
Introduction

Methane is one of the main greenhouse gases responsi-
ble for global warming. Although its concentration in the
atmosphere is low compared to CO2, (1.745 ppm versus 367
ppm), the high ability of CH4 to absorb and radiate energy
back to the Earth makes it a 21-times more efficient green-
house gas than CO2 [1]. The only known biological sink for
methane is its oxidation by methanotrophic bacteria that uti-
lize methane as a source of carbon and energy [2].

Wetlands are the main source of natural CH4 emissions,
with an estimated level of 100-200 Tg per year globally [3,
4]. It is believed that methane formation takes place in deep-
er layers of a soil profile, while in aerobic layers of peat near
the surface, 20 to 90% of produced methane is oxidized.
Therefore, CH4 emission is a result of the balance between
methane production and methane oxidation [3, 5, 6].

Peatlands are important ecosystems in the context of
biospherical feedback to climate change, due to the large
amount of stored organic carbon [7]. They can act either as
a source of or a sink for carbon [7-9]. Water table level
determines which processes responsible for carbon emis-
sion to the atmosphere occur. When moisture is higher,
anaerobic processes dominate, whereas aerobic processes
will take over when the water table drops. Temperature also
is an important factor in the carbon balance in the peatland
environment. Higher temperatures and lower water tables
increase rates of ecosystem respiration and methane oxida-
tion [10]. Changes in temperature and the water table could
cause the release of carbon that has been sequestered in the
peatlands for thousands years to the atmosphere.

Peat covers about 3,985,000 km2 globally, but the esti-
mations remain uncertain owing to different typologies in
different countries. In Poland there are 17,060 km2 of peat-
lands – 5.5% of the country area. They are located mainly
in northern and eastern Poland in Biebrza and Noteć river
valleys [11]. 
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Abstract

Methane-oxidizing bacteria that inhabit peat play a significant role in carbon recycling. They reduce

methane emissions to the atmosphere and supply carbon dioxide for photosynthesis. Our investigations aimed

at determining the peat profile’s (0-80 cm) ability to oxidize methane focused on the low peat Garbatówka

Peatland in southwestern Poland. The experiments were carried out for four 20 cm layers. Samples of peat

material of natural moisture were incubated in atmosphere enriched in 5% [v/v] CH4 at 5, 10, and 20°C. It was

observed that methane oxidation (up to 145 mg CH4 kg d.w.-1 d-1) was most efficient at 20°C. The highest

methanotrophic activity at each tested temperature was observed for a different zone of the peat profile. At 5°C

the most active layer was 0-20 cm, at 10°C 40-60 cm, while at 20°C the deepest layer (60-80 cm) showed the

highest methanotrophic activity. 
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The aim of the presented paper was to examine the
effect of temperature and layer of peat deposit on the abili-
ty of peat to oxidize methane. We have focused on a peat-
land in the Łęczyńsko-Włodawske Lake District, one of
Poland’s largest complexes of peatlands and lakes. 

Experimental Procedures

Peat soil sampled from different depths (0-20, 20-40,
40-60, and 60-80 cm) of the Garbatówka Peatland were
used for laboratory experiments. Vegetation of peatland
composed of Molinia caerulea, Phragmites australis,
Carex lasiocarpa, some species of mosses, and a few trees,
mainly Betula pendula. Garbatówka peatland is constantly
flooded with 5 cm of water from rainfall or snowfall. Peat
material was collected in the first part of September 2006
and stored up to 2 weeks at 4°C. Soil pH, moisture content,
bulk density, decomposition index, and specific surface
area were determined prior to the study.

Peat pH was determined in the soil suspension obtained
by shaking the peat sample in deionized water (1:1) for 30
min. After 1 hour (EPA SW-846 Method 9045), pH was mea-
sured by means of a pIONeer 65 (Radiometer Analytical
S.A., France) multifunctional meter (pH/Eh/DO/cond) and a
Cartrode glass electrode pHC 5977 [12].

