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Abstract

High temporal and spatial variability is a key problem when quantifying methane emissions from soils. Whereas the spatial

variability on the landscape scale has been investigated in di�erent studies, we investigated the spatial heterogeneity of CH4

production on 1 cm scale, as well as the role of organic material as a relevant factor. Undisturbed soil cores (dia. 6 cm) of two
mineral and one peaty wetland soils (Typic Humaquept, Aeric Endoaquept and Limnic Haplohemist) from the cool-humid

region in southwest Germany were anaerobically incubated for 3 months. The time course of the CH4 production rates was
dependent on the water-table-level history of the incubated horizon and on the soil type. However, the absolute amounts of CH4

production di�ered largely between parallel cores from each soil type, although they were obtained within 1 m2. The native

structures of the soil cores were determined by computed tomography. Fresh organic material was observed in all highly
productive soil cores, whereas soil cores with low methanogenic activity included far less fresh organic material. The observed
hot spots of fresh organic material were correlated to high amounts of Archaea, as analyzed by etherlipid analysis as well as by
in situ hybridization using an Archaea-speci®c probe. The most dominant factor for the spatial variation in CH4 production on

the micro-scale is the distribution of fresh organic material, which activates and possibly attracts methanogenic Archaea
(methanogens). 7 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In recent years, great e�orts have been undertaken
to quantify methane emissions. However, a prospective
calculation of CH4 emission from di�erent soil types
has remained di�cult because of the high temporal
and spatial variability of CH4 emissions (Granberg et
al., 1997) at the landscape scale (Moore et al., 1990;

Valentine et al., 1994) as well as at the m2-scale
(Adrian et al., 1994). In studies at three sites in the
AllgaÈ u-region, the high temporal variability of CH4

emissions even exceeded the spatial variability on the
landscape scale and there was no strong correlation to
abiotic factors such as depth of water table, pH or soil
temperature (Fiedler and Sommer, unpublished data).

Emission of CH4 from soils is the net result of the
anaerobic production and the aerobic consumption of
CH4. In soils with high amounts of gas-®lled pores,
where oxic processes take place, CH4 oxidation will
outweigh CH4 production. The temporal variability of
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CH4 ¯uxes in soils with ¯uctuating water tables can be
partly explained by the compensative e�ect of pro-
duction and consumption (MacDonald et al., 1996).
However even in strictly anaerobic soils CH4 pro-
duction potential is a function of depth (Hornibrook
et al., 1997). Production as well as consumption rates
vary by three orders of magnitude in di�erent studies
(Moore and Dalva, 1997; Segers, 1998; Wassman et
al., 1998) and these were ``weakly correlated with eco-
system type, incubation temperature, in situ aeration,
latitude, depth and distance to oxic/anoxic interface''
(Segers, 1998). In addition the variability of the col-
lected data may even be highly dependent on the size
of the soil samples (Brockman and Murray, 1997). On
small spatial scales, denitri®cation rather than metha-
nogenesis has been investigated. Parkin (1987)
observed a high variability of denitri®cation on the
``nugget-scale'' (soil samples of about 5 g). High
speci®c rates of denitri®cation were associated with
particulate organic C material in the soil. Methane
production also depends on substrate availability in
the soil. The e�ects of the quantity as well as the qual-
ity of organic matter on CH4 production have been
shown by Joulian et al. (1996): Methanogenesis is
in¯uenced more by the availability and composition of
the substrate than by the density of methanogens.
Recently, Bergman et al. (1998) stressed that substrate
availability Ð rather than abiotic factors like tempera-
ture and pH Ð is a predominant constraint for CH4

productivity under ®eld conditions.
The fact that variability on the landscape scale can-

not be explained adequately from easily measurable
factors makes it reasonable to ask whether it can be
traced back to processes on smaller scales. Since bio-
logical processes may be non-linear it makes sense to
look for variables on small scales (less than 1 m) that
determine processes on larger scales. We present an
approach to determine ruling factors of methane pro-
duction at scales as small as 1 cm.

