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Abstract. Temporal drying of upper soil layers of acidic 1 Introduction

methanogenic peatlands might divert the flow of reductants

from CHy formation to other electron-accepting processesAcidic wetlands (pH<5.0) represent a vast type of northern
due to a renewal of alternative electron acceptors. In thisyetlands in Eurasia and North America (Harriss et al., 1993).
study, we evaluated the in situ relevance of Fe(lll)-reducingwaterlogging, low temperatures, and low nutrient quality of
microbial activities in peatlands of a forested catchment thaiplant litter impair decomposition of plant litter, favoring the
differed in their hydrology. Intermittent seeps reduced se-accumulation of organic carbon. Emission estimates of the
quentially nitrate, Fe(lll), and sulfate during periods of water greenhouse gas methane (QHrom wetlands range from
saturation. Due to the acidic soil conditions, released Fe(I1)92 to 232 Tg CHyear ! (Wuebbles and Hayhoe, 2002). Al-
was transported with the groundwater flow and accumulatedhough rates of Cld production were shown to be corre-
as Fe(lll) in upper soil layers of a lowland fen apparently duelated with water-table depth, peat chemistry and vegetation
to oxidation. Microbial Fe(lll) reduction in the upper soil type (Verville et al., 1998), pathways of Ghproduction are
layer accounted for 26.7 and 71.6% of the anaerobic organistill not well understood. Generally, two-thirds of the bio-
carbon mineralization in the intermittent seep and the low-genic CH; produced in wetlands originates from acetoclastic
land fen, respectively. In an upland fen not receiving exoge-methanogenesis (Conrad, 1999). However,GD, appears
nous Fe, Fe(lll) reduction contributed only to 6.7%. Fe(ll) to be a significant precursor in northern peatlands (Avery et
and acetate accumulated in deeper porewater of the lowlandl., 2003; Horn et al., 2003). Acetate even accumulates in
fen with maximum concentrations of 7 and 3 mM, respec-some peatlands as a terminal product of anaerobic decompo-
tively. Both supplemental glucose and acetate stimulated thgition indicating that it is not the primary source of gthat
reduction of Fe(lll) indicating that fermentative, incomplete, is emitted from such habitats (Hines et al., 2001; Duddleston
and complete oxidizers were involved in Fe(ll) formation in et al., 2002). Acetate consumption appears to occur in these
the acidic fen. Amplification of DNA yielded PCR prod- peatlands after diffusion into oxic environments where it is
ucts specific forAcidiphilium- Geobacter- and Geothrixs oxidized to carbon dioxide (C£).

but not for Shewanella-or Anaeroromyxobacterelated se- High-latitude regions are expected to experience a tem-
quences. Porewater biogeochemistry observed during a 3yerature increase as a result of global climate change, and
year-period suggests that increased drought periods and sugfimate models predict a decrease in annual precipitation in
sequent intensive rainfalls due to global climate change willjmost European regions during the next decades (International
further favor Fe(lll) and sulfate as alternative electron ac-panel on Climate Change (IPCC), 2007). Thus, transient dry-
ceptors due to the storage and enhanced re-oxidation of thejhg and oxidation of upper soil layers might divert the flow of
reduced compounds in the soil. reductants from Chiformation (Blodau et al., 2004) to other
electron-accepting processes due to the renewal of alternative
electron acceptors. Atmospheric nitrogen and sulfate deposi-
tions might further enhance the activity of sulfate and nitrate
reducers under changed climatic conditions in northern peat-
lands similar to other wetlands (Gauci et al., 2002; Lamers et

Correspondence tK. Kusel al., 2002; Vile et al., 2003). However, addition of alternative
BY (kirsten.kuesel@uni-jena.de) electron acceptors to ombrotrophic bogs and minerotrophic
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Table 1. Characteristics of the seep and both fens from a forested catchment

Field site Vegetation Groundwater Soiltype Depth Dry PH orC Niotal Fe; Fe,
tabledepth (cm) weight (Cagl (%) % (gkgh)? (gkg1)©
(m) (%)
Intermittent Sphagnunmosses, 0.1-to-1.0 Dystric 0-10 17.8 3.2 372 2.0 2.1 2.0
seep Vaccinium myrtilus Gleysol 10-20 195 34 429 2.4 3.6 3.0
20-30 235 3.6 347 1.9 2.7 2.3
upland fen  Sphagnunmosses, 0.2 Fibric 0-10 10.6 41 424 1.8 0.5 0.5
Carexsp., some Histosol  10-20 9.5 42 440 1.9 0.4 0.4
spruce stockings 20-30 9.6 44 394 2.1 0.3 0.4
lowland fen Molinia caerulea 0.1 Fibric 0-10 5.7 46 38.0 1.9 18.9 14.2
Eriophorum Histosol  10-20 10.0 4.3 40.0 15 9.8 8.7
vaginatum 20-30 13.6 44 343 1.6 3.4 2.7

@ Presented are the averages from duplicate soil samples.
b Fe; refers to pedogenic Fe-oxides.
€ Fe, refers to poorly crystallized Fe-oxides, hydroxides, and associated gels.

fens incubated in anoxic jars do not universally divert carbontheir hydrology, and (2) to achieve a better understanding of
and electron flow from Chiformation (Dettling et al., 2006). the flow of carbon in acidic habitats and of their inherent