Soil moisture content was estimated by drying the sam-
ple at 105°C for 48 h. The content of water was calculated
from the difference in peat weight before and after drying
[11, 13]. Bulk density and actual moisture were determined
using undisturbed peat samples, collected into 100 cm3 metal
cylinders [11]. In order to define the macroscopic decompo-
sition level of peat material, the von Post scale was used [11,
14, 15]. The specific surface area of soil samples was evalu-
ated from adsorption-desorption isotherms of water vapour,
which were measured at 20°C (PN Z 19010-1) by gravimet-

ric method using a vacuum chamber [16-18]. Soil subsam-
ples (10 g) of natural moisture collected from each depth
were placed in dark, tightly closed bottles, and incubated at
5, 10, and 20°C in air atmosphere enriched in 5% of CH4

[v/v]. The combinations of temperatures were chosen based
on mean temperature values of the seasons in this region
(Table 1).

During incubation (in 3-day intervals) the composition
of gases, mainly the content of CH4, in headspace, were
analyzed by means of gas chromatograph (Varian CP-3800,
equipped with FID, TCD, and ECD detectors, USA). The
measurements were carried out until added CH4 was com-
pletely depleted. Methanotrophic activity of peat material
was estimated by the rate of methane oxidation and
expressed as an amount of CH4 (in milligrams, oxidized per
kilogram of peat, dry weight, per day).

In order to confirm the biological character of the
methane oxidation process, autoclaved peat samples
(120°C per 1 h) were used as a control [19]. All experi-
ments and analysis were performed in triplicate. Statistical
processing of data (ANOVA test, regression analysis) was
performed using Statgraphic Plus 3.0 software. The mean
values of methanotrophic activity and their standard devia-
tions were calculated. Dependence of methanotrophic
activity on temperature was examined.

Results and Discussion 

Collected soil materials differed from each other with
respect to pH, moisture, bulk density, specific surface area,
and degree of decomposition (Table 2). The pH of tested
profiles increases with depth, the highest drop between
neighbouring layers was observed for the surface (0-20 cm)
and subsurface (20-40 cm) layers. Statistically significant
differences in pH did not occur only between layers 20-40
and 40-60 cm (P>0.05).

The highest moisture, bulk density, and specific surface
area were observed for samples collected at a depth of 60-
80 cm. Soil moisture content was different in each layer
(P<0.05). In the case of bulk density and specific surface
area, no significant differences (P>0.05) were observed
between the levels of 40-60 and 60-80 cm. Peat material is
characterized by a low degree of decomposition as defined
by the von Post index [9]. Among tested levels it was pos-
sible to distinguish two groups (Table 2): 0-40 cm decom-
posed maximally in 20%, and 40-80 cm in 30%.
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Season of the year Temperature ºC

spring 12

summer 18.1

autumn 5.8

annual 8

Table 1. Climatic factors in sampling site.

Depth 
[cm]

pH 
[H2O]

Humidity 
[% w/w]

Bulk density (actual)
[g cm-3]

Specific surface SBET (H2O)
[m2 g-1]

Decomposition of soil material
[%]

0-20 6.93±0.02c 592.96±0.07c 0.708±0.022a 243.9±7.32b 10-20

20-40 6.8±0.02b 530.07±0.01a 0.743±0.026b 221.6±6.65a 10-20

40-60 6.83±0.02b 582.36±0.2b 0.859±0.045c 278.4±8.35c 20-30

60-80 6.75±0.02a 667.8±0.25d 0.879±0.004c 287.9±8.64c 20-30

Table 2. Characteristics of peat soil material; mean values followed by the same letter are not significantly different at the 5% level.



Figs. 1 and 2 present the effects of temperature and peat
sampling depth on peat methanotrophic activity. Depth and
temperature had a significant influence on methanotrophic
activity. In each case the value of P was lower than 0.05,
which indicates significant differences in the methane oxi-
dation capability between particular deposit layers and tem-
peratures at 95% confidence level. No methane oxidation
was observed in autoclaved peat soil, which confirms that
the peat ability for methane oxidation is connected with the
presence and the activity of soil microorganisms.

In the examined temperature range the highest differ-
ence in methane oxidation rate was observed for samples
originating from a depth of 40-60 cm. A more than tenfold
increase in methane oxidation activity was found when
incubation temperature increased from 5 to 20°C.
Relatively high differences in methanotrophic activity also
were observed in samples collected from 20-40 cm. In the
case of surface layer material (0-20 cm) the differences
were much lower, with three times higher activity at 20°C

than at 5°C. Similarly, Whalen et al. [3] noted that an
increase of temperature from 15 to 25°C doubled the
methane oxidation rates.