2. Material and methods

2.1. Site description

The sites investigated are situated in the Moraine
Landscape ``AllgaÈ u'' (area approx. 500 km2) in south-
west Germany, between 550 and 660 m a.s.l.. The
mean annual precipitation is about 1300 mm, mean
annual air temperature equals 6.58C. For the measure-
ment of methane emissions, we chose three representa-
tive land units: (i) an alluvial plain, (ii) a colluvial
margin of a wet depression, and (iii) a peaty de-
pression of the hummocky ground moraine. According
to Soil Survey Sta� (1998), the soils of the sites were
classi®ed as (i) Aeric Endoaquept (AE), (ii) Typic

Humaquept (TH), and (iii) Limnic Haplohemist (LH).
These soil types cover approx. 20% of the ``AllgaÈ u''
area. The sites are farmed extensively (low input mea-
dows).

2.2. Methane ¯uxes and environmental variables

Methane emissions were measured weekly from July
1996 to July 1998. The high temporal variability of
CH4 emissions exceeded even the spatial variability on
the landscape-scale. A general trend of increasing
water table, AE < TH < LH, can be observed from
Table 1. Within the biologically most active zone at 0±
20 cm depth a longer period of reducing conditions
was registered in the TH compared to the LH (Fiedler
and Sommer, unpublished data).

2.3. Soil sampling

The three sites were sampled below the root mat
(depth 5±15 cm) comprising the following horizons:
Ah2 (AE), Ah2 (TH) and Oi (LH) according to Soil
Survey Sta� (1998). At the time of sampling, the
sampled horizons of TH and LH were water saturated
and anoxic, the Ah2 of the AE was oxic. Thirteen
samples with intact soil structure were taken per hor-
izon (each sample was 6 cm in diameter and 4 cm in
height). The Phragmites stems in the cores from the
TH were cut o� above and below the core. All cores
were kept at 48C and transferred to the laboratory
within 8 h, subsequently wetted (AE) and drained (all
three soil types) to an air content of 9±15% (calculated
from the water retention curve) in order to allow CH4

to enter the gaseous phase by di�usion and convection.
Three cores (controls) were sterilized by heat-denatura-
tion or fumigation with chloroform for 48 h. Six ad-
ditional undisturbed cores of each soil site were used
for measurements of water content and water retention
curve (Klute, 1986).

2.4. Incubation chambers for methane production

Chambers with minimal headspace (3 cm3, volume
of chamber 116 cm3, volume of soil core 113 cm3) for
the anoxic incubation of soil cores with intact struc-
tures were constructed using polyoximethylene as a
material tight for soil-gases and inert for CH4. The
drained soil cores were closed up within the chambers
48 h after sampling and incubated for 3 months at
158C re¯ecting a mean temperature of the soil layer
during summer. Methane concentration was measured
individually in each chamber every 7 days by attaching
a 20 ml vacutainer on the lower outlet, exhausting the
gaseous phase in the chamber down to 40 kPa.
Through the upper outlet the chambers were ®lled
with N2 after each measurement until normal atmos-
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pheric pressure was re-established. As a control,
chambers without soil, chambers with heat-denatured
soil (of each soil type), and chambers with soil cores
treated with chloroform in the gaseous phase for 48 h,
were incubated in parallel. At the end of incubation,
the cores were stored at ÿ208C. Of each soil type, six
cores were pumped with 2 l ethanol prior to freezing
for further use in computed tomography and in situ
hybridization, two cores and the three sterilized con-
trol cores were frozen without ethanol treatment, and
two were extracted for etherlipid analysis.

2.5. Gas analysis

Gas samples were analysed on a PE Autosystem XL
(g.c. equipped with a f.i.d. operating at 4008C).
Methane was separated on a Porapak Q column (80±
120 mesh) with N2 as carrier gas (45 ml minÿ1) and
with H2 (45 ml minÿ1) and synthetic air (400 ml
minÿ1) as auxiliary gases, under the following con-
ditions: oven temperature 408C, injector temperature
1308C.

