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Abstract-The identity and distribution of substrates that support CH, production in wetlands is poorly 
known at present. Organic compounds are the primary methanogenic precursor at all depths within 
anoxic wetland soils; however, the distribution of microbial processes by which these compounds are 
ultimately converted to CHI is uncertain. Based on stable isotope measurements of CHI and XOZ 
extracted from soil porewaters in two temperate zone wetlands, we present evidence that a systematic 
spatial distribution of microbial methanogenic pathways can exist in certain anoxic, organic-rich soils. 
CH, production by the acetate fermentation pathway is favored in the shallow subsurface, while methano- 
genesis from the reduction of CO* with H2 becomes more predominant in older, less reactive peat at 
depth. This distribution can account for many of the reported CH4 emission characteristics of wetlands, 
in particular, their sensitivity to changes in primary productivity, temperature, and hydrology. These 
factors play an important role in controlling the short-term supply of labile substrates to fermentive 
methanogens in the shallow subsurface where the most intense CH, production occurs. Predominance 
of the CO*-reduction pathway at depth may help to explain reports of CH4 with a semifossil age in 
lower peat layers. Copyright 0 1997 Elsevier Science Ltd 

1. INTRODUCTION 

Stable isotope ratios (‘3C/‘2C and D/H) have become an 
important tool in the study of global CH4 cycles (Stevens 
and Rust, 1982; Stevens and Engelkemeir, 1988; Quay et 
al., 1988); however, their effective use requires the accurate 
isotopic characterization Iof major CH, sources and an under- 
standing of inherent isotope fractionating processes. Natural 
wetlands cover approximately 3% of the Earth’s land surface 
(Clymo, 1987), store up to 30% of the global pool of soil 
carbon excluding peat (Gorham 199 1, 1995)) and are con- 
sidered to be the largest natural contributor to the atmo- 
spheric CH, budget each year (Aselman and Crutzen, 1989; 
Bartlett and Harriss, 1993). CH, is produced in wetlands by 
two different microbial processes: acetate fermentation and 
COZ reduction with HZ. Acetate fermentation refers collec- 
tively to methanogenesis that involves the transfer of a 
CH; group from a simple organic substrate (e.g., acetate, 
methanol, methylated arnines, etc.) (Whiticar et al., 1986; 
Revesz et al., 1995). Each of the two primary methanogenic 
pathways yields CH, with distinctive carbon and hydrogen 
stable isotope signatures (acetate fermentation, S “C - -65 
to -50%0, SD - -400 to -250%0; CO?; reduction, S13C 
- -I 10 to -60%0, SD - -250 to -170%0) (Whiticar et 
al., 1986). Methane with intermediate S? and SD values 
is generally interpreted as a mixture derived from both path- 
ways. Although reports of these pathways are numerous 
(e.g., Martens et al., 1986, 1992; Burke et al., 1988a,b, 1992; 
Lansdown et al., 1992; Jedrysek, 1995 ), a clear understand- 
ing of their occurrence has yet to emerge, especially within 
freshwater environments. A knowledge of the distribution 
of microbial methanogenic pathways in freshwater wetlands 
could provide further insight into the nature of controls gov- 
erning CH, precursor supply and utilization. This topic is of 
particular interest given ‘current uncertainty about biosphere 
feedback during transitions in climate. In freshwater environ- 

ments, substantial differences in supply, stability, and mobil- 
ity exist between simple, organic methane-precursors (e.g., 
acetate) on one hand, and H2 and CO*, on the other hand. 

Schoell ( 1988) presented a model in which the predomi- 
nance of methanogenic pathways in the natural environment 
is governed by substrate quality and sediment temperature. 
Although both pathways may function simultaneously, their 
relative importance is suggested to change during different 
stages of sediment deposition and diagenesis. One of the 
important implications of his model is that CH4 production 
by acetate fermentation should precede that by CO2 reduc- 
tion. Schoell (1988) cites soil CH, data for a swamp in 
Germany (Woltemate, 1982) and a bog in Illinois, USA, in 
which an inverse relationship was reported between 613C- 
CHI and GD-CH, with increasing soil depth, although it was 
not specified whether the CH4 was obtained from sediment 
free-gas or extracted from porewaters. Whiticar et al. ( 1986) 
have suggested that although -70% of CH, production in 
freshwater systems is believed to occur via the acetate fer- 
mentation pathway, methanogenesis by CO2 reduction could 
predominate after the supply of simple methylated com- 
pounds has become depleted. 