Statistical analysis of obtained results showed that at
each tested temperature, statistically significant differences
(P<0.05) in methanotrophic activity between tested peat
layers occurred (Fig. 1). A temperature of 5°C did not pre-
vent methanotrophic activity but significantly decreased it,
on average by 80% in comparison to 20°C.

The most favorable temperature, among all tested, for
methane oxidation was 20°C. At all selected layers methan-
otrophic activity increases with temperature, which is
described by equations and correlation coefficients in Table
3.

When temperature decreased, the length of time neces-
sary to oxidize all added methane was observed. This is in
accordance with the previous data that metabolic processes
of methanotrophs are closely connected with temperature
and that higher temperatures enhance their metabolism [20].

Ability of Peat Soil to Oxidize Methane... 807

[m
g 

C
H

4 k
g-1

 d
-1

]

Temperature [°C] 

5 10 20 

Depths [cm] 

0-20 20-40 40-60 60-80
12

22

32

42

52
P<0.05

0-20 20-40 40-60 60-80
29

39

49

59

69

79

P<0.05

0-20 20-4040-6060-80
110

120

130

140

150
P<0.05

Fig. 1. Methanotrophic activity (mean values) and standard deviations in peat deposit profile at 5°C, 10°C, and 20°C (n=12).
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Fig. 2. Effect of temperature on methanotrophic activity in particular depths of peat deposit profile (n=9, error bars are standard deviations).
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Most methanotrophic bacteria show optimum methane oxi-
dation between 20 and 37°C. Many researchers have found
that optimum temperatures for methane oxidation in soils
are around 25 to 35°C [12, 21]. 

There are some earlier observations that soil methane
oxidation rates are positively correlated with temperature,
which indicates greater oxidation during summer than in
autumn, spring, and winter [6, 22].

As reported by Christophersen et al., the lowest temper-
ature most often chosen for soil exposure on high concen-
trations of CH4 is 5°C [21]. The investigations of Whalen et
al. [23] showed that the oxidation of methane in natural
wetlands is on average 0.02 mg CH4 kg d.w.-1 d-1 at 5°C,
while Czepiel et al. [24] found the value of 0.38. In this
study the ability of peat material for methane oxidation was
higher and ranged between 12 and 42 mg CH4 kg d.w.-1 d-1

at 5°C.
Methanotrophic activity in Korean pine forest soil

increased with temperature in the 4-35°C range [25].
Scheutz and Kjeldsen [26] investigated the ability for
methane oxidation in soils collected from Skellingsted
Landfill in south of Holbæk (Denmark). They determined
that the oxidation process intensifies with an increase in the
whole examined temperature range from 0-30°C, with the
most intensive increase between 20 and 30°C.

Methane oxidation in 12 peatlands from South
America, tested by Yavitt et al. [27], rose 1.1-4.5 times with
an increase of temperature from 12 to 22°C. An experiment
with peat material from Siberia showed that methane con-
sumption increases with temperature up to 22-28°C. Above
these values there was a significant drop of methanotroph-
ic activity [28]. The optimum temperature for methane oxi-
dation in forest soil examined by Reay and collaborators
was around 25°C [29]. Consumption of CH4 in landfill
cover also increases with temperature in the range 1-19°C,
and the highest increase of methane oxidation was observed
between 12 and 19°C [30].

Our experiments revealed the differences in methane
consumption between tested layers of a peat deposit profile.
At each incubation temperature a different layer showed the
highest methanotrophic activity. At 5°C the 0-20 cm layer
was most active, at 10°C the 40-60 cm layer and the 60-80
cm layer at 20°C; methanotrophic activities were 42.2,
74.7, and 145.1 mg CH4 kg d.w.-1 d-1, respectively.

Many studies reported differences in CH4 consumption in
soil profiles. Some showed maximum uptake rates in top
soils [31-33], while others were in a subsurface level of soils
[31]. In rice paddy soils during drainage the highest methan-
otrophic activity was observed in the 0-10 cm surface layer
[32]. Acid peatlands in southeastern England showed the
highest ability for methane oxidation in a surface layer (0-20
cm), which was above the water table level [33], while in nat-
ural peatlands of northern Canada the most efficient methane
consumption was reported for subsurface depths of 20-30 cm
and 30-40 cm [31]. A Welsh wetland examined by Freeman
et al. [6] showed the maximum ability of CH4 oxidation at the
depth of 5-12.5 cm. During investigations of a coniferous
hardwood forest, Benstead and King [34] found that atmos-
pheric methane consumption occurred most efficiently at a
depth of 5 cm, while in Klosterheden Forest soil (Western
Jutland, Denmark), the maximum rate of methane oxidation
was observed at a deeper layer: 12-15 cm [35]. Laboratory
incubation of soil samples taken from a beech forest at
Craigieburn showed the depth stratification of CH4 oxidation
rates, with the greatest microbial activity at 5-10 cm [36].

