00 —274%+1.4 0.58 +0.16 -349+19
40-50 23 -26.8 0.03 + 0.00 -27.8+0.2 0.79 £ 0.07 -343+1.0
50-60 1 -26.3 0.02 £ 0.00 -29.6+0.4 0.08 + 0.06 -31.0+1.2
CORE Il
0-10 0.5 —26.4 nd. n.d. 0.31 041 -50.7+1.0
10-20 0.7 —26.3 n.d. n.d. n.d. n.d.
20-30 09 —26.3 n.d. n.d. n.d. n.d.
30-40 0.7 -26 n.d. n.d. n.d. n.d.
40-50 6.8 -26.7 0.02 + 0.00 -275+1.0 116+ 0.27 —40.7+4.9
50-60 24 —26.2 n.d. nd. 0.02 £ 0.01 -38.6+1.3
Soil carbon content and delta '3C values of the original sediments are given together with the acetate concentrations and isotopic signals of ibited and inhibited (CH3F)

experiments at the end of the incubation. n.d. not detected. Values are given + standard deviation n = 3.

uninhibited; up to 1.5mM under CH3F) again showing a peak
in the top 10cm and for the 40-50 cm depth layer. The §13C
values of acetate were in the range of —50.7 to —31%o and —30.8
to —27.5%0 for inhibited and uninhibited incubation assays
respectively, (Table 2). For all sediment samples, the 5'3C of
produced acetate was lower than the 3'*C of organic matter.
Other parameters (e.g., H and N content) are listed in Table S1.

The contribution of hydrogenotrophic methanogenesis
(fmc) was calculated by Equation (7) incorporating measured
33C of methane (Scus4), methane produced purely from
hydrogenotrophic methanogenesis (3xc) and an estimate for the
methane produced from acetate (3ma) based on measured 3C
acetate and fractionation factors of acetoclastic methanogenesis
presented in literature. The time courses of fnc in the core
(I) calculated with am, = 1.009 (Goevert and Conrad, 2009)
is shown in Figure4. In the beginning almost all methane
was produced from hydrogen; later the contribution of
hydrogenotrophic methanogenesis dropped to about 40%. In
core II only three depth layers could be evaluated during the
second half of the incubation period. These samples showed a
contribution of 26-45% of hydrogenotrophic methanogenesis to
the released methane.

The molecular analysis of the methanogenic marker-gene
(mcrA) revealed a significant different methanogenic community
for the top layer in contrast to deeper layers (Figure5).
The community profile (T-RFLP of mcrA) resolves in up
to 11 fragments (Figure S8). The microbial community was
not affected by the incubation under N; or N; + CH3F.
In all depth layers and under all incubation conditions
Methanosarcinacea were the dominant group (22-52%) followed
by Methanobacteriacea (24-56%); Methanomicrobiales were only
detectable in the two active layers (up to 12%). Methanosaetacea
were almost absent in the top layer (below 3%) and reached
a higher relative abundance in deeper layers (10-25%). The

samples of core II have not been analyzed by T-RFLP. However, a
core sampled in 2014 at the same location did confirm the overall
pattern of the T-RFLP but showed a more gradual change of the
community over the depth profile.

Discussion

Methane Production Potentials in River
Sediments

Estimations of the methane production potentials of river
sediments have so far only been made for mixed top sediments:
e.g., White Oak River sediment incubations at 25°C had methane
production potentials of approximately 250 nmol gDW~! d~!
(originally given as 8 uM hr~!) (Avery and Martens, 1999).
Incubations of fresh top sediment layers or river Sitka sampled in
spring 2014 and incubated under similar conditions as reported
in this study resulted in more than tenfold larger methane
production potentials of 469nmol gDW~! d~! (Bednarik
unpublished) compared to 34 nmol CHy gDW~! d~! reported
for the top 10cm in this study. While top sediments of the
Elbe River had maximum potential methane production rates
of 552nmol gDW~! d~! (Matoust in preparation). This would
suggest that the methane production potential of river sediments
reaches methane production potentials up to 552 nmol gDW !
d~!. For comparison lake sediments have a methane production
potential of e.g., 9-3380 nmol gDW~! d~! (Conrad et al., 2010,
2011) while rice field soils show methane production rates of
3360-7920 nmol gDW~! d~! (Conrad et al., 20093, 2012).

