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Laboratory studies of methane formation in peat samples from an acid subarctic mire in Sweden indicated
the presence of a low-temperature-adapted methanogenic flora. Enrichment culture studies with ethanol,
acetate, hydrogen, or a combination of these as substrate for methane formation provided evidence for the
existence of two different methanogenic populations in the peat: one, unaffected by hydrogen and using acetate,
with a temperature optimum at 20°C; the other, oxidizing hydrogen, with a temperature optimum at ca. 28°C.

Release of methane into the atmosphere from the acid peat
of the subarctic Stordalen mire in northern Sweden
(68022'N, 19003'E) has been reported by Svensson (30-33;
B. H. Svensson, Ph.D. dissertation, Swedish University of
Agricultural Sciences, Uppsala, 1983) and B. H. Svensson
and T. Rosswall (Oikos, in press). The mire was used as the
Swedish International Biological Programme Tundra Biome
Study' site from 1970 to 1975 and is described by Rosswall et
al. (27). The mire consists of a mosaic of elevated ombrotro-
phic areas, with hummocks and depressions, and minerotro-
phic depressions and pools. The pH of the peat varies from
3.5 to 5.0.

Despite the cold climate and acid conditions of the peat,
the methane flux could be as much as 50% of the carbon (as
CH4 plus C02) leaving the mire and was strongly correlated
to the moisture content of the peat (30; Svensson and
Rosswall, in press). About 60% of the variation in methane
emission rates over the season could be explained by tem-
perature changes.
Methane production in relation to temperature in different

ecosystems has been studied previously. Koyama (18) re-

ported values of methane formation from rice paddy soils in
Japan which had been incubated at 9.5 to 40°C in the
laboratory. Four different soils were investigated. All of
them showed optimal methane formation above 40°C, and
the mean rates ranged from 0.1 to 2.8 ml of CH4 per day and
100 g of soil (dry weight). He extrapolated these data to 0°C
and also gave a value for 5°C (17). Atkinson and Hall (1)
reported higher concentrations of methane at higher tem-
peratures ranging from 7 to 28°C in water from a Georgia salt
marsh. Zeikus and Winfrey (37) investigated sediments at
three different depths from Lake Mendota, sampled in Janu-
ary and May, and incubated subsamples at 4 to 55°C. In all
cases, optima were observed between 35 and 40°C. These
optima were' confirmed by 14C studies. The maximum in situ
temperature of the sediments was 23°C, and the methano-
genic populations would thus never experience their opti-
mum temperature range. These findings were supported by
the investigation of Zinder and Brock (39), who observed the
same optimum for conversion of methyl mercaptan to meth-
ane by sediments from Lake Mendota. According to Sand-
beck and Ward (28), optimal methanogenesis in microbial
mats of hot springs occurred between 50 and 60°C, although
isolated Methanobacterium thermoauitotrophicilin strains
showed optimum methanogenesis at 650C.
A fourfold increase in the methane formation rate from acid

peat incubated in the laboratory at 27°C as compared with
10°C was reported by King et al. (16). Kelly and Chynoweth
(14) performed studies on the dependence of methane pro-

duction on temperature in sediments. They obtained Q1(
values of 0.83 to 5.7, depending on the temperature interval
considered. Higher Q,o values were generally obtained for
low-temperature intervals than for high-temperature intervals.
Most methanogens so far studied in pure culture are

mesophilic (20), but several thermophilic strains have been
isolated (8). Two of the latter have been shown to have lower
optima (between 20 and 25°C) as compared with the others
(between 30 and 40°C). These species belong to the genus
Methanogenium and were isolated from sediment cores from
the Black Sea and the Cariaco Trench (25). These habitats
are the only ones so far shown to have a low-temperature-
adapted methanogenic flora, although several of the habitats
where methanogens have been studied always had tempera-
tures below 10°C. In fact, thermophilic strains have been
isolated from such habitats as well (26). Williams (34) briefly
mentioned the probability that peat methanogenic bacteria
may be adapted to low temperatures but gave no supporting
evidence.
The methanogenic bacteria are able to utilize hydrogen,

acetate, formate, methanol, and methylamines as electron
donors (2). Other products from anaerobic decomposition of
organic matter have to be converted to these compounds to
be reduced to methane. Associations of bacteria performing
such conversions and methanogens have been shown to
have the capacity to decompose several organic substances
to acetate and methane (13, 24). The pioneering work in this
area was done by Bryant et al. (6) and showed that the
decomposition of ethanol by Methanobacillus omelianskii
was in fact performed by two bacteria. One oxidized ethanol
to acetate and hydrogen, and the other oxidized hydrogen to
methane.