Maximum methane oxidation in mineral soils occurred
generally at a depth of 8-13 cm [22]. Soils from Japan test-
ed by Ishizuka et al. [37] also showed the differentiation of
CH4 consumption with the depth. At a depth of 0-10 cm,
methane was most efficiently oxidized in a valley head and
upper part of the slope. In a cedar forest the oxidation was
highest at a depth of 10-20 cm, while in soil planted with a
Japanese cedar the depth was 20-30 cm.

To summarize, our peat material showed methanotroph-
ic activity in the range of 13 to 145 mg CH4 kg d.w.-1 d-1; at
20°C it was between 119-145. This was greater than methan-
otrophic activity in a Finnish boreal peatland (0.24-2.88)
[38], peatlands of Canada (13.1) [31] and England (1.7 mg
CH4 kg d.w.-1 d-1) [6]. Forest soil investigated by Saari et al.
showed low ability for methane oxidation, which fluctuated
around 0.05 mg CH4 kg d.w.-1 d-1 [23]. Soils taken from the
Welsh wetland tested by Freeman et al. demonstrated maxi-
mum methane oxidation at 1.69 mg CH4 kg-1 d-1 [6]. Forest
and prairie soils investigated in an elevated CH4 level head-
space by Chan and Parkin [1] showed methane oxidation at
107.5 and 46.1 mg CH4 kg d.w.-1 d-1, respectively, while in
agriculture, no fertilized soils reached up to 282.6 mg CH4 kg
d.w.-1 d-1, which is twice that found in Garbatówka.

Waste soil (from stimulated landfill reactors) and clay
soil (from landfill cover) were examined by He et al. [39].
These authors found methane oxidation at 5,176-384 mg
CH4 kg d.w.-1 d-1, respectively, which is significantly greater
than the CH4 oxidation values estimated for Polish peat
material examined in this study. 

Conclusions

Our investigation showed that tested peat material orig-
inating from different depths (0-80 cm) had a high ability to
oxidize methane, and that peat methanotrophic activity is
affected by temperature as well as being defined by the

808 Szafranek-Nakonieczna A., Bennicelli R. P.

Depth [cm] R coefficient Equation

0-20 0.967*** y = exp(3.23 + 0.08x)

20-40 0.996*** y = -17.84 + 6.91x

40-60 0.999*** y = -131.60 + 89.75ln(x)

60-80 0.972*** y = exp(2.45 + 0.12x)

Total 0.961*** y = -17.06 + 7.43x

Table 3. R coefficients and equations describing the correla-
tions between temperature and methanotrophic activity for each
peat layer (n=9).

*P<0.05; **P<0.01; ***P<0.001.



layer of peat deposit. At 20°C the most active material in
methane oxidation was that collected from the layer of 60-
80 cm, in theory more proper for methane formation. On
the other hand, high methanotrophic activity in surface
layer (0-20 cm) also was observed at 5°C. That zone,
among all in natural conditions, theoretically has easier
access to the atmospheric oxygen that is essential for the
methane oxidation process.

Acknowledgements

The authors are grateful to the Polish Ministry of
Science and Higher Education for its financial support
(Project No. N304 102 32/3859).

References

1. CHAN A. S. K., PARKIN T. B. Methane oxidation and
production activity in soil from natural and agricultural
ecosystems, Journal of Environmental Quality, 30, 1896,
2001.

2. SEGHERS D., SICILIANO S. D., TOP E. M., VER-
STRAETE W. Combined effect of fertilizer and herbicide
applications on the abundance, community structure and
performance of the soil methanotrophic community, Soil
Biology and Biochemistry, 37, 187, 2005.

3. WHALEN S. C. Biogeochemistry of methane exchange
between natural wetlands and the atmosphere,
Environmental Engineering Science, 22, (1), 73, 2005.