2.6. Computed tomography

The structure of six cores of every soil type was ana-
lysed in a medical computer tomograph with a resol-
ution of 1 mm in length as well as in depth (40

pictures for each soil core), 3D-visualization with
volume rendering.

2.7. Quanti®cation of Archaea by analysis of etherlipids

Each 113 cm3 soil core was extracted with 70 ml
phosphate bu�er, 250 ml methanol, 250 ml chloroform
and 125 ml distilled water for 2 h (Zelles and Bai,
1993). After phase separation the lower phase was
recovered and concentrated in a rotary evaporator.
The lipid material was fractionated into neutral lipids,
glycolipids and phospho-(polar) lipids on a silica-
bonded phase column (SPE-SI; Bond Elut, Analytical
Chem. International, Calif. USA) by elution with
chloroform, acetone and methanol, respectively. An
aliquot of the phospholipid fraction was hydrolised
with hydriodic acid (57%) for 18 h at 1008C for the
cleavage of the ether bonds (Kates et al., 1965). The
resulting alkyl iodides were reduced to the correspond-
ing isoprenoid hydrocarbons following the procedure
of Panganamala et al. (1971), with zinc powder in gla-
cial acetic acid. Hydrocarbons were analyzed by gas
chromatography mass spectrometry (Hewlett-Packard,
5971A MSD column), combined with a 5890 series II
gas chromatography system. Nonadecylacidmethylester
was used as an internal standard for the quanti®cation
of the hydrocarbons. The resulting phospholipid ether-
linked isoprenoids concentrations were converted into
number of Archaea cells per soil core by the following

Table 1

Site description, environmental variables and methane ¯ux during the period from July 1996 to July 1998

Description Alluvial plain Colluvial margin of a wet

depression

Peaty depression

Soil type Aeric Endoaquept (AE) Typic Humaquept (TH) Limnic Halpohemist (LH)

Location (latitude and longitude) Aichstetten (10825 'E 47852.2 'N) Artisberg (9851.5 'E 47843 'N) Wangen (9850 'E
47840.5 'N)

Dominating plant species Dactylis glomerata, Lolium perenne,

Taraxacum o�cinale,

Brachythecium rutabulum

Carex gracilis, Phragmites

australis, Lysimachia

thyrsi¯ora, Pleurozium

schreberi, Climacium

dendroides

Carex acutiformis,

Potentilla erecta,

Filipendula ulmaria,

Pleurozium schreberi,

Climacium dendroides

Bulk density [g cmÿ3] 0.81 0.23 0.1

pH (CaCl2) 5.3 5.7 4.8

Soil organic carbon [%2SD] 4.220.1 11.720.1 43.822.3

C to N ratio in soil [%2SD] 9.120.02 12.220.04 15.120.28

C to N ratio in plants [%2SD] 18.822.0 26.920.4 25.320.8

Microbial C [mg C cmÿ32SD] 1045292.6 286224.3 218221.3

Median groundwater table [m below

surface2SD]a,b
1.0020.24/1.1820.23 0.120.12/0.1420.16 0.0820.09/0.120.17

CH4-emission [g CH4 m
ÿ2 yÿ1]a,b 0.1/0 92.5/37.5 15.3/10.6

Mean [g 10ÿ3 CH4 m
ÿ2 dÿ1]a±d 3/0.1/0.14/-0.13 244/96/17.7/51.8 42/31/9.7/8.6

Median [g 10ÿ3 CH4 m
ÿ2 dÿ1]a,b 0/-0.2 85/40 31/26

a weekly from 21 July 1996 to 21 July 1997.
b weekly from 21 July 1997 to 21 July 1998.
c 01 Dec 1997 (N = 3).
d 17 Mar 1998 (N = 3); SD = Standard deviation.
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approximations: 1 mol etherlipid contains 2 mol phy-
tane and biphytane, and methanogenic monocultures
obtained from a variety of sources yield an average
etherlipid concentration of 2.5 mmol gÿ1 dry weight of
methanogenic cells (Nichols et al., 1987). One gram
dry weight of methanogenic Archaea corresponds to
5.9� 1012 cells (White et al., 1979).