It has been shown that anaerobic cellulose decomposers
isolated from peat can produce ethanol and acetate (12) and
that enrichments of peat with ethanol show methane forma-
tion (Svensson, Ph.D. dissertation). Ethanol, acetate, and
hydrogen were used in further studies described in this paper
on the effects of substrate additions and temperature on

methane production from acid peat incubated in the laboratory.

MATERIALS AND METHODS

The peat used in the experiments was collected in the
autumn from a minerotrophic depression, with vegetation
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FIG. 1. Methane formation from acid peat incubated with a

headspace of H2-CO2 (4:1) at different temperatures for 1
(-) and 2.5 months (--). Bars, Standard deviations for the
means of three replicates. dw, Dry weight. The peat had been stored
at 5°C with the same headspace.

consisting of Splhagiinum lindbergii Schimp. and Eriopholllin
angiustifoliitin Honck. The pH varied from 4.2 to 4.9, and the
water table was close to the surface. The permafrost level
was ca. 90 cm below the surface at the time of sampling. Peat
cores were taken by means of a Holmen auger (7). The cores
were subdivided, and the samples were transferred to bottles
while being flushed with nitrogen to avoid oxygen contami-
nation. The bottles were transported to the laboratory at
<50C.
Experiment 1. Peat samples from the most active layers

(10 to 15 cm), incubated with a headspace of H2-CO (4:1) at
50C for about 3 months, were pooled and thoroughly mixed.
The mixture was redistributed in 125-ml flasks, which were
flushed with H.-CO (4:1). Three replicates were placed at 2,
5, 10, 15, 20, 24, 28, and 37°C.

Experiment 2. Peat which had been collected from the
same layers as above and stored with N. at 20C for 6 months
was also incubated for temperature studies as above, but, in
addition, a treatment with a headspace-of N2-CO (4:1) and
an incubation temperature of 12°C was included.
The samples from experiments 1 and 2 were incubated and

analyzed for methane formed after 1 and 2.5 months. Before
analyses, the flasks were flushed with the corresponding gas
mixture and shaken vigorously to obtain an equilibrium,
after which the methane concentration was determined.
After a week of further incubation, the methane accumula-
tion was measured. Thus, the reported daily rates are means

over the 7-day interval before sampling. One milliliter of gas
was withdrawn and analyzed on a Varian Aerograph 600D
equipped with a flame ionization detector and a column with
Porapak T.
Experiment 3. Peat from three cores (diameters of 113 mm)

was subsampled at 5, 10, 15, 20, 25, and 30 cm below the
surface. The samples from each level were mixed in a bottle
in the field, which was continuously flushed with Ar (0,
< 0.1 ppm). The bottles were brought to the laboratory at a
temperature of <5°C. All bottles and solutions were kept
cool during the work to avoid any temperature adaptation of
the microbial populations. All transfers within the laboratory
were carried out by the Hungate technique (9), as modified
by Balch and Wolfe (3). Resazurin (1 ppm [wt/vol]) was
included as an indicator for reduced substrates and solu-
tions. Peat (50 g) from each level was homogenized in 100 ml
of a prereduced sterile solution of 0.1% Trypticase (BBL
Microbiology Systems, Cockeysville, Md.) and 0.1% yeast
extract (Oxoid Ltd., London, England) in an Automix
blender (Hugo Tillquist AB, Stockholm, Sweden). The
blender and the solution were precooled in ice water, and the
temperature never exceeded 7°C after the homogenization.
The pH of the homogenates was 4.0 to 4.1.