Since soil temperature and the age of organic debris vary 
with depth in wetlands, it follows that natural gradients also 
should exist for methanogenic pathways in such settings. 
The purpose of our study was to determine if a systematic 
spatial distribution exists for methanogenic pathways in tem- 
perate zone wetland soils and to assess our findings with 
respect to current beliefs about methanogenesis and carbon 
cycling in wetlands. 

2. METHODS 

The two wetlands we studied are located in a temperate climatic 
zone in southwestern Ontario, Canada. The Point Pelee Marsh 
(41”58’00”N) is a freshwater wetland (pH - 6.9) located within 
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Point Pelee National Park. It covers an area of - 1,050 hectares and 
consists of extensive Ty$a-dominated mats interspersed with large, 
shallow open ponds. Lake Erie moderates the climate at Point Pelee, 
making it slightly warmer in winter and cooler in summer than the 
adjacent mainland. The samples discussed here were collected in 
September 1995. The Sifton Bog (43”OO’OO”N) is located within 
the City of London, Ontario, Canada. It is an acidic Sphagnum peat 
bog (pH - 3.8) and covers an area of -28 hectares. The bog consists 
of a small central open pond surrounded by a floating Sphagnum mat 
that gradually changes at its periphery into forested bog and eventu- 
ally upland wooded slopes. The samples discussed here were col- 
lected in August, October, and November 1995. 

Porewater samples were obtained using a portable, minaturized, 
multilevel piezometer that had a maximum sampling resolution of 
5 cm. Samples were collected without exposure to the atmosphere 
by slowly drawing porewaters into polypropylene syringes fitted 
with three-way stopcocks. All samples were stored in ice-water. 
Those collected for isotopic analysis of CH, and CC02 were also 
treated with HgClz to inhibit further microbial activity. Dissolved 
CH4 and XOZ concentrations were determined within 24 h by multi- 
ple equilibrations with a head space of ultra high purity (UHP) 
helium (McAullife, 1971). A nickel oxide catalyst was used to 
convert extracted CO2 to CH4 to permit measurement of both gases 
by gas chromatography using a flame ionization detector (FID). 
Dissolved concentrations were corrected for the stripping efficiency 
of each gas. Overall precision of the method was better than 24% 
based on duplicate analyses. Dissolved CH4 and XOZ were ex- 
tracted for isotopic analysis by vacuum sparging of acidified samples 
with a UHP helium/oxygen blend (85:15). Sparging effluent was 
directed into a vacuum extraction line for liquid nitrogen collection 
of CO1 and combustion of CHP to CO2 and &O on &O at 880°C. 
Yields from extracted X0, and CH,-derived CO, were measured 
manometrically. Both CH,-derived aid soil HZ0 were converted to 
Hz by zinc reduction (Coleman et al., 1982). Combustion yields of 
CH, from a Research Grade CH, standard were 99 -C 1%. The trend 
and values of dissolved gas concentrations measured by head space 
equilibration and calculated from sparging yields were in good agree- 
ment. Stable isotope compositions are reported in the standard 6 
notation: 6(%0) = ( (R,,,p,, lRatandard)-1) x 1000 where R is D/H or 
‘3C/‘2C. Isotopic results for carbon and hvdroeen are reported rela- 
tive to VPDB and VSMOW, respectively (-Cop&, 1994): The preci- 
sion of G’%-analyses for both dissolved XOZ and CHI were better 
than ?0.2%0, while 6D measurements for dissolved CHI and soil 
HZ0 had precisions, respectively, of ?3%0 and &2%0. Soil tempera- 
tures were measured using an Omega Model HH-41 thermistor ther- 
mometer and thermistor probe (type K thermocouple). The instru- 
ment was accurate and precise to CO.l”C. 