2.8. Quanti®cation of Archaea and Eubacteria by in situ
hybridization technique

Soil material was ®xed in 99.8% ethanol immedi-
ately after sampling and stored at ÿ208C until used.
Prior to hybridization soil samples were diluted in
0.1% sodiumpyrophosphate, spotted on gelatine
coated slides (0.1% gelatine, 0.01% KCr(SO4)2) in 10
ml aliquots per well and dried at room temperature.
After dehydration with 50, 80 and 99.8% ethanol for 3
min each, hybridization was carried out at 428C for 2
h in 8 ml of hybridization bu�er (0.9 M NaCl, 20 mM
Tris±HCl, 10 mM EDTA, 0.01% SDS) and 1 ml of
DAPI solution (200 ng mlÿ1), in the presence of 20 or
30% formamide for hybridization with probes
Arch915 or Eub338, respectively. Both probes were
labeled with the ¯uorescent dye Cy3 (Amersham).
After hybridization the slides were immersed in wash-
ing bu�er for 15 min at 428C (20 mM Tris±HCl, 10
mM EDTA, 0.01% SDS and 900 or 300 mM NaCl
depending on the formamide concentration during hy-
bridization, 20 or 30%, respectively), subsequently
rinsed with destilled water and air-dried. Slides were
mounted with Citi¯uor solution (Citi¯uor, Canterbury,
UK) and examined with a Zeiss Axiolab microscope
®tted for epi¯uorescence. Microbial cells were counted
at 100� magni®cation. Twenty ®elds, randomly
selected, covering an area of 0.01 mm2 were examined
from a sample distributed over two circular areas of
53 mm2 each.

3. Results

3.1. Methane production

In all of the soil cores with intact structures CH4

production was induced during anaerobic incubation
at 158C (Fig. 1a±c). In our experiments, in highly pro-
ductive cores such as TH9, this rate reached up to 39
m mol mÿ3 sÿ1 (equalling 53.9 g mÿ3 dÿ1, see Table 2).
In the cores taken from the soils with high annual
mean groundwater levels in the ®eld (TH and LH),
CH4 production started within 4±7 days after the
beginning of anaerobic incubation (Fig. 1b and c).
After 3 weeks of incubation, the exponential develop-
ment of the weekly CH4 production rates levelled o�
and a plateau phase was reached (Fig. 1b and c). The

production rates remained high (up to 53.9 g mÿ3 dÿ1)
for about 2 months until the end of the experiment. In
control soil cores CH4 concentration stayed below 10
mg mÿ3 dÿ1. A completely di�erent pattern of CH4

production rates was observed in the cores taken from
the Ah2 horizon of the AE, which was oxic at the time
of sampling. In these cores wetted prior to incubation,
CH4 production started slowly and production rates
rose exponentially throughout the incubation (Fig. 1a).

The time course of CH4 production represented the
soil type and the conditions prior to sampling, whereas
the absolute amount of CH4 production varied largely
between individual cores of one soil type, as is shown
in the following section for all three soil types
(Table 2). The high variability within the soil sites is

Fig. 1. Methane production rates in undisturbed incubated soil cores

of the Aeric Endoaquept (a), the Typic Humaquept (b), and the

Limnic Haplohemist (c). Note that methane production values are

not cumulative and given on logarithmic scales.
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shown by the coe�cient of variation (standard devi-
ation in percent of mean), which often exceeds 100%.

The cores of the TH fall in two groups of pro-
ductivity. Type 1 are the ``highly productive'' cores
(TH3, TH6, TH7 and TH9) in which the weekly CH4

production rates increased to a high value after a few
days and remained constant until the end of the exper-
iment. Type 2 are the ``low productive'' cores (TH1,
TH2, TH4, TH5, TH8 and TH10) in which CH4 pro-
duction started within a few days, but it took about 90
days of incubation until some of the cores reached
rates of CH4 production which were comparable to
those of the ``highly productive'' cores (Table 2).

