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Abstract

Permafrost environments within the Siberian Arctic are natural sources of the climate
relevant trace gas methane. In order to improve our understanding of the present and
future carbon dynamics in high latitudes, we studied the methane concentration, the
quantity and quality of organic matter, and the activity and biomass of the methanogenic
community in permafrost deposits. For these investigations a permafrost core of Holo-
cene age was drilled in the Lena Delta (72°22'N, 126°28’E). The organic carbon of the
permafrost sediments varied between 0.6% and 4.9% and was characterized by an
increasing humification index with permafrost depth. A high CH, concentration was
found in the upper 4m of the deposits, which correlates well with the methanogenic
activity and archaeal biomass (expressed as PLEL concentration). Even the incubation of
core material at —3 and —6 °C with and without substrates showed a significant CH,4
production (range: 0.04-0.78 nmol CH,h ™' g~ "). The results indicated that the methane in
Holocene permafrost deposits of the Lena Delta originated from modern methanogenesis
by cold-adapted methanogenic archaea. Microbial generated methane in permafrost
sediments is so far an underestimated factor for the future climate development.
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Introduction

Northern wetlands play an important role within the
global methane cycle. Methane is chemically very re-
active and more efficient in absorbing infrared radiation
than carbon dioxide. Estimates of the methane emis-
sions of arctic and subarctic wetlands range between 10
and 39Tg a~ ! or between 2.2% and 8.6% of the global
methane emission (Bartlett & Harriss, 1993; Cao et al.,
1998). Methane as a powerful greenhouse gas contri-
butes to about 20% of the global warming (IPCC, 2001).
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Permafrost, which appears mainly in polar and sub-
polar regions, occurs within about 25% of the land
surface (Zhang et al., 1999). It can be divided into three
temperature depth zones which characterize typical
living conditions: (i) the active layer with an extreme
temperature regime from about +15 to —35°C, (ii) the
correlated upper permafrost sediments (0.5-20 m thick-
ness) with smaller seasonal temperature variation of
about 0 to —15°C above the zero annual amplitude
and (iii) the deeper permafrost sediments which are
characterized by a stable temperature regime of about
—5 to —10°C (French, 1996).

A considerable amount of organic carbon is stored in
the upper permafrost layers, indicating that the extreme
Arctic climate condition reduces the organic carbon
decomposition rate more than the net primary produc-
tion rate (Oechel et al., 1997). The positive temperature
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trend in the Russian Arctic favours warming and thaw-
ing of terrestrial permafrost (Richter-Menge et al., 2006).
The degradation of permafrost and the associated re-
lease of climate relevant trace gases, as a consequence of
an intensified turnover of organic carbon and from
ancient methane reservoirs, represent a potential risk
with respect to future global warming. At this point, the
functioning of microbial communities and their reaction
on changing environmental conditions are not ade-
quately understood, neither the potential methane re-
leases from frozen sediments are adequately quantified.

In general, temperature is one of the most important
variables regulating the activity of microorganisms. The
potential of growth, as well as the molecular, physiolo-
gical and ecological aspects of microbial life at low
temperatures have been investigated in many studies
(e.g. Russel & Hamamoto, 1998; Gounot, 1999; Cavic-
chioli, 2006). Certain key processes of the methane cycles
are carried out exclusively by highly specialized micro-
organisms such as methanogenic archaea and methane
oxidizing bacteria. The microbial methane production
(methanogenesis) in the active layer of permafrost is the
terminal step during the anaerobic decomposition of
organic matter, while the methane oxidation is the
primary sink for methane in Arctic wetlands (Wagner
et al., 2005). With recent findings it becomes evident that
methanogenic archaea and methane oxidizing bacteria
also exist in permafrost soils, with numbers comparable
to those in moderate soil environments (Kobabe et al.,
2004; Liebner & Wagner, 2007).