3. RESULTS 

Dissolved gas concentrations and 5 13C and 6D values for 
CH4, X0,, and H,O from the studied wetlands are given 
in Table 1. The relationships observed among these results 
are discussed below, first for the Point Pelee Marsh and then 
for the Sifton Bog. 

3.1. Point Pelee Marsh 

Concentrations of dissolved CH, in porewaters from Point 
Pelee Marsh soils increased steadily with depth (Fig. 1 a). 
Quantities of dissolved XOz were greatest near the surface 
and gradually decreased with depth. The S13C value of dis- 
solved CH, and CCOz showed an inverse relationship (Fig. 
lb). The S13C value of shallow, dissolved CH4 (-48%0) 
suggests minor oxidation by methanotrophs. Coexisting shal- 
low, dissolved CCO, had low 613C values (- 19%0) and 
probably contained CO2 derived from both CH4 oxidation 
and decomposition of fresh organic matter (bulk S13C 
= -25%0). The S 13C values of soil organic matter (not illus- 
trated) increased by only 2%0 over the depth range we stud- 

Table 1. Concentrations, 6’% and 6D values for C& and XcCq 
from porewaters, Point Pelee Marsh and Sifion Bog. 

Depth CH4 X02 S”Ccn, 6’3C’czcoZ 6Dm 6b 

(cm) @moVL)(pmoVL) (permil) (permil) (permil) (permil) 

Point Pelee Marsh (September 1995) 
0 3 
5 359 
10 - 
15 360 
20 398 
25 421 
30 436 
35 491 
40 539 
45 - 
50 538 
55 507 
60 551 
65 570 
70 546 
75 523 
80 586 
85 - 
90 559 
95 - 
100 848 
120 904 
125 - 
150 - 
180 1126 

i169 -48.2 -19.1 
6163 -56.5 -15.6 
- -57.3 -15.1 

6337 -58.2 -15.0 

6364 - 6598 -6% -13.5 
6203 -60.7 -13.8 
6302 - - 
6209 -62.0 -12.4 

- -63.1 -12.7 
5724 -63.9 -12.1 
5848 -62.5 -12.7 
5329 - - 
- -65.8 -12.4 

5354 - - 
5179 -68.3 -12.1 
5305 - - 

- -70.2 -11.4 
4467 - - 

- -69.6 -9.2 
4573 - - 
4640 - -- 

- -72.3 -6.1 
- -71.2 -5.5 

5495 -71.6 -5.5 

Sifton Bog (August 1995) 
0 36 982 49.6 
5 324 4010 -55.8 
15 443 4431 -57.1 
30 486 4622 -57.4 -8.4 
45 548 4427 -58.7 -6.7 
60 495 4437 -58.3 
75 789 3787 -62.2 
90 775 3727 -63.4 

Sifton Bog (October 1995) 
0 - - -52.0 
10 - - -54.7 
20 - - -56.4 
30 - - -55.9 
40 - - -57.0 
50 - - -58.9 
60 - - -56.6 
70 - - -58.0 
80 - - -56.7 
100 - - -60.5 
125 - - -63.7 
150 - - -66.5 
180 - - -67.5 

Sifton Bog (November 1995) 
5 - - -48.2 
10 - - -38.1 
15 - - -52.9 
20 - - -50.2 
25 - - -55.8 
35 - - -58.2 
50 - - -59.7 
65 - - -55.7 
80 - - -64.0 
120 - - a.9 
175 - - 66.9 

-12.0 
-10.3 
-8.4 

-7.9 
-3.4 
-4.3 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

-16.7 
-16.5 
-14.6 
-15.2 
-13.0 
-11.0 
-10.2 
-8.9 
-9.2 
-1.6 
2.4 

-183 
-259 
-284 
-271 

-316 
-307 

-309 
-320 
-318 
-314 

-294 
- 

-289 

-261 

-246 
- 
- 

-253 
-246 
-244 

-40 
41 
-45 
- 
-44 
-39 
-46 
-46 
- 
- 
-40 
- 
- 
-48 
- 
- 
-47 
- 
- 
- 
4i 
43 
- 
- 
-40 

-297 
-300 
-331 

-328 
-324 
-321 

-36 
-60 
-65 
-67 
&l 
-67 
-71 
-68 

- - 
-329 -68+ 
-332 -69* 
-314 -73* 
-326 -72* 
-327 -71. 
-340 -73. 
-348 -71. 
-330 -68* 
-322 -69* 
-306 -68” 
-297 -67* 
-289 -64. 