534S values and®S-labeling patterns indicate that the dis- Fe(lll)-reducing community.
similatory reduction of sulfate is an ongoing process in acidic
seeps and fens of a forested catchment in northern Bavaria;z Material and methods
Germany (Lehstenbach, Fichtelgebirge) (Alewell and Giese-
mann, 1996; Alewell and Novak, 2001) like in peat bogs
(Wieder and Lang, 1988). In minerotrophic fens which are

connected to the groundwater flow, ferric iron [Fe(lll)] can The sites are located in the Lehstenbach catchment (Fichtel-
be another potential electron acceptor. Fe(ll) concentratiorgebirge, Northeastern Bavaria, Germany), with a highest el-
profiles hint to microbial Fe(lll) reduction in pH neutral fens eyation of 877 m a.s.l. and an area of 4.2%mNinety
adjacent to agricultural fields (Todorova et al., 2005), ando is covered by Norway spruc®icea abieqL.] KARST.)
Fe(lll) reduction appears to parallel Gformation in north-  of different age classes, and thirty % of the catchment soils
ern acidic wetlands (Metje and Frenzel, 2005). Fe(lll) re- gre fens and seeps. Upland soils in the catchment have de-
duction might compete with methanogenesis fordd ac-  veloped from weathered granitic bedrock and are predomi-
etate (Roden and Wetzel, 2003). Most Fe(lll) reducers carhantly Dystric Cambisols and Cambic Podzols (WRB sys-
use one or more alternative electron acceptors (Lovley et a'-tem). The annual precipitation in the catchment varies be-
2004), which might be advantageous in upper peat layers thafyeen 900 and 1160 mmyt and the average annual tem-
experience redox fluctuations due to water-table variations Operature is 5C. The site Sclidppnerbrunnen | (5®814" N,
oxygen release by plant roots. While Fe(lll) exists predomi-11°5307” E) is a fen which is located in the upper part of
nantly in the solid phase as oxyhydroxide minerals at circum-the catchment (upland fen), dominated3yhagnunmosses
neutral pH, Fe(lll) is more soluble under acidic conditions alternately covered with patches\gdccinium myrtillugL.),
(LOVley et al., 2004) HOWeVer, most cultured Fe(”l) reduc- Juncus eﬁusue__)' Carex n|gra((L) Reichard))'CareX ros-
ers are neutrophiles and have only negligible capacities tqrata (Stokes), andCarex canescend..) (Table 1). The
reduce Fe(lll) under moderately acidic (pH 3-6) conditions. yearly mean groundwater table depth approximated 0.2 m.
Thus, we have only a marginal understanding of the flow ofsome lower situated soils in the catchment Lehstenbach are
carbon and reductant in acidic, Fe(lll) rich habitats and ofonly water saturated if the groundwater level increases dur-
their inherent Fe(lll) reducing microbial communities (Vile jng autumn and winter. In these seeps, represented by the site
and Wieder, 1993; Cummings et al., 2000, 2003; Blodau etk ghlerloh (intermittent seep), the groundwater level reaches
al., 2002; Petrie et al., 2003; Adams et al., 2007%tBé et the soil surface during autumn, winter, and spring, whereas it
al., 2008). is about 0.5-to-1 m below the surface during summer. Open
The main objectives of this study were (1) to provide ex- areas at the seep are vegetated v@dfhagnunmosses or
perimental evidence on field based data for diverted flow ofare partly covered with dense layer \gccinium myrtilus
reductants from Cllformation to other electron accepting The fen Schidppnerbrunnen 1l (5838’ N, 11°51'41" E)
processes in upper soil layers of peatlands which differ inis completely overgrown biollinia caerulea (L. Moench),

2.1 Field site description
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Eriophorum vaginatungL.), Carex canesceng..), andJun- incubation in the dark at 2&. Fe(ll) formation rates were
cus effusugL.). It is located down slope in the catchment calculated by linear regression analysis during the time pe-
and close to the runoff (lowland fen). The mean groundwa-riod of linear increase of Fe(ll) (glucose, 4 days; acetate, 8
ter table approximated 0.1 m. days; lactate, Bland control 7 days).

Three intermittent seeps located upstream of the lowland
fen were also sampled in October 2003. These seeps wer@4 Enrichments of Fe(lll) reducers
covered with sprucéyaccinium myrtillus and somesphag-

NUMMOSSES. Five g (wet wt) soil of the lowland fen (0—10 cm) obtained in

October 2003 was mixed with 95 ml of dilution bufferijkel
et al., 2001) and further diluted in a tenfold dilution series,
which were used to inoculate an anoxic, undefined medium

Porewater from the upper 40 cm of the fens site was sampled/ith @ pH of 5.2 that was supplemented with 40mM amor-
with dialysis chambers every two months during the time pe-Phous ferric hydroxide [Fe(Ol) and either acetate (S mM)

riod from the end of July 2001 to July 2004 with an interrup- ©F H2 (10ml) as previously described @he et al., 2008).
tion during the winter months due to coverage of the catch-Bromoethanesulfonate (BESA) was added (15mM) to in-

ment with snow and ice as previously reported (Schmalen-hibit methanogenesis. Tubes were incubated in the dark at

berger et al., 2007). The intermittent seep was only sampled? C for 3 months.
during periods of water saturation. The hot summer of 20032 5  Analvtical methods
lead to a drying of the topsoil of the lowland and the upland ™ y