However, there are only few studies investigating the
geochemistry and microbiology of permafrost deposits,
mainly in Siberia and Canada. Direct bacterial counts
in the order of 10’-10° were reported for permafrost
deposits from Northeast Siberia (Rivkina et al., 1998).
Furthermore, Shi et al. (1997) found viable bacteria
in permafrost sediments up to 3 million years in age in
the Kolyma-Indigirka lowlands. Most of the isolated
bacteria showed mesophilic growth characteristics. In
contrast, the minimum temperature for growth of per-
mafrost bacteria was recently calculated with —20°C
(Rivkina et al., 2000). Furthermore, molecular life mar-
kers and low numbers of methanogens were found in
the Mallik gas hydrate production research well (Col-
well et al.,, 2005; Mangelsdorf et al., 2005). However,
methanogenic activity could not be detected in the
permafrost sediments by using radiolabelled '*C-sub-
strates.

So far, there is no proof for recent methanogenic
activities in permafrost deposits. The main objective of
this study was to identify the vertical position and
quantify the methanogenic activity along a Holocene
permafrost core from the Siberian Lena Delta, and
correlate this activity with biotic and abiotic factors. A

polyphasic cultivation-independent approach was used
based on geochemical and microbiological methods to
identify the origin of permafrost borne methane. As
direct cultivation of methanogenic archaea from cold
environments is limited to only very few species, we
used etherlipids, which are a unique component of the
archaeal cell membrane, as biomarkers to quantify
methanogens along the permafrost core.

Material and methods

Investigation area

Within the scope of long-term studies on carbon dy-
namics in the Siberian Arctic, the LENA 2001 expedition
was carried out by the Alfred Wegener Institute for
Polar and Marine Research. The Lena Delta lies at the
Laptev Sea coast between the Taimyr Peninsula and the
New Siberian Islands. Continuous permafrost, which
occurs throughout the investigation area extends to
depths of about 100-300m (Yershov, 1998). It is char-
acterized by an arctic continental climate with low
mean annual air temperature of —14.7 °C (Tynin =—48 °C,
Tmax=18°C) and low summer precipitation of
<198 mm. The study site, Samoylov Island (72°22'N,
126°28’E) with the Russian-German Research Station
Samoylov, is located in the active part of the Lena Delta
(Hubberten et al., 2006). This part of the delta was
formed during the Holocene with an age of about
9300 BP. Further details of the study site were described
previously by Wagner et al. (2003a).

Permafrost drilling and preparation

During summer 2001 a permafrost core of 850 cm length
was drilled in the depression of a low-centred ice-
wedge polygon on Samoylov Island. The drilling was
carried out with a portable gasoline powered perma-
frost corer without using any drilling fluid to avoid
microbiological contamination of the permafrost sam-
ples. A mixing of the permafrost sediments was not be
observed due to the frozen state of the core material.
The individual core segments, which were up to 50 cm
in length, were placed immediately after removal from
the corer into plastic bags and stored at about —8 °C in
the permafrost cellar of the Research Station Samoylov.
After drilling of the core the borehole temperature was
monitored with a string of nine thermistors. The cores
were transported in frozen conditions in insulated con-
tainers with cool packs to Potsdam, Germany. During
the transport the temperatures in the containers were
monitored by micro data loggers. The storage tempera-
ture in the Potsdam laboratory was —22 °C.
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Core segments were split along their axis into two
halves under aseptic conditions with a diamond saw in
an ice laboratory at —22 °C. Afterwards, one-half of the
core was cleaned with a sterile knife for lithological and
geocryologically descriptions. Subsequently, one-half
was cut into segments of about 10-30 cm length accord-
ing the lithology and the geocryology. Small pieces
(approximately 10g) of each subsample were taken for
analysing the methane concentration in the frozen
sediments. The remaining material of each subsample
was thawed at 4 °C and homogenized under anoxic and
sterile conditions for analysis of the sediment properties
and the microbial activities and biomarkers. Subsam-
ples for the different analyses were filled into sterile
plastic Nalgene boxes. Separated samples were used
directly for the experiments (e.g. methane production,
biomarker analysis) or were refrozen for later analyses
at —22°C. The second half of the core is kept as an
archive in the ice core storage at the Alfred Wegener
Institute.

Sediment properties

Grain-size distribution was analysed on bulk sediment
samples for each segment, on average every 20 cm. The
sediments were oxidized using a 5% H,O, solution to
remove organic matter from each sample. The gravel
(>2mm) and sand (0.063-2.0 mm) fractions were deter-
mined by wet sieving. The remaining silt (0.002-0.063)
and clay (<0.002 mm) material were separated by sedi-
mentation in ammoniac water (10mL NH; in 100L
deionized water). From the dry weight (dw) of gravel,
sand, silt and clay, the weight percentages of the bulk
dry sediment were calculated for each fraction.