Inoculates of 1 ml were transferred to serum bottles (n =
96) with 10 ml of prereduced substrate. The maintenance
medium used by Zeikus and Wolfe (38) was supplemented
with either 210 p.mol of ethanol or 210 ,umol of acetate-0.1%
Trypticase-0.1% yeast extract (final concentration).
Na,CO0 was omitted since the pH had been adjusted to 5.0
before being autoclaved and was 4.8 after being sterilized;
under these conditions most of the carbonate would have
been converted to CO,. The reducing agent was added after
sterilization. The medium was also supplemented with 0.1 ml
of a FeS suspension prepared according to Brock and O'Dea
(4).
The inoculated bottles were stored for 2 days at 5°C before

the headspace of N2-CO2 was changed to H2-CO2 in half of
the ethanol and acetate bottles. Two bottles from each
treatment were then incubated for a month at the same
temperatures as the peat samples in experiment 1 and
analyzed as above.

RESULTS
Methane formation versus temperature for the incubations

of peat in experiments 1 and 2 are shown in Fig. 1 and 2. The
peat previously exposed to H2-CO2 at 5°C (experiment 1;
Fig. 1) and that stored with N2 (experiment 2; Fig. 2) both
showed activity peaks at 20°C after 1 month of incubation.
Another peak was indicated at about 28°C in experiment 1
(Fig. 1) and with N2 in experiment 2 (Fig. 2), although great
variations were obtained. After 1 month, the methane forma-
tion was about the same at 15°C or below for incubations
with N2 or H2, but lower with H, than N, at 20°C and above
(experiment 2). The rates in experiment 1 increased with
further incubation for 1.5 months, especially at 24 and 28°C
(more than 10 times, compared with 5 times at 20°C and 3
times at 15°C) (Fig. 1). The same rates prevailed up to 12 to
15°C with H. and to 12°C with N. 1.5 months later (experi-
ment 2; Fig. 2). At 15°C, with N2, the formation rate was 1.7
times greater after 2.5 months as compared with after 1
month, whereas about the same rate was observed at 20°C.
At 24°C, the rates were much greater after 2.5 months, and
the activity peak occurred at this temperature. The rates
with H. were higher than those with N2 at the higher
temperatures.
Methane accumulation from peat inocula incubated with
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acid substrate (pH 4.8; experiment 3) is shown in Fig. 3. The
values of the two replicates ranged up to one-third around
the means shown. With substrate including acetate and with
N2 as the headspace, an activity peak seemed to occur at
about 20°C for the peat from depths of 10, 15, and 20 cm. For
the 5-cm samples, the peak seemed to be at ca. 15°C. With
H2, the activity peaks were shifted to 24 to 280C, with rates
being an order of magnitude higher than at the corresponding
temperatures with N,. Except for the 5-cm level, the rates at
20°C and below were only slightly affected by the change in
headspace gas. For the lower strata, the rates were higher
with H--CO2.
When the substrate was supplemented with ethanol (Fig.

3c and d), two peaks were observed for the 5-cm level at 20
and 28°C, respectively. With peat from lower strata, lower
rates and a shift of the activity peak towards higher tempera-
tures seemed to occur. With H2 (Fig. 3d), lower rates were
obtained than with N2 below 20°C, and the highest accumu-
lation seemed to be between 24 and 28°C, similar to that for
acetate with H2 (Fig. 3b).

DISCUSSION
The results of the two experiments with peak incubated at

different temperatures (Fig. 1 and 2) showed that a compara-
tively low temperature optimum may exist for the peat
methanogenic flora. The low optimum was similar to that

obtained for Methanogenitum sp. (25) but lower than those
previously reported for other methanogenic bacteria. It is,
however, not necessarily the methanogenic bacteria in these
samples that showed a low-temperature optimum; any of the
microorganisms involved in the decomposition of peat to
acetate, carbon dioxide, and hydrogen may cause the pat-
terns observed. On prolonged incubation of the peat above
10 to 12°C, bacteria with higher temperature optima were
obviously enriched. These seemed to be stimulated by the
presence of hydrogen, since the rate increase at 28°C with H2
was much greater than that with N2. Thus, from these
experiments, it seemed probable that two bacterial popula-
tions with different temperature optima were involved in
methane formation from peat. The different rates may de-
pend on differences between the inocula, one being previ-
ously stored under hydrogen and the other under nitrogen
(Fig. 1 and 2).
The enrichment studies with acetate and ethanol furnished