4. HÜTSCH B. W. Methane oxidation in non-flooded soils as
affected by crop production – invited paper, European
Journal of Agronomy 14, 237, 2001.

5. LE MER J., ROGER P. Production, oxidation, emission and
consumption of methane by soils: A review, European
Journal of Soil Biology, 37, 25, 2001.

6. FREEMAN C., NEVISON G. B., KANG H., HUGHES S.,
REYNOLDS S., HUDSON J. A. Contrasted effects of sim-
ulated drought on the production and oxidation of methane
in a mid-Wales wetland, Soil Biology and Biochemistry, 24,
61, 2002.

7. ALM J., TALANOV A., SAARNIO S., SILVOLA J.,
IKKONEN E., AALTONEN H., NYKANEN H., MAR-
TIKAINEN P. J. Reconstruction of the carbon balance for
micro sites in a boreal oligotrophic pine fen, Finland,
Oceanologia, 110, 423, 1997.

8. BUBIER J., CRILL P., MOSEDALE A., FROLKING S.,
LINDER E. Peatland responses to varying interannual mois-
ture conditions as measured by automatic CO2 chambers,
Global Biogeochemical Cycles, 17, (2), 35.1, 2003.

9. AURELA M., LAURILA T., TUOVINEN J. P. Seasonal
CO2 balances of a subarctic mire, Journal of Geophysical
Research-Atmospheres, 106, 1623, 2001.

10. CARROLL P., CRILL P. Carbon balance of a temperate
poor fen, Global Biogeochemical Cycles, 11, 349, 1997.

11. MYŚLIŃSKA E. Organic ground and laboratory methods
its analysis, PWN, Warszawa, 2001 [In Polish]. 

12. BENDER M., CONRAD R. Effect of CH4 concentrations
and soil conditions on the induction of CH4 oxidation activ-
ity, Soil Biology Biochemistry, 27, 1517, 1995.

13. HORZ H. P., RAGHUBANSHI A. S., HEYER J., KAM-
MANN C., CONRAD R., DUNFIELD P. F. Activity and

community structure of methane oxidizing bacteria in wet
meadow soil, FEMS Microbiology Ecology, 41, 247, 2002.

14. BOZKURT S., LUCISANO M., MORENO L.,
NERETNIEKS I. Peat as a potential analogue for the long-
term evaluation in landfills, Earth-Science Reviews, 53, 95,
2001.

15. GLATZEL S., BASILIKO N., MOORE T. Carbon dioxide
and methane production potential; of peats from natural,
harvested and restored sites, eastern Québec, Canada,
Wetlands, 24, (2), 261, 2004.

16. ROVDAN E., WITKOWSKA-WALCZAK B., WALCZAK
R., SŁAWIŃSKI C. Changes in the hydrophysical proper-
ties of peat soil under anthropogenic evolution, International
Agrophysics, 16, 219, 2002.

17. SOKOŁOWSKA Z. Adsorption and surface area of soil. w
Józefaciuk G. (Ed.): Physics, Chemistry and
Biogeochemistry in Soil and Plant Studies, Institute of
Agrophysics PAS, Lublin, pp. 130-135, 2004.

18. SOKOŁOWSKA Z., MATYKA-SARZYŃSKA D.,
BOWANKO G. Specific surface area of Lublin Polesie
muscks determined from water vapor and nitrogen adsorp-
tion data, International Agrophysics, 18, (4), 363, 2004.

19. BRADFORD M. A., INESON P., WOOKEY P. A., LAP-
PIN-SCOTT H. M. Role of CH4 oxidation, production and
transport in forest soil CH4 flux, Soil Biology and
Biochemistry, 33, 1625, 2001.

20. CHIMNER R. A, COOPER D. J. Influence of water table
levels on CO2 emissions in a Colorado subalpine fen: an in
situ microcosm study, Soil Biology and Biogeochemistry.
35, 345, 2003.

21. CHRISTOPHERSEN, M., LINDERØD L., JENSEN P. E.,
KJELDSEN P. Methane oxidation  at low temperatures in
soil exposed to landfill gas, Journal of Environmental
Quality, 29, 1989, 2000.

22. SAARI A., HEISKANEN J., MARTIKAINEN P. J. Effect
of the organic horizon on methane oxidation and uptake in
soil of a boreal Scots pine forest, FEMS Microbiology
Ecology, 26, 245, 1998. 