The highly productive cores of the LH had a slightly
lower rate of CH4 productivity (around 30 g mÿ3 dÿ1,
see Table 2) than the highly productive cores of the
TH (around 40±50 g mÿ3 dÿ1). However the variability
between di�erent cores of LH was as high as in the
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Fig. 2. (a) Methane emission rates of the ®eld soil (g mÿ2 dÿ1),
plotted against Archaea densities (1013 mÿ3 soil) in samples of the

same soils on the same days, calculated from the concentration of

phytan and biphytan in the phospholipid fraction. (b) Methane pro-

duction rates (g mÿ3 dÿ1) of selected incubated soil cores (at the day

of harvesting for etherlipid analysis) plotted against Archaea den-

sities (1013 mÿ3 soil) in the soil cores, calculated from the concen-

tration of phytan and biphytan in the phospholipid fraction of the

incubated soil core.
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TH. We found cores belonging to the ``highly pro-
ductive'' type (LH2 and LH5) and others which were
``low productive'' (LH1, LH3, LH4, LH6).

Most of the cores of the AE showed much lower
CH4 production rates than the cores of TH and LH,
but nevertheless all rates of the AE cores increased ex-
ponentially during incubation. The CH4 production
rate of one core of the AE was 18 g mÿ3 dÿ1 at the
end of the incubation (AE6, Fig. 1a), almost as high
as the maximal rates of the TH and the LH.

3.2. Quanti®cation of Archaea in the soil cores based on
etherlipid analysis

The CH4 productivity of single cores was assumed
to be represented by the numbers of methanogens in
the cores. Methanogen population densities were calcu-
lated from the cell membrane etherlipid contents in

soil extracts. In fact, in the highly productive soil cores
(TH7, TH8, LH3 and LH5) cell densities were higher
than those in the less productive AE cores (AE3 and
AE7, Fig. 2b). The same trend could be shown for the
population densities of the ®eld samples of the wet
soils (TH and LH) being higher than the densities of
the AE-®eld samples (Fig. 2a). But a signi®cant linear
correlation was not found either between production
rates and cell densities of the incubated cores or
between emission rates and cell densities of the ®eld
samples. The incubated cores of all of the three soils
show higher Archaea concentrations than the corre-
sponding ®eld samples, but during incubation the cell
densities did not increase as prominently as CH4 pro-
duction (compare the scales in Fig. 2a and b).

3.3. Structure of the soil cores

Dense soil particles, pores, ®ssures, clefts and roots
seemed to be distributed equally in high and low pro-
ductive cores. No di�erence in the micro-structures of
the soil matrices was detected between highly and low
productive cores of one soil type, whereas di�erences
were observed with respect to larger structural el-
ements (Figs. 3 and 4): In TH3, TH6, TH7 and TH9
(highly productive, see Table 2), the structure of a
Phragmites stem was detected (shown for TH9 [3D] in
Fig. 3a and for TH6 [cross-section] in Fig. 4b). In the

Fig. 4. Localization of the sampling for in situ hybridization (Table

3) within two incubated cores taken from the Typic Humaquept. (a)

TH5 (low productive core without fresh organic material) (b) TH6

(highly productive core with Phragmites stem included, visible on the

upper right side). Horizontal core cross-sections were generated by

computed tomography, diameter of core: 6 cm.

Fig. 3. 3D-visualization of two highly productive cores (with

included organic material) and two low productive cores. Pictures

generated by computed tomography, diameter of cores: 6 cm. (a)

Structure of a Phragmites stem within the core TH9 of the Typic

Humaquept. (b) Structure of a hole that was left after degradation

of a dead earthworm in core AE6 of the Aeric Endoaquept (upper

right) and two cores without such structures (AE4 and AE5).
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highly productive AE6 a hole was observed that corre-
sponded to the earthworm which had been included
during sampling and died in the core during the incu-
bation experiment (Fig. 3b 3D). Such structures were
not found in the low productive cores (shown for AE4
and AE5 [3D] in Fig. 3b, and for TH5 [cross-section]
in Fig. 4a).