Radiocarbon dating was carried out for three selected
samples (289, 557 and 843 cm depth) with the Accel-
erator Mass Spectrometer (AMS) facility at the Leibniz
Laboratory for Radiometric Dating and Stable Isotope
Research, University of Kiel, Germany (Table 1). Stan-
dard calibration techniques (Stuiver et al., 1998) were
used to express the sediment ages in calendar years
before the present. A more detailed description of the
equipment and method was given by Nadeau et al.
(1997, 1998).

The total carbon (TC) and total nitrogen (TN) contents
were determined with an automatic element analyser
(Elementar VARIO EL III). The total organic carbon
(TOC) content was measured on corresponding sam-
ples after HCl (10%) acid digestion to remove the
carbonate on the same analyser (Elementar VARIO
EL III). Based on TOC and TN values, the C/N ratio
was calculated. Analytical precision is £5% for element
analyses.

© 2007 The Authors

Table 1 AMS radiocarbon dating, calendar years and §'°C
values of the organic carbon fraction from selected permafrost
sediments of Samoylov Island

Calendar
“Cage age
Unit (years BP) (years BP) 3'°C (%o)

Reference Depth
number  (cm)

KIA20719 289 I
KIA20720 557 I
KIA20721 843 v

2306 + 30 2330 £25 —24.39 £+ 0.06
7970 £ 56 8824 + 179 —24.63 £+ 0.04
8295 + 50 9334 £+ 101 —23.06 £+ 0.03

BP = years before the present.

The humification index, a criterion for organic matter
quality, was determined in the water extractable frac-
tion of organic carbon as described in Wagner et al.
(2005). In brief, the obtained aqueous extracts from
frozen soil samples were subjected to optical measure-
ments (UV absorption and fluorescence emission inten-
sity). Dissolved organic matter differs in fluorescence
behaviour in accordance to its molecular complexity.
Humified carbon is characterized by highly substituted
aromatic structures and condensed unsaturated sys-
tems. While their fluorescence emission lie in longer
wavelengths, fresh and low humified organic matter
fluoresce in the shorter wavelengths (Senesi et al., 1989).
To quantify the humification of dissolved carbon we
measured the fluorescence emission intensity in 1nm
steps between 300 and 480nm with an excitation
wavelength of 254nm (Cary Eclipse F-4500, Varian®,
Varian, Palo Alto, CA, USA). Summarized intensities
between 435 and 480 nm (upper quartile of the whole
spectrum recording emission of more humified carbon)
were divided by summarized intensities between 300
and 345nm (lower quartile of the whole spectrum
recording emission of less humified carbon), resulting
in an dimensionless humification index (Zsolnay, 2003).
The higher the humification index, the more the organic
carbon in the samples is humified. All extracts were
adjusted to pH 2 as pH influences the fluorescence of
organic molecules in solution (Zsolnay et al., 1999).

Vertical profiles of sediment CH,4 concentrations were
obtained from each segment by extracting CH, from
sediment pore water by thaw small frozen core material
(approximately 10g) in saturated NaCl solution. The
samples were then placed in glass jars and sealed gas
tight with black rubber stoppers. The thawed samples
were shaken and the CH4 headspace concentration was
analysed with gas chromatography.

CH, production

The CH, production of permafrost sediments were
analysed for each segment without any additional
methanogenic substrate, or with acetate, and hydrogen

Journal compilation © 2007 Blackwell Publishing Ltd, Global Change Biology, 13, 1089-1099
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as an energy source. Fresh sediments (20g) were
weighed in 100 mL glass jars and closed with a screw
cap containing a septum. The samples were evacuated
and flushed with ultra pure N,. Afterwards, the sam-
ples were supplemented with 6 mL sterile and anoxic
tap water for analysing methane production without
substrate addition. In the case of potential CH, produc-
tion 6mL of acetate solution (10mMm) or sterile and
anoxic tap water in combination with H,/CO, (80:20
v/v, pressurized 150kPA) were added as substrates.
Three replicates were used for each segment. The
incubation temperature was 5°C. CH4 production was
measured daily over a period of 1 week by sampling the
headspace using a Hamilton gastight syringe. CH,
production rates were calculated from the linear in-
crease in CH, concentration.