further support for the existence of two methanogenic popu-
lations. Peat and acetate medium with N,-CO, or H2-CO0
also indicated two different optima (at ca. 20 and 280C),
which may be the result of two different methanogenic
populations: one used acetate and the other hydrogen and
carbon dioxide as substrates for methane formation. Al-
though the variation was high, the explanation seems justi-
fied by the repeated pattern for at least the three upper layers
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of peat. The accumulation at and below 20°C seemed to be
the same with H2 or N>, an observation also made by Khan
and Mes-Hartree (15) for enrichment cultures on cellulose.
They had microscopic evidence that their cultures consisted
of a methanogen similar to that described by Zehnder et al.
(35). The latter had isolated Methanobacterimin soehngenii,
which, when using acetate for methane formation, was

unaffected by hydrogen. This isolate was later renamed
Methanothrix soelhn geinii (10). Since the acetate-utilizing
methanogens in the peat seemed to be unaffected by hydro-

gen, Methanothrix soehngenii may be involved in the meth-
ane formation at low temperature.

Other methanogens so far known to use acetate are

Methanosarcina barkeri (2) and Methanococcius nazei (21).
Hydrogen inhibits methane formation from acetate by Meth-
(inosarcina bar-keri (11, 21, 29) and by some strains of
Methanococcius ,naizei (19). Thus, it seems unlikely that
Methanosarcina sp. take part in methane production at the
low temperatures of the peat enrichment cultures, but Meth-
anolOcoccitS sp. may be involved.
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Ethanol per se cannot be used by any methanogen but may
be decomposed by other organisms to acetate and hydrogen
in a synergistic association with methanogens (6). Methano-
gens oxidize the hydrogen. which would otherwise rapidly
inhibit the ethanol degradation to acetate and hydrogen. The
same type of synergism, as for the S organism and Methltio-
baicter'ium sp. strain MOH for decomposing ethanol, was
shown to exist for Desidlfbvibrio sp. when grown together
with a hydrogen-oxidizing methanogen similar to Metltunalo-
bacteriimn foiaficiuln(5). This association only worked at
low sulfate concentrations, since sulfate promotes the
growth of Desidf('fvibrio sp. and is an energetically favored
sink for hydrogen. Since it had earlier been shown that
ethanol stimulated methane formation from Stordalen peat
(Svensson. Ph.D. dissertation). this compound was used in a
parallel study. Sulfate concentrations were comparatively
low at the site (22). Sulfate reducers have been enriched
from the peat (Svensson, Ph.D. dissertation) and may thus
be associated with methanogens. Ethanol was also shown to
be one of the degradation products obtained with cellulose-
decomposing anaerobes from Finnish peats (12).
The results from the ethanol enrichments were not as clear

cut, although those with H, clearly showed optima at 24 to
28°C similar to results from the acetate experiment. The
optima for methane production from samples from the three
upper peat levels incubated with ethanol (with N2) were
higher at lower depths. This might be due to the activity of
the ethanol-decomposing organisms at the different depths
and also to interference by the acetate-using methanogens
with a lower optimum than for those using hydrogen. Ace-
tate was presumably produced from the decomposition of
ethanol. The presence of hydrogen in the cultures with
ethanol caused decreased methane accumulation at 15 and
20°C for the 5-cm level, whereas a slight increase was
obtained for the 10- and 15-cm levels. This suggested that the
ethanol decomposition was inhibited by hydrogen in peat
from the upper layer. The low-temperature optimum with
nitrogen was probably due to methane formation by the
acetate-utilizing population (Fig. 3c).
Methane production with hydrogen showed higher rates

with acetate present for all levels compared with that with
ethanol. This suggested a stimulatory effect on hydrogen
oxidation by acetate since ethanol decomposition to acetate
and hydrogen will be inhibited by the headspace hydrogen.
This is in accordance with the findings of Zeikus et al. (36).

In summary. incubation of bulk peat as well as subsamples
in enrichment cultures at different temperatures showed the
presence of low-temperature-adapted methanogens with an
optimum at about 20'C and another population with a higher
optimum (between 24 and 28°C). The two seemed to occupy
two nutritional niches: the low-temperature population used
acetate for methane formation, and the one with the higher
optimum oxidized hydrogen. The shift in optimum toward
higher temperatures with prolonged incubation of the bulk
peat samples could be explained by the different substrates
used for methane production. The population using hydro-
gen is more likely to be enriched compared with the one
using acetate, since the former substrate is energetically
more favorable (23). The hydrogen oxidizers would, there-
fore, interfere with the acetate-using methanogens, giving a
mixed optimum.
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