2.2 Porewater collection

fen down to a depth of 5-to-10cm. The pH was measured with a U457-S7/110 combination pH
) o electrode (Ingold, Steinbach, Germany). Headspace gases
2.3 Anoxic soil microcosms (Hp, CO, and CH;) were measured with Hewlett Packard

- S . _— ., Co. (Palo Alto, CA, USA) 5890 series Il gas chromatographs
For determining rates of anaerobic microbial activities, soil (Kuisel and Drake, 1995). The reduction of Fe(lll) was deter-
samples from three replicate sites and different dept_hs (a_pr'nined after acid extraction by the amount of Fe(ll) formed
proximately 0_10.' 10_2.0’ a-n(.j 20-30cm) were obtained Min anoxic incubations. Aliquots (0.2 ml) of the media or
September 2001 in sterile airtight vessels and transported 8¢ the soil suspension were taken by sterile syringes and
the laboratory. Replicates were pooled and processed withi ansferred to 9.8 ml of 0.5N HCI and incubated for 1h at

4.h' fllzoukrty I?/I(Wit Xvé)ssog_ W'aks plascepl intlo 1dZSmI dinfu- room temperature (#sel et al., 1999). Fe(ll) was measured
sion flasks (Merc o ietikon, Switzerland) inside an after the addition of acetate by the phenanthroline method
O_z-free chamber (100% Ngas phase). Bottles were c!osed (Tamura et al., 1974). Pedogenic iron flrevas extracted
ylwth rubb?r stopp_e rs ar:jd_ scriw—cgp Sialsé ﬂLl‘(Sheg W.'tr? Stith dithionite-citrate-bicarbonate solution (Mehra and Jack-
tie-argon for 15min, and incubated in the dark at@3wit son, 1960). Poorly crystallized iron oxides, hydroxides, and
an initial overpressure of 20-25kPa argon 6.“ room temper, <o ciated gels (Fewere extracted with acidic ammonium
atu_r €. Headspace gases were taken by sterile, argon ﬂUSh% alate solution (Schwertmann, 1964). Extracted Fe was
syringes from th(_ese bottles. Gas values were estimated b easured by atomic absorption spectrometry (Unicam 939
Heqry’s law and mcludgd the total amounts in both gas an pectrometer, ThermoNicolet GmbH, Offenbach, Germany).
liquid phas;os. ITO faqhta;e_ samp(;mg of wa_tt;r solle'bIef pa(; Short chain aliphatic acids and alcohols were determined
rameters, 40m anoxic, elonize .water wit apro 50 \yith Hewlett-Packard 1090 series I high-performance lig-
were a_ldded_ to another set of soil mlcrocosms_wnh 49 9 (Wetuid chromatographs (el and Drake, 1995). The detection
wt) soil. Adjustments of pH were performed with sterile so- limits for short chain fatty acids approximated 54 and
lutions of 10N HCI and 10 N NaOH. All microcosms were of alcohols 3Q:M at an injection volume of 20@l. Dis-
doqe in three replicfa\tes. At. 8 “T“e points, samples were take'golved organic carbon (DOC) was analyzed with a liquiTOC
during 15 days of mcubapon in the dgrk ars AC“V"Y Foss-Heraeus, Hanau, Germany) with a detection limit of
rates were calculated by linear regression analysis during th 01M. NH and NG;/NO; were determined by flow injec-
time period of linear increase of reduced compounds or Iin-tion analys?s with a detectzion limit of @M (QuickChemAE,
ear decrease_o_felectron acceptors. Lachat Instruments, Milwaukee, WI). 50 was measured
For determining the effect of supplemental electron donorsby ion chromatography with a detection limit of.@/ (DX-
on Fe(ll)-reducing activities, soil samples (0-10 cm depth) 100 with AS4 A column; Dionex, Sunnyvale, CA). Sulfide

were obtained from the lowland fen in March and OCto- a5 measured by the Cline procedure with a detection limit
ber 2002. Thirtyfive g (wet wt) soil was mixed with 70ml ¢ 54M (Cline, 1969).

anoxic, deionized water with a pH of 5.0. Glucose (2.5 mM),
acetate (2mM), or lactate (2 mM) was added from sterile
anoxic stock solutions; $(10 ml) was added as sterile gas.

At 10 time points, samples were taken during 15 days of

www.biogeosciences.net/5/1537/2008/ Biogeosciences, 5, 15322008
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Table 2. Anaerobic activities of seep and fen soils in anoxic microcosms of September 2001.