Methane production at subzero temperature

The CH, production at subzero temperatures was ana-
lysed in samples from the upper part of the permafrost
core (45-63 cm depth). The homogenized material (10 g)
was directly weighed in 25 mL glass jars and closed
with a screw cap containing a septum. The further
preparation of the samples followed the description to
the potential methane production activity. The prepared
soil samples were incubated at —3 and —6 °C for 14 and
21 days, respectively.

Methane analysis

Gas analysis were performed with an Agilent 6890 gas
chromatograph equipped with a Carbonplot capillary
column (@ 0.52mm, 30m) and a flame ionization de-
tector (FID). Helium was used as the carrier gas. The
injector, oven and detector temperatures were set at 45,
45 and 250 °C, respectively. All gas sample analyses in
the various experiments were done after calibration of
the gas chromatograph with standard gases. After
calibration the analytical reproducibility is >98.5%.
Details of CH,4 analysis were described previously in
Wagner et al. (2003b).

Determination of phospholipid fatty acids (PLFA) and
phospholipid etherlipids (PLEL)

Lipids were extracted from the freshly homogenized
material from selected segments using an equivalent of
about 30g of dw, according to the Bligh-Dyer method
(Zelles & Bai, 1993). The resulting lipid material was
fractionated into neutral lipids, glycolipids and phos-
pholipids on a silica-bonded phase column (SPE-SI;
Bond Flute, Analytichem International, Harbor City,
CA, USA) by elution with chloroform, acetone and

methanol, respectively. An aliquot of the phospholipid
fraction equivalent to 10 g soil dw was taken for PLFA
analysis. After mild alkaline hydrolysis, the lipid extract
was separated into OH-substituted ester-linked PLFA,
non-OH substituted ester-linked PLFA and nonsaponi-
fiable lipids following procedures described in Zelles &
Bai (1993). The fraction of unsubstituted ester-linked
PLFA was reduced to dryness under nitrogen and
dissolved in 100 uL hexane supplemented with nona-
decanoic methyl ester as internal standard. The ana-
lyses of the fatty acid methyl ester (FAME) extracts were
performed by GC-MS as described in Lipski & Alten-
dorf (1997). The position of double bonds of monoun-
saturated fatty acids was determined by analysing the
dimethyl disulphide (DMDS) adducts (Nichols et al.,
1986). The fraction of nonsaponifiable lipids was
cleaved during acidic hydrolysis and the resulting
nonester-linked PLFA were separated into OH-substi-
tuted nonester-linked PLFA (UNOH) and non-OH sub-
stituted nonester-linked PLFA (UNSFA). Separation of
the nonester-linked PLFA, derivatization and measure-
ment were performed according to Gattinger et al.
(2002). Another aliquot of the phospholipid fraction
equivalent to 20.0 g soil dw was used for PLEL analysis
according to the method described by Gattinger et al.
(2003). After the formation of ether core lipids, ether-
linked isoprenoids were released following cleavage of
ether bonds with HI and reductive dehalogenation with
Zn in glacial acetic acid. The resulting isoprenoid hy-
drocarbons were dissolved in 100 pL internal standard
solution (nonadecanoic methyl ester) and subjected to
GC/MS analysis at operating conditions described else-
where (Gattinger et al., 2003). PLFA/PLEL concentra-
tions are expressed in nmol gfl dw.

Statistical analysis

Statistical analyses such as descriptive statistics and
analysis of variance (ANOVA) were performed with SPSS
software package release 12.0 (SPSS Inc., Chicago, IL,
USA). The Kolmogorov—Smirnow test was used to as-
sess distribution fitting. The definition of the four core
units was based on the results of a constrained incre-
mental sum of squares (CONISS) cluster analysis of the
grain size data (using ZONE software version 1.2).

Results

Abiotic characteristics of the permafrost sediments

On basis of the grain size distribution and the subsequent
CONISS analyses the permafrost core was separated into
four units (I-IV). The further description of the results
and the later discussion followed this classification.