In order to better understand the methanogenic potential
of river sediments we incubated several depth layers of two
sediment cores under anoxic conditions in the laboratory. While
published data of in situ measurement of methane concentrations
in river sediments pointed to diverse vertical profiles, reaching
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several hundred pM (Table 3) it is as well-possible that the in situ
concentrations are independent from the underlying methane
production potential.

Indeed we find two distinctive peaks of methane production
in the present study (up to 34nmol gDW~! d~!) which
correlated with higher CO, production in these layers and acetate
accumulation in the inhibited samples. These peaks are present
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I. Calculated assuming a fractionation factor of aapp = 1.009 for
acetoclastically produced methane. (Compare Figures S5, S6). The 20-30cm
depth did not release methane under inhibited conditions; hence the
contribution of hydrogenotrophic methanogens could not be calculated for
that sample.

in both cores which have been separately analyzed. The earlier
reported preliminary methane production potentials for River
Sitka under substrate addition (ca. 8 WM acetate) were much
lower (below 6 nmol gDW~! d~') and only based on two time
points and a very short incubation time (72 h) (Rulik et al.,
2013). Since we could show that roughly 40% of methane is
produced hydrogenotrophically, these short time incubations
under substrate addition may not reflect the natural conditions.
However, already these incubations showed two distinct peaks for
the top sediment and 40-50 cm depth. In this respect it is worth
to note that the lag phase of our incubation experiments lasted for
about 15-35 days (Figure S1), which is most probable due to the
presence of other electron acceptors which have to be depleted
before methanogenesis starts.

The methane production potential of the top layer is paralleled
by high oxygen saturation (>80%) (Rulik et al,, 2013), low
in situ methane concentrations (Table 3) and high activities of
methanotrophic bacteria [Figure S7 and (Rulik et al., 2013)]. The
second peak goes along with lower oxygen saturation (17.5%)
(Rulik et al., 2013), intermediate in situ methane concentration,
and reduced methanogenic activity. However, it is presently not
clear why the intermediate zone (10-30cm) shows almost no
methanogenic potential.

Methanogenic Pathways in River Sediments

Our result shows that carbon isotopic values of methane
measured both in situ (—59%) and in different incubations of
depth layers (—68 to —59%0) were in the broad range of 5!°C
of methane measured in other studies in rivers e.g., in situ
measurements from the Amazonian rivers ranged from —75
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FIGURE 5 | Relative of important groups as end of incubations under N, (control incubations) or N + 2% CHaF

(inhibition of acetoclastic methanogenesis). Details on T-RFLP results are
given in Figure S8.
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TABLE 3 | Methane concentration in depth profiles of river sediments.

River Sample description Depth (cm) CH, concentration (M) References
Hudson Station 118 Aug. 23, 1991 50 0.105 De Angelis and
Scranton, 1933
1000 0.99 De Angelis and
Scranton, 1993
2000 0.108 De Angelis and
Scranton, 1993
Sevemaya Dvina River Station 20 0-5 0.5 Gar'Kusha et al., 2010
(White Sea) 5-10 3 Gar'Kusha et al., 2010
Allequash Creek Lower site 20 430 Schindler and
Krabbenhoft, 1998
(Wisconsin, USA) 60 410 Schindler and
Krabbenhoft, 1998
180 400 Schindler and
Krabbenhoft, 1998
Upper site top 2 chindler and
Krabbenhoft, 1998
Jiulong River Estuarine 90 6 Chen and Yin, 2013
100-140 2-3 Chen and Yin, 2013
150 6 Chen and Yin, 2013
Sitka Location V 10 20 Rulik et al., 2013
20 175 Rulik et al., 2013
30 300 Rulik et al., 2013
40 175 Rulik et al., 2013
50 260 Rulik et al., 2013

to —53%o (Moura et al., 2008) but slightly heavier than methane
collected from interstitial water at 40-50 cm depth in Sitka (—72
to —68%o) (Rulik et al., 2013).

Assuming complete inhibition of acetoclastic methanogenesis
in the presence of methyl fluoride (CH3F) the isotopic
signal of the methane can be completely attributed to
hydrogenotrophically produced CHy (8y,c). The range for the
apparent fractionation reported in our study (cmpp = 1.04 to
1.06) have quite commonly been observed in e.g., rice field soils
(Sugimoto and Wada, 1993; Chidthaisong et al., 2002; Penning
and Conrad, 2007; Conrad et al., 2009b).