Site Depth Rate of formation or consumption F&l) Onsetof CH
cm [nmol g (wet wt soily 1 d—1]2 [umol g (wet wt soil) 1] formation
NO; Fe(ll) SOG~ CO; CHy (days)
intermittent seep 0-10 —98.6 693 —-21.0 649 1.6 8.1 11
10-20 -48.0 487 1.2 215 0 55 na.
20-30 n.a. 544 48 198 0 35 n.a.
upland fen 0-10 -50.0 47 —-19.0 175 25 0.7 1
10-20 n.a. 19 -11 121 63 0.4 4
20-30 n.a. 38 -02 44 30 0.4 4
lowland fen 0-10 na. 1177 -3.2 411 619 15.8 0
10-20 n.a. 430 —-0.34 253 244 8.5 0
20-30 n.a. 379 -0.0 161 102 54 0

@ Presented is the average rate observed in triplicate microcosms.
b Final Fe(ll) concentrations after Fe(lll)-reduction was completed.
¢ n.a. not applicable. No CjHwas formed or no NQ was present

2.6 DNA extraction, PCR amplification on an Applied Biosystems 3100 Genetic Analyzer with Cap-
of 16S rRNA genes illary Electrophoresis. Sequences were assembled using Se-
guencher v4.5 (Gene Codes Corp., Ann Arbor, MI) and prior
DNA was extracted from lowland fen soil (0-10cm to phylogenetic analysis, vector sequences flanking the 16S
depth) obtained in October 2003 and May 2007 us-rRNA gene inserts were removed. Previously identified se-
ing the MOBIO Power Soil DNA extraction kit ac- quences with high sequence similarity to the clones obtained
cording to manufacturer's instructions.  Aliquots of in this study were determined using the BLAST algorithm
DNA were PCR amplified usin@acteria domain-specific  against the GenBank database available from National Cen-
(GM3, GM4; Muyzer et al., 1995) and 16S rRNA gene ter for Biotechnology Information (NCBI) (Altschul et al.,
primers specific foAcidiphilium (Acido594F, Acido1150R;  1990). Clone sequences were checked for chimeras and
Wulf-Durand et al., 1997), bioleaching-associated bacte-aligned with reference sequences in the ARB software pack-
ria (Ferro458F/Ferro1473R; Wulf-Durand et al., 1997), age as previously described {#fe et al., 2008). Dendro-
Geobacter(GM3, 825R; Snoeyenbos-West et al. 2000), grams were constructed in the ARB software package by
Geothrix(Gx182F, Gx472R; Snoeyenbos-West et al., 2000),adding 16S rRNA sequences to the distance-matrix tree using
Shewanella(Shw783F, Shw1245R; Snoeyenbos-West etpPARSIMONY_INTERAKTIV without changing the overall
al., 2000) as previously described ¢Bte et al., 2008). tree topology (Ludwig et al., 2004). The coverage of the
Anaeromyxobactespecific PCR was performed according clone libraries were calculated (Singleton et al., 2001), and
to the method described by Wu et al. (Ab112F, Ab227R;the sampling efficiency within clone libraries was assessed
2006). using Analytica Rarefaction 1.3 softwarbtf://www.uga.

. ) edu/strata/softwargdriginally derived by Heck et al. (1975).
2.7 Clone library construction

. _ - 2.9 Nucleotide sequence accession numbers
PCR amplicons produced with group-specific 16S rRNA

gene primers were cloned using the pGEM®-T vector andThe 16S rRNA gene sequences presented in this study have
Escherichia coliJM109 competent cells according to the been deposited in the EMBL database under the accession
manufacturer’s instructions (Promega, Madison, Wl USA). numbers AM941453-AM941457 fokcidiphilium-affiliated
Clone libraries were screened by restriction fragment lengthl6S rRNA gene sequences, AM941458-AM941489 for
analysis (RFLP) as previously described dBle et al., Geobacteraffiliated 16S rRNA gene sequences, and
2008). All clones screened using RFLP were grouped intoAM941490-AM941491 forGeothrixaffiliated 16S rRNA
phylotypes according to RFLP banding patterns. gene sequences.

2.8 Phylogenetic and statistical analyses

Representative clones for each RFLP phylotype were se-
quenced bidirectionally using a Big-Dye Terminator v3.1
Cycle Sequencing kit (Applied Biosystems, Foster City, CA)

Biogeosciences, 5, 1537549 2008 www.biogeosciences.net/5/1537/2008/
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3 Results
012+, Fedll ) 24{:
3.1 Fe(lll)-reducing activities —_ r —O Methane S
F::. o010 L —@— Sulfate 1 % 2
The intermittent seep and the lowland fen displayed high 'g f
Fe(ll) formation rates during the first 7 days of incubation 5 Lol 1 16 ‘1;’
and reached high amounts of Fe(ll) formed compared to the < ‘ -
upland fen (Table 2). The lowland fen was depleted in ni- 2 | 5
trate, and consumption of sulfate started after Fe(ll) forma- o 0.6 112 €
tion reached the plateau (Fig. 1). However, {drmation © ] 2
paralleled Fe(lll) reduction in all soil depths (Fig. 1, and data g_ 004 - 1s I
not shown). These parallel activities were not observed in " ] }:j
the intermittent seep and the upland fen. The upland fen dis- :@‘ ] )
played higher sulfate-consuming activities than the lowland S 002 - 14 E
fen (Table 2). The intermittent seep showed negligible in situ « ] g
methane forming activities. 0.00 I 1o e