© 2007 The Authors
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Fig. 1 Abiotic parameters of the Holocene permafrost deposits from Samoylov Island, Lena Delta (Siberian Arctic). (a) Sediment
texture, (b) bore hole temperature and calendar years of selected sediment layers, (c) total organic carbon content (TOC), (d) humification
index (HIX, dimensionless) and (e) C/N ratio. Calendar years (BP) of selected sediment layers are denoted in graph (b). Units I-IV based
on constrained incremental sum of squares (CONISS) analysis of the different grain size fractions.

The grain size analyses showed that gravel continu-
ously decreased from the top to the bottom of the core
(4.9-0.2%). For the three other fractions (sand, silt and
clay) a clear change between the different units was
recognized. The average value of the sand fraction
is highest in the Units II and IV (U-1=48.2%,
U-II=62.3%, U-IIl =42.6%, U-IV =68.2%), while the
highest values for silt (U-I=36.4%, U-II=28.7%,
U-III=44.7%, U-IV=249%) and clay (U-I=10.5%,
U-I1=7.6%, U-IIl=11.8%, U-IV=6.7%) were deter-
mined in the Units I and III (Fig. 1a). A steep temperature
gradient was observed in the permafrost core, which
ranged between +10°C (near surface) and —11.5°C at
800 cm depth. The median values were —1.9, —9.4, —12.8
and —11.5°C, for Units I-1V, respectively (Fig. 1b). The
TOC content followed a depth gradient with median
values between 4.2% and 1.3% for Units I-IV, respec-
tively, but with significant variations within the vertical
profile (Fig. 1c). A depth-dependent relationship can also
be seen from the humification index (HIX) and the C/N
ratio. The HIX and C/N ratio are both descriptors for
organic matter quality. The lowest HIX values were
found in Unit I (on average 5.1) which corresponded
with the highest C/N ratios (23.0). HIX was highest in
Unit IV (on average 9.4) in accordance to a relatively low
C/N ratio of 15.7 (Fig. 1d and e).

Methane concentrations and potential methanogenic
activities

Methane was detected in all samples of the permafrost
core. Highest concentrations were observed in Units I
(281.5 nmol gfl) and II (236.1 nmol gfl). In Unit III, low

© 2007 The Authors

values, ranging between 3.5 and 19.1nmol gf1 were
detected, while only traces in the bottom zone of the
core were found (0.4-1.9nmol g~ '; Fig. 2a).

Methanogenic activity was determined at 5°C with
and without methanogenic substrates in selected sedi-
ment samples representative for the different core units.
Methane production could be determined only in the
two upper units (I, II), while in the lower two units (III,
IV) no methane formation was detected before and after
addition of methanogenic substrates (Fig. 2b-d). The
methane production rates analysed in Unit I, were
generally higher than in Unit II. In any case, the highest
activity was observed in about 125 cm sediment depth,
which corresponded on the highest concentration of
methane (Fig. 2a-d).

The incubation of permafrost samples from 45 to
63 cm depth at subzero temperatures with acetate and
hydrogen as methanogenic substrates indicated a rela-
tively high methane production rate under permafrost
temperature conditions (Figs 1b and 3). At a tempera-
ture of —3°C a significant increase in methane produc-
tion was found, which rose linearly to headspace
concentrations of about 1000 ppm (with acetate) and
2500 ppm (with hydrogen) during 300 h after the initia-
tion of the experiment. At a temperature of —6°C
methanogenesis was lower. However, after a lag phase
of about 300h a significant increase to 200 ppm (with
acetate) and 500 ppm (with hydrogen) within 200 h was
observed. The calculated activity of methanogenic ar-
chaea with hydrogen reached values of 0.78 £+ 0.31 and
0.14nmol CH,;h ' ¢! at an incubation temperatures of
—3 and —6°C, respectively. This was 2.5 and 3.5 times
higher compared with the activity with acetate

Journal compilation © 2007 Blackwell Publishing Ltd, Global Change Biology, 13, 1089-1099
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Fig. 3 Methanogenesis in permafrost soils at subzero tempera-
tures. Soil samples were incubated at —3°C (a) and —6°C (b)
with hydrogen (circles) or acetate (squares) as a substrate
(means + SE, n = 3).

(0.31 £0.04 and 0.04 + 0.01nmol CH,h 'g ") at the
corresponding temperatures.