3.4. Quanti®cation of Archaea within two soil cores of
the TH based on in situ hybridization

To con®rm whether high CH4 productivity within
single soil cores was in fact due to methanogenic ac-
tivity that is associated with the included organic ma-
terial, two of the TH cores (TH6 with high
productivity and TH5 with low productivity) were
tested for the amount of Archaea cells in speci®c
regions of the core. Samples were taken from the cover
layer on the epidermis of the Phragmites stem (TH6),
as well as from the soil matrix (TH5 and TH6, Fig. 4
and Table 3). Whereas the numbers of Eubacteria (in
% of total cell count after DAPI-staining) did not
vary much between the Phragmites epidermis and the
soil matrix of TH6, the number of cells hybridized
with the Archaea-probe was ®ve times higher on the
Phragmites epidermis compared to soil matrix samples
which were about 4 cm apart (Fig. 4b and Table 3)
and 80 times higher than in the matrix of the low pro-
ductive TH5. In TH5 the number of Archaea in the
soil matrix was below 1% of all cells as quanti®ed by
DAPI-staining (Fig. 4a and Table 3).

4. Discussion

Our experiments were focused on microbial pro-
cesses in soil cores with undisturbed structure. A
simple and e�ective method is provided which allows
anoxic incubation of soil cores with native structural
properties. When supplying N2 to the gaseous phase of
the incubated chambers, anoxic conditions can be
established without destroying the soil structure. The
weekly rates of CH4 production (Table 2) are within

the range of the potential CH4 production rates

reported by di�erent authors, which are typically

between 10ÿ2 and 101 m mol mÿ3 sÿ1 (see Segers, 1998,

for review). The ranking of the mean CH4 production

rates was TH > LH >> AE at every sampling time

during laboratory incubation. The same ranking was

shown for the mean CH4 emission rates in the ®eld

(Table 1). Although the laboratory conditions of the

incubation experiment (constantly anaerobic, constant

temperature and constant water saturation) are quite

di�erent from the situations in the ®eld, the CH4 pro-

ductivity of the soil cores re¯ected the CH4 emissions

in the ®eld.

The time course of the CH4 production rates

re¯ected the histories of the horizons prior to sampling

(Fig. 1): As in the hypothetical case of a pre-incu-

bation, the almost continuous anaerobic conditions in

the ®eld on the sites TH and LH shortened the lag

phase of CH4 production in the incubated samples to

a period of about 1 week. We found di�erent classes

of production patterns as did Wassman et al. (1998):

TH and LH are related to the ``instantaneous'' type,

which reached high productivity rates within the ®rst 2

weeks of incubation; AE belongs to the ``delayed'' type

of Wassman et al. (1998) with a steady increase of

CH4 production over several weeks. On the day of

sampling, the surface of AE was not ¯ooded. In the

incubated AE samples, CH4 production developed

very slowly and the exponential development of the

CH4 production rates continued throughout the incu-

bation time (3 months). This pattern is similar to the

classical growth curves of microbial cultures. However

without additional information on the cell number of

the methanogens it is not possible to conclude whether

the exponential development of CH4 production rates

is due to an increase in methanogenic population, or

to an activation process of methanogenic pathways, or

both. Although methanogenesis is an anaerobic pro-

cess and pure cultures of methanogens do not tolerate

O2 (Kiener and Leisinger, 1983), it is possible to

recover methanogens from naturally oxic habitats and

to induce methanogenesis by incubation of even desert

Table 3

Numbers of Archaea and Eubacteria in subcompartments of single incubated cores taken from the Typic Humaquept. For localization of the

samples see cross-sections in Fig. 4. Cell numbers were calculated after hybridization to the speci®c gene probe, as percentages of DAPI-stained

cells. Total cell counts are presented as means, standard deviations are given in brackets

Core Organisms Matrix without Phragmites Bio®lm on Phragmites epidermis

TH5 (low productive) DAPI-stained organisms (cell number gÿ1 fresh weight) 2� 109 (0.3) (=100%) n.d.

Percentage active Archaea < 1 n.d.

Percentage active Eubacteria 101 n.d.