The initial rate of Fe(ll) formation in the topsoil of 0 : 2 : "1 ' ('5 ' 8 ' 1‘0 ' 1‘2 T 1
the lowland fen was even slightly higher in March 2002 Ti d
[1840 nmol g (wet wt soily1d~1] than in September 2001 ime (days)
(Table 2). Apparently, the topsoil was more oxidized in _ _ _
March, because the initial Fe(ll) concentration approximated™ig- 1. Formation of Fe(ll) and Ciiand consumption of sulfate in
only 1.7zmol g (wet wt soily ! compared to 7.3mol g (wet anoxic microcosms of soil obtained from the lowland fen (0—10cm
wt soil)~1 in September. However, both experiments yielded dep.th). n Septgmber 2001. Presented are the avetagésndard
L . . - deviations of triplicates.
similar maximum concentrations of Fe(ll) at the end of incu-
bation (Figs. 1 and 2) which were equivalent to 70% of the

Fe; content of the soil.
In general, the upland and the lowland fen showed stronger

reduced conditions than the seep. Both fens showed sim-
ilar qualitative biogeochemical porewater patterns during

To detect the source of the high Feoncentrations in the (he three year sampling period. However, the lowland fen
showed up to 35-fold higher concentrations of Fe(ll), up to 3-

lowland fen (Table 1), 3 intermittent seeps were sampled up . .
stream of the lowland fen, and the upper 5 to 15cm Iayerf°|d lower concentrations of sulfate, and up to 2-fold higher

of each soil was incubated under anoxic conditions. Thes&oncentrations of Cldin the porewater than the upland fen.
soils formed Fe(ll) without delay with rates ranging from 90 '€ concentrations of Fe(ll) in the lowland fen were highly

to 1050 nmol g (wet wt soif)! d~1. Two of these soils had variable (Figs. 3 gnd 4). During summer of 2001, 2002, and
high initial concentrations of Fe(ll) indicating that Fe(lll) 2004, the depth integrated (0-to-40 cm) average Fe(ll) con-
reduction was an ongoing process in these wetland soilsCentrations approximated 2961, 216, and®2 In general,

The amounts of pedogenic iron (Feand oxalate extractable maximum Fe(ll) concentrations occurred below 30 cm depth.
iron (Fe, in these acidic (pH 3.2) soils ranged from 2.3 to  In the lowland fen, the concentrations of nitrate (up to

3.2 Source of iron in the lowland fen

13.9gkg ! and from 1.8 to 12.5 g kg, respectively. 55uM), sulfate (up to 14@M), and negligible concentra-
tions of Fe(ll) and ammonia indicated soil oxygenation down
3.3 Porewater biogeochemistry to a depth of 25cm after the snowmelt in 2002, 2003, and

2004 (Fig. 3). Oxygenation might have occurred due to mix-

Porewater depth profiles at the intermittent seep showed typing of the porewater with lateral flowing, oxygenated sur-
ical biogeochemical gradients of redox sensitive compounddace water. Drying of the topsoil (upper 5-to-10 cm) oc-
indicating the sequential utilization of nitrate, Fe(lll), and curred during the hot summer in 2003 followed by heavy
sometimes of sulfate with increasing soil depth during wa-rain falls prior to sampling in September. Up to 428 sul-

ter saturated conditions between autumn (November) andgte (Figs. 3 and Shttp://www.biogeosciences.net/5/1537/
early summer (June) (data not showniig€l and Alewell, 2008/bg-5-1537-2008-supplement.pafere detected in the
2004). Fe(ll) reached maximum concentrations of.8@ upper 20 cm of the fen soil, and Fe(ll) concentrations did not
in 25 cm depth. Declining sulfate gradients were only de-éxceed 3qM. Fe(ll) concentrations increased again in De-
tected in ear|y summer Samp”ngs_ Formate (up tolﬁlg[), cember 2003 to 37@QM. The concentration of sulfide never
acetate (up to 260M), and lactate (up to 88M), but not  exceeded the detection limit of,&V in the porewater.
propionate or butyrate were detected in the upper 20cm of The concentrations of short chain fatty acids detected in
the porewater. the porewater of the lowland fen were much higher than in

www.biogeosciences.net/5/1537/2008/ Biogeosciences, 5, 15322008
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Fig. 2. Effect of the consumption of supplemental electron dorfajyon the formation of Fe(ll{b) and formation of CH{ (c) in anoxic
microcosms of soil obtained from the lowland fen (0-10 cm) in March, 2002. Presented are the a¥estagetard deviations of triplicates.

the upland fen. In general, concentrations increased with inof incubation. H but not acetate stimulated the formation
creasing soil depth (Fig. 3). Depth integrated average conef CH4 (Fig. 2c). Microcosms supplemented with either
centrations in the lowland fen approximated 82, 56, 44, 15,acetate, K or glucose with soil obtained in October 2002
and 4uM during 2001 to 2004 for acetate, formate, lactate, yielded similar results (data not shown). Formate was de-
propionate, and butyrate, respectively. Highest concentratected as a small transient product only in glucose amended
tions were detected in November 2001 and December 2002nicrocosms of October 2002.