Microbial biomarkers

Significant amounts of microbial biomarkers (bacterial
and archaeal) were detected in sediment samples across
all depth units (Fig. 4). Generally, microbial biomarkers
were greatest in Unit I and lowest in Unit IV. Concen-

trations of total biomarker (PLFA, UNSFA, UNOH and
PLEL) varied between 3.9 and 66.2 nmol gfl. Biomarker
concentrations of ester-linked PLFA (EL-PLFA) ranged
between 0.7 and 43.5nmol gfl and for archaeal PLEL,
between 0.03 and 5.4nmol g_l. Archaeal PLEL ac-
counted for 4.1% of total biomarker in Unit I and for
0.7% in Unit IV.

Compilation of relevant data sets

The statistical analyses illustrate the relationships be-
tween organic matter quantity (TOC) and quality (HIX),
methanogenic microorganisms (PLEL concentration)
and activity, and the detected methane concentration
in the permafrost sediments for the different core units
(Fig. 5).

In Unit I five different PLEL-derived isoprenoids were
detected. In contrast, all other units contained only one
to three different PLEL side chains. These chains were
much lower concentrated (Fig. 5a). Furthermore, in the
same unit the PLEL side chain i20:1, characteristic for
Methanosarcina spp. (Gattinger et al., 2002), accounted for
15.8% of total PLEL. In the other core units this com-
pound was only detectable in trace amounts. Unit I also
showed the highest activity of methanogenic archaea
(Fig. 5b and c). A positive correlation was found be-
tween the organic carbon content (TOC) and methane
production activity with acetate (r = 0.541, P = 0.01) and
with hydrogen (r=0.532, P =0.01), and with methane
content (r = 0.434, P = 0.01) in the sediment. The correla-
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Fig. 4 Lipid biomarker profiles within the Holocene permafrost deposits of Samoylov Island, Lena Delta (Siberian Arctic). (a) Total
biomarker, (b) ester-linked phospholipid fatty acids (EL-PLFA), (c) phospholipid ether lipids (PLEL) and (d) percentage of PLEL on total
biomass. Units I-IV based on constrained incremental sum of squares (CONISS) analysis of the different grain size fractions.

tion between the amount of TOC and the HIX was
negative (r =—0.535, P = 0.01).

Discussion

Our results show significant amounts of methane in the
first 4m of frozen sediments (Unit I and II, Late Holo-
cene, 5000 BP until today) and only trace amounts of
methane in the bottom section of the core (Unit IIl and IV;
Middle Holocene, 9000-50008pr; and Early Holocene,
11 500-9000 Bp). Different amounts of methane in differ-
ent aged permafrost deposits from north-eastern Eurasia
were also reported by Rivkina & Gilichinsky (1996). They
detected methane in modern (Holocene) and old perma-
frost deposits (Middle and Early Pleistocene, 1.8-0.78
million year BP), but not in Late Pleistocene ice complexes
(ice rich permafrost, 130 000-11 500 years BP). They con-
cluded from their findings that methane cannot diffuse
through permafrost sections. If methane is unable to
diffuse through permafrost from deeper deposits, it must
be either be entrapped during the deposition of the
sediments or originate from recent methanogenesis in
the frozen ground.

The investigation of phospholipids shows a vertical
profile with the same trend as the methane concentra-
tion. Specifically, significant amounts of phospholipids
were determined in the upper Late Holocene deposits
(Unit I, IT), which correlates (r = 0.632, P = 0.05) with the

© 2007 The Authors

highest amount of methane in the permafrost section. In
contrast, the biomarker concentrations in the Middle
and Early Holocene permafrost sediments (Units III, IV)
drastically decreased to values below 10nmolg ™' sedi-
ment, which corresponds with the detected traces of
methane.

PLFA are molecular biomarkers for the domains of
Bacteria and Eukarya. PLEL are indicators for the
domain Archaea. Phospholipids are compounds of the
cell membranes that rapidly degraded after cell death
(White et al,, 1979; Harvey et al., 1986). They are
regarded as appropriate biomarkers for viable micro-
organisms (e.g. Ringelberg et al., 1997; Zelles, 1999). The
detection of biomarkers for viable microorganisms does
not necessarily indicate their activity status. Enclosed in
deep permafrost deposits, they can represent comple-
tely or partially inactive or dormant microorganisms
(Colwell et al., 2005). A further possibility is that the
detected PLFA and PLEL are well-preserved remains of
ancient microbes. However, the positive correlation of
methane concentration with viable bacteria and archaea
gives us the first strong evidence of recent methanogen-
esis under in situ conditions in permafrost deposits.