TH6 (highly productive) DAPI-stained organisms (cell number gÿ1 fresh weight) 5� 109 (2.1) (=100%) 11� 109 (4.4) (=100%)

Percentage active Archaea 7 35

Percentage active Eubacteria 56 66
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soils and other oxic soil samples (Peters and Conrad,
1995; Wagner and Pfei�er, 1997).

In our study the number of Archaea (detected by
etherlipid analysis) seems to re¯ect the increase in CH4

productivity during incubation of all of the three soil
types, but not in a proportional fashion. Previous
most probable number (MPN) studies reported much
fewer methanogens (103 gÿ1 soil dry weight) in arable
soils than in paddy soils (3 � 105 gÿ1 soil dry weight),
and showed an increase in cell densities by three±four
orders of magnitude when forest or arable soil was
submerged (Mayer and Conrad, 1990) or during an-
aerobic incubation of desert, savanna or cultivated
soils (Peters and Conrad, 1996). In our study, the ex-
ponential development of CH4 production rates in the
chambers of the AE was not associated with a corre-
sponding growth of methanogens. Like Asakawa et al.
(1998), we used the etherlipid assay for calculating
archaeal population densities. We analyzed ®eld
samples as well as incubated soil cores. The representa-
tive CH4 emission/production data were plotted
against these population density values. In both cases
there was no signi®cant linear relationship between
emission/production rates and cell densities (Fig. 2a
and b). The overall impression given by the presented
data however suggests that higher productivity co-
incides with higher population density. We conclude
that activation/inhibition processes may contribute to
the non-linear relationships between population den-
sities and emission/production rates. Absolute cell
numbers alone do most likely not allow a good predic-
tion of CH4 productivity for two reasons: First, the
variability between di�erent soil cores is too high to
extrapolate a development of cell densities for each
soil from two individual cores per soil, and second, a
physiological shift could overlie the growth function of
the micro-organisms and therefore activation processes
should be taken into account.

The large di�erences in CH4 production between
single soil cores, even if taken from the same soil hor-
izon within 1 m2, re¯ected the landscape scale variabil-
ity mentioned in Section 1. Standard deviation often
exceeds 100% of the mean of all cores of one soil site
(Table 2). Moore and Knowles (1990) observed a very
high spatial variability of CH4 production rates in fen,
bog and swamp peatlands. The precision of the mean
was very low in general, even with 40 chambers
selected per site (Moore et al., 1994). CH4 production
potentials of peat soils spanned up to four orders of
magnitude (Moore and Dalva, 1997). The authors
suggested that ``CH4 exchange is probably one of the
most variable microbially-mediated processes in soil''.
On the other hand our experiments show that the tem-
poral development of the CH4 production rates within
single cores is rather stable (Table 2 and Fig. 1). This
suggests that the spatial variability of CH4 production

within each of the three soil sites is not an experimen-
tal artefact, but rather represents the natural situation.
The phenomenon of small scale variability has been
found in each of the three soil types. Similarly,
Wagner and Pfei�er (1997) found high variances of
CH4 production rates in incubated undisturbed soil
cores, whereas homogenization of the soil samples
resulted in a smaller variance of CH4 measurements.
Correspondingly, high as well as low productive cores
are found in each of the three soil sites we investi-
gated, although the histories of the three horizons and
the development of the rates were completely di�erent
between the ``wet'' soil horizons of TH and LH and
the ``dry'' horizon of AE.

In order to scale down, single soil cores with di�er-
ent productivity rates were analyzed with respect to
their inner structure, and visualized by computed tom-
ography. No di�erence of the soil matrices was found
between the highly and the low productive cores
(Fig. 3). Nevertheless there was a structural phenom-
enon occurring exclusively in the highly productive
cores: In all of the highly productive cores which were
visualized by computed tomography, large inclusions
of particulate organic material were detected: A Phrag-
mites stem was found in the highly productive cores of
the TH, and in the very highly productive core of the
AE the hole of an earthworm was detected that had
decomposed during incubation. In both cases the ma-
terial was present as living organism while sampling
and became accessible to microbial degradation during
anaerobic incubation.