where concentrations of acetate, propionate, butyrate, and

lactate reached up to 3160, 1600, 100, anqi®6in the 3.5 Molecular detection of Fe(lll) reducers

porewater (Figs. 3 and 4b, and data not shown). In contrast . o )

maximum concentrations of formate occurred in April 2002 PC_:R with lowland fen soil yielded products with 16S rRNA
(Fig. 3). Ethanol was never detected. Porewater pH did noP"imers specific for acidophiles belonging Aeidiphilium
decrease in the presence of high concentrations of short chaf?d for neutrophiles belonging Beobacteror Geothrix

fatty acids. Acetate concentrations were positively correlated'® PCR products were obtained with a primer set spe-
with Fe(ll) (R2=0.75; Fig. 4). cific for bioleaching-associated bacterig&hewanellaor

AnaeromyxobacterPCR products wittGeobacterspecific
primers were detected in enrichments obtained from 2 10
soil dilution transferred to mineral medium at pH 5.5 supple-
mented with 40 mM amorphous ferric hydroxide [Fe(@H)
and 5mM acetate or /1 PCR products wittAcidiphilium
gpecific primers were detected up to a 3@oil dilution en-
richment amended with acetate but not with, ind PCR
products withGeothrix specific primers were detected only

3.4 Effect of supplemental electron donors on Fe(lll)-
reducing activities

Since the high concentrations of acetate observed might b
derived from fermentation, glucose and typical fermentative
products were supplemented to lowland fen soil. The initial

rate of Fe(ll) formation was enhanced from 1/8#olg (Wet j, 10-1 54| gilution enrichments. Screening of 165 rRNA

-1 41 141 ) .
wt S?'I? Id o 660?'“ mt0| g_t(hwet thso'lr tdl bytstlpplle tat gene clones by RFLP revealed that all phylotypes detected in
mental glucose, but not with supplemental acetate, lactal&y,q orichments also occurred in the fen soil.

and p. However, a secondary Fe(ll)-forming increase oc- A total of 45 Acidiphilium16S rRNA gene clones were
curred after 4 days in acetate. microcosm§ (Fig. 2.)' Glucos%creened by RFLP, and 13 different phylotypes could be dif-
and acetate suppleme_nted microcosms yielded higher MaXkarentiated. Comparative sequence analyses indicated that
mL_Jm_lFe(II) concentrations of 24.7 and Zﬁ‘mfl g (wetwt 5 phylotypes were 95% similar to culturéctidiphilium or
soil)y™ compared to 15.4mol g (wet wt soily™ of the con- Acidosphaeraspecies. Clones were most closely related
trol. ) o ) (96—98% sequence similarity) to a forest soil or sphagnum

_ Glucose was rapidly consumed within 3 days (Fig. 2a) a”dpeat bog clone (Fig. 5). With the primer pair specific for
yielded CQ and acetate as end products, andad ethanol  Geothrix 20 clones were obtained, but only 2 different phy-

as transient products (Fig. SBitp://www.biogeosciences. |otypes were obtained with a 96-97% sequence similarity to
net/5/1537/2008/bg-5-1537-2008-supplemen).pBlipple-  Geothrixrelated sequences.

mental lactate yielded acetate as main product. Both ac-
etate and Kl were not completely consumed during 15 days
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Fig. 3. Porewater concentrations of nitrate, Fe(ll), sulfate, pH, DOC, acetate, formate, and buturate in the lowland fen sampled during end
of July 2001 to July 2004. Please note that the upper concentrations were combined in a range for better visualization of low concentrations.
White triangles below the x-axis flag the snow melt events, the black triangle flags the summer drought followed by a heavy rain fall in
September 2003.

With the primer pair specific foGeobactera total of 83 4 Discussion
clones were obtained and 40 different phylotypes were ob-
tained. A number of noGeobacteraceasequences and 4.1 Mobilization and oxidation of Fe(ll) in the catchment
chimeras betwee@eobacteraceaand nonGeobacteraceae
were detected. Comparative sequence analysis revealed that the upland fen, porewater concentrations of Fe(ll) were
34 of the 40 sequences retrieved showed high sequence idefow, similar to oligotrophic ombrogenic peatlands that re-
tity to Geobacteraceasequences (Fig. 6); one was related ceive most of their iron from atmospheric deposition. The
to Geobacter chapellistr. 172 (96% sequence similarity), low Fe(lll) reduction rates corresponded to the low amounts
three were related tGeobacter bemidjiensendGeobacter  of oxalate extractable Fe(lll) oxides present in the upland fen
bremensig94-96% sequence similarity). Many sequencesand indicated that Fe(lll) reduction was of minor significance
were similar toPelobacterspp. (94-97%)Acidiphiliumand  for the oxidation of carbon in this fen similar to other north-
Geobacterspecific 16S rRNA gene clone libraries showed ern peatlands (Blodau et al., 2002). Porewater profiles of
coverages of 57 and 35%, respectively. Fe(ll) and sulfate in the intermittent seep were similar to pH
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4.2 In situ relevance of Fe(lll)-reducing activities