The analyses of methane production revealed activity
only in permafrost layers with significant concentra-
tions of both methane and microbial (particularly
archaeal) biomarkers. Although the activity in Unit I
was higher compared with Unit II (both Late Holocene),
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which was also still characterized by high concentra-
tions of methane, an important finding from the activity
analyses is that no methane production was detectable
in the bottom part of the permafrost section (Unit III, IV)
characterized only by traces of methane. This was also
the case after addition of acetate or H,/CO, as energy
and carbon source. This indicates the absence of metha-
nogenesis does not depend on deficiency of methano-
genic substrates in the Middle and Early Holocene
deposits. Methane was only found in permafrost sedi-
ments with a considerable amount of viable microor-
ganisms and verifiable methane production activity.

In Unit I (32-194cm depth), archaeal biomass ex-
pressed as PLEL concentration, was highest and even
exceeded values that were reported previously for the
active layer at a related permafrost site (Wagner et al.,
2005). In the present core, archaeal biomarkers ac-
counted for 52% of total phospholipids in the upper

section and for 2.3% of the entire profile. In addition,
methanogenic PLEL chains (i20:1), indicative for
Methanosarcina spp. (Gattinger et al., 2002), were de-
tected in significant amounts only in Unit I. This finding
was confirmed by isolates from the same study site
identified as members of the genus Methanosarcina,
which are characterized by extreme tolerance against
various stress conditions (D. Morozova and D. Wagner,
data under publication). This supports the hypothesis
that Methanosarcina-like cells are better protected
against damage caused by environmental stresses com-
pared with other methanogens due to their typical
formation of cell aggregates.

Although, only a few psychrophilic strains of metha-
nogenic archaea have been isolated so far (Simankova
et al., 2003; Cavicchioli, 2006), there are some indications
of methanogenic activity in cold permafrost environ-
ments (Kotsyurbenko et al., 1993; Wagner et al., 2003a, b;
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Ganzert et al., 2007). However, this study actually
revealed methane production under in situ permafrost
temperature conditions of down to —6 °C. The methane
production rate with acetate or hydrogen at subzero
temperatures was only 10 times lower compared with
the activity in the active layer of a permafrost soil from
the same study site (Wagner et al., 2005). This indicates a
tolerance of permafrost methanogens to their cold en-
vironment. This assumption is also supported by the
finding of Ganzert et al. (2007) who reported increasing
methane production activity close to the permafrost
table at low in situ temperature conditions. The zone
of high methane concentrations in the permafrost de-
posits was characterized by in situ temperatures be-
tween approximately —2 and —9°C. This is the same
temperature range used in the incubation experiments.

One prerequisite for any metabolic activity in frozen
permafrost sediments is the availability of unfrozen
water. The Late Holocene permafrost deposits at the
study site were characterized by a sediment texture of
loamy sand with a relatively high content of silt and
clay. In permafrost soils with a prominent part of fine-
textured material, liquid water has been observed at
temperatures down to —60 °C (Ananyan, 1970). Biolo-
gically, the most important feature of unfrozen water in
permafrost is the ability to transfer ions and nutrients
(Ostroumov & Siegert, 1996).

Additionally, the quality of organic carbon is a limit-
ing factor in the microbial metabolism process. Our
results reveal a high organic carbon content (on average
2.4%) for the Holocene permafrost deposits. However,
the quantity of organic matter in permafrost ecosystems
provides no information on the quality, which deter-
mines the availability of organic compounds as energy
and carbon sources for microorganisms (Hogg, 1993;
Bergman et al., 2000). For this purpose, qualitative
parameters like the HIX or the C/N ratio can give
suitable information with regard to microbial metabo-
lism. Wagner et al. (2005) demonstrated that the avail-
ability of organic carbon in permafrost soils decreased
with increasing HIX. This is in agreement with the
present study. It was shown for the permafrost se-
quence the HIX increased continuously with depth. At
the same time, the C/N ratio and the organic carbon
content decreased with permafrost depth. In both cases,
this significantly correlates with the HIX. Consequently,
at this point we can summarize that the zone
with significant concentrations of methane and activity
of methanogenic microorganisms is characterized
by the highest concentration of high-quality organic
carbon.