The fractionation factor (ams) during conversion of total
acetate to methane in Methanosarcina acetivorans and M.
barkeri ranges from om, of 1.012-1.027 (Gelwicks et al., 1994;
Conrad, 2009; Goevert and Conrad, 2009), whereas isotope
fractionation in Meth ta spp. is ker, i.e., ama of 1.007-
1.009 (Valentine et al., 2004; Penning et al, 2006). From
an earlier study, it was found that both acetoclastic genera
Methanosarcina spp. and Methanosaeta spp. occur in Sitka
sediments (Buriankova et al., 2013). Therefore, we calculated
the contribution of hydrogenotrophic methanogenesis with all
published fractionation factors ranging up to ama = 1.027
(Figure S5). However, 0ma 1.009 is maybe most reasonable
because fractionation factors of acetoclastic methanogenesis
under environmental settings are approximately 5-10%o less
negative than in pure culture, which is probably due to limitation
by acetate (Penning and Conrad, 2007; Conrad, 2009; Goevert
and Conrad, 2009). We used the isotopic value of the total acetate

for our calculations, which may be incorrect since we find a
high contribution of acetogenesis to the acetate pool (compare
Discussion below). If we use the isotopic signal of the soil organic
carbon as a proxy for the acetate values we get almost the
same results (Figure S6 and accompanying discussion). When
carbohydrates are methanogenically degraded fmc is expected
to be 33%, which is commonly observed in e.g., rice field soils
(Conrad, 1999). Other environments like e.g., lake sediments
can have much larger contributions of hydrogenotrophically
produced methane (Conrad, 1999). Estimates of f;,c for White
Oak River sediments were reported to be 37-39% (Avery and
Martens, 1999) which is in good agreement with our own results
(40%). Comparing the different layers of our depth profile it
was found that the upper maximum (0-10 cm) produce slightly
more hydrogenotrophic methane 42-51% than the 40-50cm
layer 36-46%.

Isotope Fractionation during Acetate Production

While the major sink of acetate in methanogenic environments
is methane two dominant mechanisms are known to replenish
the acetate pool: Acetate is produced either by fermentation of
organic matter or by reduction of CO; with H; via the acetyl-CoA
pathway (acetogenesis) (Drake et al., 2006). Hence the in-situ
313C value of acetate is influenced by all three reactions (Heuer
et al, 2010; Conrad et al,, 2014). Acetoclastic methanogenesis
has a moderate fractionation around o = 1.01 (see Discussion
above), fermentation has only a very weak preference for either
carbon isotope [ < 1.009 (Blair et al.,, 1985; Penning and
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Conrad, 2006)], a stronger preference for light carbon has been
determined for the acetyl-CoA pathway [a = 1.06 (Gelwicks
et al., 1989; Blaser et al., 2013)]. In principle syntrophic acetate
oxidation coupled to hydrogenotrophic methanogenesis is an
alternative route to deplete acetate (Zinder and Koch, 1984;
Conrad and Klose, 2011; Rui et al., 2011; Dolfing, 2014).

As a result of all three reactions the acetate signatures in
environmental samples are usually in the range of the soil
organic carbon (£ 10%o) e.g., (Conrad et al., 2011, 2014). The
presence of methyl fluoride blocks the only acetate depleting
reaction (in our experimental set up) and hence results in an
accumulation of acetate. In most studies this acetate however
does no significantly differ from the acetate signature of the
uninhibited control incubations under N, e.g., (Heuer et al,,
2010; Conrad et al., 2011). In our sample the acetate signatures
of the uninhibited samples are similar to the '*C values of soil
organic carbon, while inhibited samples are always depleted in
13C relative to the soil organic carbon (—5 to —24%c; compare
Table 1). This may point to a relative high contribution of the
strong fractionating acetyl-CoA pathway to the acetate signature
under these conditions.

If we assume complete inhibition of acetoclastic
methanogenesis in these samples and no fractionation during
fermentation, the contribution of the acetyl-CoA pathway can
be calculated to be 8-41% (Table S2). If a stronger fractionation
during fermentation (@ = 1.01) is assumed the contribution
is between 0 and 29%. In comparison we calculated a lower
contribution of acetogenic bacteria for data published by Conrad
et al. (2011) on anoxic lake sediments: 0-19% (no fractionation
scenario) or 0-3% (a = 1.01).