According to the 1:4 ratio of C® production to Fe(lll)
reduction (Roden and Wetzel, 1996), microbial Fe(lll) re-
duction in the most active upper soil layer (0—10 cm) ac-
counted for 26.7, 6.7, and 71.6% of the anaerobic organic
carbon mineralization in the intermittent seep, the upland,
and the lowland fen, respectively. In rhizosphere and un-
vegetated wetland sediments Fe(lll) reduction accounts for
approximately 65 and 40% of carbon mineralization (Ro-
I den and Wetzel, 1996). Thus, Fe(lll) reduction can sub-
o 20 a0 750 1000 1250 o o s 70 1000 stantially contribute to carbon mineralization also in peat-
Fe(ll) (uM) Acetate (UM) lands and reduce CHemissions. The lowland fen showed
: ‘ : sequential Fe(lll)-reducing and sulfate-reducing activities
but concomitant Fe(lll)-reducing and methanogenic activi-
ties (Fig. 1). Overlapping or concomitant Fe(lll)-reducing
Fig. 4. Detailed porewater depth profiles of Fe((§) and acetate and meth.anogemc activities were OOI _Obs‘,erved in soil sam-
(b) in the lowland fen sampled in July, September, and NovemberP/€S Obtained after the snow melts indicating that prolonged
2001, and in January 2002. anoxic or reduced conditions in the fen were necessary for
the establishment of methanogenic activities. Short-term
oxygenation of reduced surface soil during summer that
neutral fens (Todorova et al., 2005; Dettling et al., 2006) orleads to a rapid renewal of the Fe(lll) pool might yield a
other wetlands (Roden and Wetzel, 2003). The high Fe(ll)partial shift of the electron flow from Cto Fe(lll) by
formation rate at the seep suggested a mobilization of Fe(llynethanogens and help to explain concomitant reduction pro-
during waterlogging from autumn to spring. Fe(ll) was also cesses in peatlands (Dettling et al., 2006; Metje and Frenzel,
spontaneously formed in other waterlogged seeps sample@005; Paul et al., 2006) or in rice paddy soils after drainage
upstream of the lowland fen further strengthening the sug<{Kriuger et al., 2001). The ability of some methanogens to
gestion that Fe(lll) reduction is an ongoing process in manyinteract with extracellular quinones, humic acids, and Fe(lll)
seeps of this catchment. The lowland fen is connected twxides has raised the possibility that methanogens contribute
a shallow groundwater layer and receives water from theséo Fe(lll) and humic acid reduction (Bond and Lovley, 2002;
intermittent seeps and fens located in the north-east of thean Bodegom et al., 2004). Concomitant activities can be
Lehstenbach catchment iiikel and Alewell, 2004). Due to also explained by the use of non-competetive substrates.
the acidic (pH 3.1) soil conditions of most seeps, the major-Concomitant or reversed Fe(lll) and sulfate reduction is re-
ity of the reductive dissolved Fe(ll) will not adsorb to the ported from other fens (Todorova et al., 2005). It was sug-
solid phase and move with the groundwater flow. Indeed,gested that concomitant reduction processes are due to the
concentrations of Fe(ll) in a nearby groundwater well rangepresence of more crystalline Fe(lll) oxides like hematite or
from 9-to-143uM (K Uisel and Alewell, 2004). Thus, the low- goethite in the soil (Postma and Jakobsen, 1996), which are
land fen appears to receive continuously anoxic Fe(ll)-richreduced at lower redox potentials (Straub et al., 2001) than
groundwater. The high accumulation of iron in the upper soil sulfate or CQ (Zehnder and Stumm, 1988). However, the
of the lowland fen might have resulted from the oxidation high Fe/Fe; ratios in the top soil hint to amorphous, easily
of Fe(ll) in oxidized peat surface layers. The high,fFe; reducible Fe(lll) oxides.
ratios (~0.8) (Table 1) suggest that Fe(lll) precipitated as
amorphous oxides or as organic matter complexes. Micro4.3 Accumulation of acetate
bial Fe(Il) oxidation might yield colloidal or dissolved forms
of Fe(lll) readily available for microbial reduction (Roden et High short chain fatty acid and high Fe(ll) concentrations
al., 2004). The high mean DOC concentration (77 mgL  were detected in deeper soil of the lowland fen during au-
in the porewater would further favor Fe(lll) reduction, be- tumn to winter in 2001/2002 and 2002/2003 with maximum
cause humic compounds can serve as electron shuttles beencentration of 3 and 7 mM for acetate and Fe(ll), respec-
tween Fe(lll) reducers and surface-bound Fe(lll) stericallytively. The high Fe(ll) concentrations in this depth were sur-
not accesible to microorganisms (Lovley et al., 2004). prising due to the relatively low amounts of iron in the solid
phase. However, porewater biogeochemical gradients in fens
are not only based on diffusion like in lake sediments. We
can not rule out that a part of the Fe(ll) was transported
with the groundwater flow. Acetate could have been pro-
duced by fermentors using plant polysaccarides from dead

—v— July
—— September
—&— November (mM)

20 —O— January

Depth (cm)

25

30 |-

35

-40 -

oz 4 s s 0 1 2 3 s
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Acidithiobacillus ferrooxidans str. ATCC19859 [AJ457808]

Acidisphaera sp. stt. NO-15 [AF376024]
Acidiphilium sp. str. NO-14 [AF376023]
Acidiphilium sp. str. STH [AY040740]
Acidiphilium organovorum str. ATCC 43141 [D30775]
Acidiphilium symbioticum str. KM2 [AY632901]
Acidiphilium multivorum str. AIU 301 [AB006711]
Acidiphilium cryptum str. Kusel JFV [Y18446]
Acidiphilium cryptum str. ATCC 33463 [D30773]