In contrast to the results of the soil-ecological vari-
ables (methane production activity, PLEL biomarker
concentration, TOC, HIX), we do not achieve any ideas
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for a possible entrapment process of methane during
sedimentation from data of paleoclimate research
(Andreev et al., 2004; Andreev & Klimanov, 2005).

In the Early Holocene to approximately 8800 Bp, the
environmental conditions were relatively stable in com-
parison to the Late Holocene (5000 BP until today). This
was shown by climate reconstruction based on pollen
and chironomid records from the Lena Delta (Andreev
et al., 2004). They determined the Holocene climate
optimum between 10300 and 9200 Bp, which was char-
acterized by warmer (up to 3 °C) and wetter conditions
than the present day. Between 9200 and 6000 Bp, the
climate was still relatively warm but more unstable
concerning the temperature. From the climate recon-
struction, it can be concluded that the environmental
conditions during the Early Holocene until 8800 BP were
favourable for methanogenic archaea and methanogen-
esis. The absence of methane in the permafrost sedi-
ments from this period indicates that the likely
produced methane was emitted to the atmosphere
before it could be entrapped by freezing of the sedi-
ments. It can be expected that under more unstable
conditions methane production is low or no methano-
genesis occurred. However, the highest methane con-
centrations were detected in sediments (<8800 BP until
present) deposited under such conditions, indicating an
accumulation of the methane over longer periods by in
situ activity. This gives us evidence for the prediction
that the methane concentration profile rather depends
on in situ activity of methanogenic archaea than on the
inclusion of methane during sedimentation processes.

More than 20% of the terrestrial Arctic is character-
ized by ice rich permafrost (Zhang et al., 1999). Large
areas, mainly dominated by continuous permafrost,
exist in Siberia with thicknesses up to 900 m (Yershov,
1998). The present study revealed considerable parts
of these cold habitats as recent sites of methane produc-
tion, probably catalysed by specific cold-adapted
methanogenic archaea. This increasing reservoir of
climate relevant trace gases becomes of major impor-
tance against the background of global warming
which could result from a thawing of permafrost area
up to 25% until 2100 (Anisimov et al., 1999) and sub-
sequent disposal of the methane reservoirs into the
atmosphere. Today, more than 75 x 10°t permafrost
sediments a ' are eroded at the Laptev Sea coast
(Rachold et al., 2000), from which a theoretical methane
release of about 100t CH,a ! can be calculated. These
quantities are not considered in regional and global
greenhouse gas balances and modelling. This is of
particular importance as our results reveal a substantial
increase of the microbial methane production in the
frozen ground, if the permafrost temperature arises
from —6 to —3°C.
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Conclusions

This work shows for the first time that microorganisms,
particularly methanogenic archaea, do not only survive in
permafrost habitats but also can be metabolic active under
in situ conditions. Owing to the subzero experiments and
the in situ temperatures of permafrost sediments, we can
conclude that the methanogenic community is dominated
by psychrotolerant or even psychrophilic microorganisms.
Despite this adaptation to cold environments, we show
that a slight increase of the temperature can lead to a
substantial increase of methanogenic activity. In case of
permafrost degradation, this would lead to an extensive
expansion of the methane deposits with their subsequent
impacts on total methane emission. A future in-depth
characterization of the metabolism of these cold-adapted
methanogens will reveal biotic and abiotic factors, which
influence the methanogenic activity of these organisms.

The results further show that methane in permafrost,
which originates from modern methanogenesis, repre-
sents contribution thus so far not considered to the global
methane budget. The methane is released to the atmo-
sphere by permafrost degradation in form of thermokarst
or coastal erosion processes, which is an ongoing process
in Arctic regions. Although the change of permafrost by
global warming is examined in the framework of different
international projects (e.g. ACD, Arctic Coastal Dynamics,
CALM, Circumpolar Active Layer Monitoring), these
investigations should be linked more strongly with micro-
biological process studies and biodiversity research. Thus,
a contribution could be made to understand the role of
permafrost in the global system and possible feedbacks by
material fluxes and greenhouse gas emissions.
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