Under methyl fluoride inhibition the acetyl-CoA pathway
competes with hydrogenotrophic methanogenesis for the
substrates hydrogen and carbon dioxide which are either reduced
to acetate or to methane. Since methanogenesis is energetically
more favorable than acetogenesis (131 vs. 95 kJ mol™!) it
outcompetes acetogenesis in many environments (Kotsyurbenko
et al, 2001). Acetogenesis can become dominating under
elevated hydrogen partial pressures: e.g., Heuer et al. reported
strongly depleted acetate (Sacetate = —48.8%o for lake sediments
incubated under elevated hydrogen partial pressure (Heuer
et al,, 2010). Likewise low temperatures favor the prevalence of
acetogens over hydrogenotrophic methanogens (Kotsyurbenko
et al, 2001). Oxygen is a third factor in favor of acetogenic
bacteria which are better adopted to aerated environments than
methanogens (Kuesel and Drake, 1995).

Our data suggest that acetogenic bacteria contribute up
to 40% of the produced acetate in river sediments (under
CH3F inhibition) and that they can effectively compete with
hydrogenotrophic methanogens. Therefore, acetogens may play
an important yet not well-characterized role in river sediment
ecology.

Methanogenic Community Profile

The methanogenic community based on T-RFLP of mcrA has so
far primarily been described for rice field soils (Lueders et al.,
2001; Ramakrishnan et al., 2001; Chin et al, 2004; Kemnitz
et al, 2004; Conrad et al., 2008). Most of the fragments we

found in the clone library of river systems were identical with
previously published T-RF’s. The only exception was the 473
bp fragment, which is distinct from the 470 bp fragment of
Methanobacteria (Lueders et al., 2001; Chin et al., 2004) and
could be assigned to the order of Methanomicobiales using
cloning and sequencing (Figure S9). This fragment was only
present in the two layers showing high methanogenic potentials.
The absence of Methanosaetacea in the top layer is plausible
since they are commonly found in permanent anoxic systems
like fresh water sediments (Banning et al.,, 2005; Chan et al,,
2005; Youngblut et al., 2014) but only dominate in rice paddies
when acetate is scarce (Lueders et al., 2001; Ramakrishnan et al.,
2001; Chin et al., 2004; Kemnitz et al., 2004; Conrad et al., 2008).
This has been attributed to a reduced stress tolerance of these
strains e.g., lower oxygen tolerance (Erkel et al., 2006; Yuan
etal, 2011). Molecular data based on the mcrA gene suggest that
the methanogenic community is stable over the depth (ca. 107
merA copies g~! DW, Chaudhary et al,, in preparation). Likewise
the pathway usage (compare Discussion above) is only mildly
affected by the sediment depth. It is therefore most plausible that
the differences in the methane production potential are caused by
the activity of different methanogenic archaea and may as well be
influenced by substrate availability. Indeed the 40-50 cm depth
peak has the highest organic carbon content in core II (compare
Table 2).

Our study revealed no difference in the T-RFLP profiles
before and after incubations suggesting that the methanogenic
community was rather stable over the approximately 2 month
incubation period. Similar results have been found for rice field
soil incubations (Yuan et al., 2011; Ma et al., 2012) and river
sediment (Beckmann and Manefield, 2014). It can therefore
be assumed that the differences in the methanogenic potential
are regulated on the RNA or activity level of mcrA rather
than caused by growth of the methanogenic archaea. This
would also explain why the second methanogenic peak in the
potential measurements (40-50cm) could not be anticipated
by the molecular data alone. The presence of methyl fluoride
did not impact the T-RFLP profiles. This is in agreement with
Daebeler et al. which showed that the presence of methyl-
fluoride impacts the methanogenic activity rather than changing
the community composition of methanogenic archaea (Daebeler
etal., 2013).

Conclusions

Our experiments show that methane is produced in anoxic
incubations of river sediment cores. Methane production is
vertically organized showing two distinct maxima in the top
layers and in 40-50 cm depth. The magnitude of the calculated
methane production rates in rivers covers a broad range but
is on average lower than the reported potential of other water
logged systems (lakes, rice paddies). Likewise, the pathway
usage (contribution of hydrogenotrophic methanogenesis) is
comparable to previously studied fresh water systems. Under
methyl fluoride inhibition the *C value of acetate is unusually
light pointing to a high contribution of acetogenic bacteria. The
methanogenic community composition was different in the top

Frontiers in Microbiology | www.frontiersin.org

May 2015 | Volume 6 | Article 506



Mach et al.

Methanogenesis in river Sitka sediments

sediment while the lower segments share similar methanogenic
fingerprints.
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