Acidiphilium sp. str. NO-17 [AF376026]
Acidiphilium rubrum str. ATCC 35905 [D30776]

Acidiphilium angustum str. ATCC 35903 [D30772]
Acidocella facilis str. ATCC 35904 [D30774]
ﬂocel!ﬂ aminolytica str. 101 [D30771]
Rhodopila globiformis [M59066]
forest soil clone DUNssu054 (-2B) (OTU#149) [AY913276]
Fen soil 13A

Fen soil 10A
—L Fen soil 37A

L— Fen soil 3A
Fen soil 11A
acidic sphagnum peat bog clone B78 [AM162450]
soil-polluted soil clone F23_Pitesti [DQ378187]

Acidobacterium capsulatum [D26171]
Meth ldococcus jannaschii str. DSM 2661 [NC000909]

Fig. 5. Phylogenetic tree showing the relative positiongofdiphilium-affiliated 16S rRNA gene sequences derived from the lowland fen

soil (0—10cm) obtained in October 2003. Sequences were added to the existing tree without changing the overall tree topology by using
the ARB treeing tool PARSIMONYINTERAKTIV. Names and accession numbers (between bracktes) for closest relatives 16S rRNA gene
sequences are given. The bar indicates 10% sequence divergence.

root material. Accumulation of acetate up to 1.2mM is tivity of acetate-oxidizing anaerobes and hydrogenotrophic
reported from bogs in Michigan or Ontario (Shannon andmethanogens (Horn et al., 2003; Metje and Frenzel, 2007).
White, 1996; Blodau et al., 2002) and appears to be due
to the absence of acetoclastic methanogenesis (Shannon aadi  Fe(Il)-reducing microbial communities of acidic habi-
White, 1996; Hines et al., 2001). Temporal acetate accu- tats
mulations might characterize fens and bogs as habitats with
specific qualities. The decoupling of methanogenesis frompye to our limited knowledge about Fe(lll) reduction in
carbon flow might be due to the direct inhibition of accumu- mogerate acidic habitats, phylogenetic analyses of Fe(lll)
lated acetate on methanogens, because acetic acid can p§Rgycers based on known 16S rRNA gene sequences are
etrate through the cell membrane and act as decoupler afeyerely limited, and we might miss important genera. Phy-
the proton motive force undgr acidic gond|t|ons (Williams lotypes related to culturedcidiphilium or Acidisphaera
and Crawford, 1984; Goodwin and Zeikus, 1987) or due togpecies were detected in the lowland fen similar to slightly
transport and thermodynamic constraints (Beer and Blodaugidic coal mining lake sediments (Bhe et al., 2008). Most
2007). Fe(lll)-reducing prokaryotes cultured to date are either neu-
The positive correlation of acetate and Fe(ll) in the low- trophilic or acidophilic and have only minor capacities to
land fen porewater during the 3-year-period (Figs. 3 and 4)educe Fe(lll) at in a pH range from 4 to 6. The aci-
suggests either a formation of acetate by incomplete oxi-dophilic Acidiphilium cryptum(ATCC 33463) can reduce
dizing Fe(lll) reducers or an accumulation of acetate afteronly small amounts of solid phase Fe(lll) at pH 5 (Bil-
depletion of the Fe(lll) pool by complete acetate-oxidizing gin et al., 2004). Geobactersp. CdA-3 that was isolated
Fe(lll) reducers. Culture@eobacterspecies, which were from a mining-impacted sediment can reduce Fe(lll) at a
most closely related to clone sequences retrieved from thigH range from 5.5 to 8.1 (Cummings et al., 2000), and
fen, like G. chapellijf G. bemidjiensisandG. bremensisre G. bremensisan reduce Fe(lll) down to pH 5 (Straub and
complete oxidizers (Lovley et al., 2004). In contrast, the alsoBucholz-Cleven, 2001). Members of tldeProteobacteria
closely relatedPelobacter venetianus an incomplete ox-  subdivision, includingGeobacter and Anaeromyxobacter
idizer. The low or negligible concentrations of acetate in dehalogenanselated sequences seem to be important metal-
upper soil suggests oxidation of acetate t0,Cfa aero-  reducing organisms in biostimulated acidic subsurface sed-
bic respiration, other oxidative microbial processes or syn-iments (North et al., 2004) However, other studies with
trophic oxidation of acetate to GCby the concerted ac- acidic uranium contaminated sediments demonstrate that
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Fig. 6. Phylogenetic tree showing the relative positions of @eobacteraffiliated 16S rRNA gene sequences derived from the lowland fen
soil (0—10 cm) obtained in October 2003 as inferred by Parsimony method. Bootstrap values for a total of 100 replicates are shown at the
nodes. Names and accession numbers (between bracktes) for all 16S rRNA gene sequences used for comparsion are given. The bar indicat
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Geobacteraceadominate only in sediment enrichment cul- lowland fen, although microorganisms from these genera are
tures incubated under neutral pH conditions (Petrie et al.common to various metal-reducing environments. Recently
2003). Surprisingly, no PCR products Ahaeromyxobac-
ter, or Shewanellarelated species were obtained from the Fe(lll) reduction in a pH range of 2 to 5 (&the et al., 2008)
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