23. WHALEN S. C., REEBURGH W. S., SANDBECK K. A.
Rapid methane oxidation in a landfill top cover soil, Applied
Environmental Microbiology, 56, 3405, 1990.

24. CZEPIEL P. M., MOSHER B., CRILL P. M., HARRISS R.
C. Quantifying the effect of oxidation on landfill methane
emissions, Journal of Geophysical Research-Atmospheres,
101, 16721, 1996.

25. ZHANG X. J., XU H., CHEN G. X. Effects of soil moisture
and temperature on CH4 oxidation and N2O emission of for-
est soil, Journal of Forestry Research, 11, (3), 203, 2000.

26. SCHEUTZ CH., KJELDSEN P. Environmental factors
influencing attenuation of methane and hydrochlorofluoro-
carbons in landfill cover soil, Journal of Environment
Quality, 33, 72, 2004.

27. YAVITT J. B., WILLIAMS CH. J., WIEDER R. K.
Production of methane and carbon dioxide in peatland
ecosystems across North America: effects of temperature,
aeration, and organic chemistry of peat, Geomicrobiology
Journal, 14, 299, 1997.

28. KNOBLAUCH CH., ZIMMERMANN U., BLUMEN-
BERG M., MICHAELIS W., PFEIFFER E. M. Methane
turnover and temperature response of methane-oxidizing
bacteria in permafrost-affected soils of northeast Siberia,
Soil Biology and Biochemistry, 40, 3004, 2008.

29. REAY D. S., NEDWELL B. B., MCNAMARA N. Physical
determinations of methane oxidation capacity in a temperate
soil, Water, Air, and Soil Pollution: Focus 1, 401, 2001. 

Ability of Peat Soil to Oxidize Methane... 809



30. EINOLA J. K. M., KETTUNENA R. H., RINTALA J. A.
Responses of methane oxidation to temperature and water
content in cover soil of a boreal landfill, Soil Biology ad
Biochemistry, 39, 1156, 2007.

31. MOORE T. R., DALVA M. Methane and carbon dioxide
exchange potentials of peat soils in aerobic and anaerobic
laboratory incubations, Soil Biology and Biochemistry, 29,
(8), 1157, 1997. 

32. HENCKEL T., JÄCKEL U., CONRAD R. Vertical distribu-
tion of the methanotrophic community after drainage of rice
field soil, FEMS Microbiology Ecology, 34, 279, 2001.

33. CHEN Y., DUMONT M. G., MCNAMARA N. P.,
CHAMBERLAINE P. M., BODROSSY L., STRALIS-
PAVESE N., MURRELL J. C. Diversity of the active
methanotrophic community in acidic peatlands as assessed
by mRNA and SIP-PLFA analyses, Environmental
Microbiology, 10, (2), 446, 2008.

34. BENSTEAD J., KING G. M. The effect of soil acidification
on atmospheric methane uptake by a Maine forest soil,
FEMS Microbiology Ecology, 34, 207, 2001.

35. ROSLEV P., IVERSEN N., HENRIKSEN K. Oxidation and
assimilation of atmospheric methane by soil methane oxi-
dizers, Applied and Environment Microbiology, Mar., pp.
874-880, 1997. 

36. PRICE S. J., SHERLOCK R. R., KELLIHER F. M.,
MCSEVENY T. M., TATE K. R., CONDRON L. M.
Pristine New Zealand forest soil is a strong methane sink,
Global Change Biology, 10, 16, 2003. 

37. ISHIZUKA S., SAKATA T., ISHIZUKA K. Methane oxida-
tion in Japanese forest soil, Soil Biology and Biochemistry.
32, 469, 2000.

38. KETTUNEN A., KAITALA V., LEHTINEN A., LOHILA
A., ALM J., SILVOLA J., MARTIKAINEN P. J. Methane
production and oxidation potentials in relation to water table
fluctuations in two boreal mires, Soil Biology and
Biochemistry, 31, 1741, 1999.

39. HE R., RUAN A., JIANG CH., SHEN D. Responses of oxi-
dation rate and microbial communities to methane in simu-
lated landfill cover soil microcosms, Bioresource
Technology, 99, 7192, 2008.

810 Szafranek-Nakonieczna A., Bennicelli R. P.