The high productivity in cores of the TH co-
incided with an inclusion of a Phragmites stem
(Fig. 3a and Table 2). In core TH6 the epidermis
of this Phragmites carries a bio®lm with an
Archaea-content higher than that found in the soil
matrix of these highly productive cylinders (Fig. 4b
and Table 3). The coincidence of high productivity,
inclusion of fresh organic material and high density
of Archaea suggests a causal relationship. Substrate
accessibility seems to be a predominant factor for
spatial distribution of micro-organisms, as shown
for example for the growth of bacteria in a bio®lm
(Moller et al., 1996; Beveridge et al., 1997; Amann
et al., 1992) or in close vicinity to plant cell walls
(Ladd et al., 1993). Methanotrophic bacteria even
colonize the interior of rice plants, especially roots
and culms, where CH4 and O2 concentrations are op-
timal due to aerenchymatic transport processes (Bosse
and Frenzel, 1997). Phragmites stems play an import-
ant role in gas exchange between the soil and the at-
mosphere (Armstrong et al., 1996; Brix et al., 1996).
Comparison of the above mentioned results with these
observations from the literature strongly suggests that
methanogens grow at the border of plant surfaces and
soil, or in decaying organisms. The commonly assumed
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pattern of CH4 ¯ux in soils with heterogeneous water
content (CH4 production in deep anoxic layers, trans-
port to the surface directly or mediated by plants, CH4

oxidation at the border to oxic zones) will therefore
have to be modi®ed by introducing more structural
details at smaller scales: Obviously there is a ruling
factor for CH4 production on the sub-horizontal scale,
which is also suggested by the high spatial variability
of the CH4 production. This ruling factor was found
on the structural level: Phragmites stems are the sites
of the high productivity as was shown for the stem-
carrying cores in the Typic Humaquept. Their function
as a substrate for methanogens could be veri®ed by
high cell numbers of Archaea within a bio®lm on the
Phragmites epidermis.

We assume that the distribution of methanogenic
organisms is ruled by fresh organic material, and that
this is the case not only on the scale of soil cores as
shown in this paper, but also on the microscopic scale.
With respect to many processes, soil may be con-
sidered as a hierarchical heterogeneous system with
structures on many di�erent scales. This is in particu-
lar the case for the production of CH4. The actual
microbiological processes operate at scales of a few mi-
crometers. At scales of a few millimetres, there exist
very strong gradients, e.g., for the O2 partial pressure,
because of the soil's porous structure and root O2

release. At still larger scales, CH4 production in soils is
determined by the hydrological regime and by the pat-
tern of soil variables, which themselves are re¯ected in
soil types. Obviously, all process-oriented measure-
ments have to refer to the scale in which a factor-pro-
cess-junction can be observed which is, in the case of
microbial processes, a very small scale. From the per-
spective of environmental quality, however, the phe-
nomenology at large scales is of primary interest.
Therefore a path for translating small-scale under-
standing into large-scale phenomenology is required.
In our view, such a path needs to include information
about the hierarchical structure of soil. We suggest to
identify, at each scale of interest, homogeneous subre-
gions whose e�ective properties are either measured
directly or are recursively determined by considering
the next smaller scale. The e�ective phenomenology at
the scale of interest is then calculated from the
measured geometry of the homogeneous subregions
and from their e�ective properties. Evidently, this pro-
cedure can be repeated at the next larger scale and
thus will provide a path that leads to larger scales.

In the work presented here, we provide initial steps
on the path outlined above. In particular, we demon-
strate that CH4 production is strongly correlated to
the presence of fresh organic carbon. At the scale rel-
evant for the microbiological processes, organic carbon
exhibits a very high spatial variability, but, as we
demonstrate, a rather high temporal persistence. Since

the spatial structure of organic carbon can be
measured directly, it is suggested to be taken as a
proxy for identifying uniform subregions at a scale of
a few centimeters (or may be even smaller) which
allows the ®rst step to upscaling.
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