- 

- 
- 
- 
- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

CThese porewater samples wexe collected a few weeks after 
those from which the CH, was extra&d. Both sets of porewaters 
were collected at the same site and depths. There is relatively 
little change in the 6D values of porewaters over this period 
of time (Homibrook, Longstat% and Fyfe, unpublished data). 
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Fig. 1. Profiles through water-saturated Typha soils at Point Pelee marsh during September 1995 showing change 
with depth of (a) concentration of dissolved CH., and XOZ, (b) carbon stable isotopic composition (6W) of CH, 
and ZCOZ, (c) hydrogen stable isotopic composition (SD) of C& and coexisting HzO, and (d) soil temperature. 

ied; most enrichment occurred in the upper 25 cm of the soil 
profile. The S13C-CH4 values decreased with depth, reaching 
values (-57 to -64%0) typical of methanogenesis by acetate 
fermentation between depths of 10 and 55 cm. At still greater 
depths, S 13C-C& values continued to decrease, reaching val- 
ues more characteristic of the CO*-reduction pathway for 
methane production ( < -70%0). 

Current concepts of catabolic metabolism in methano- 
genie ecosystems generally depict a scheme where stepwise 
degradation of organic compounds occurs as a result of the 
combined activities of various groups of microorganisms. 
However, the redistribution of carbon and electrons in these 
systems does not alwayis take the shortest route during the 
production of methane ( Dolfing, 1988). The increase with 
depth in 613C values o-F dissolved CC02 (-15 to -.5%0) 
suggests preferential consumption of ‘*C02; however, it is 
unclear from the stable carbon isotope data whether the CO2 
is being converted directly to CH, by methanogens or per- 
haps indirectly through conversion to acetate by acetogenic 
bacteria. Either of these mechanisms would be expected to 
leave a CO2 residual enriched in 13C. 

The change with depth of (Yco2_cH4 in Point Pelee marsh 
soils is depicted in Fig. 2. Samples that plot to the right of 
line oc = 1.040 are from near surface porewaters and have 
low (Y values because of methanotrophy. The S13C values of 
CH, and CC02 from shallow porewaters below the zone of 
oxidation plot between lines CQ = 1.040 and 1.055, within 
the range typically associated with the acetate fermentation 
pathway. The deepest samples are shifted to the left towards 
the range of (Y values proposed by Whiticar et al. (1986) to 
be characteristic of the COz-reduction pathway. Assuming a 
constant fractionation between porewater CO* and microbi- 
ally produced acetate, 6 13C values for CH, and ZC02 should 
co-vary with increasing depth if the methanogens had consis- 

tently utilized autotrophically formed acetate. But these val- 
ues diverge in the upper 1.2 m of the porewater profile (Fig. 
1 b) . Nevertheless, three CH4 and ZC02 S’3C-pairs below 
1.2 m depth have reasonably constant (Yco2_cH4 values of 
1.0714, 1.0707, and 1.0712. However, such stabilization of 
crc values would occur whether methanogens were utilizing 
porewater CO2 directly, or indirectly via autotrophically 
formed acetate. 

The observed ‘*C enrichment of -70%0 below 1.2 m is 
similar to that reported for a freshwater bog (Lansdown et 
al., 1992) and marine sediments (e.g., Galimov and Kven- 
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Fig. 2. 6%ZCO, vs. G”C-C& in porewaters from the Point 
Pelee Marsh during September 1995 (diamonds), and the Sifton 
Bog in November 1995 (squares). The lines representing (~co+~~ 
bracket ranges of 613C values for co-existing ZCOz and CH, reported 
by Whiticar et al. ( 1986) to be characteristic of the acetate fermenta- 
tion ((Y= -1.040 to 1.055) and COz-reduction (czc -1.055 to 1.090) 
pathways. 



748 E. R. C. Homibrook, F. J. Longstaffe, and W. S. Fyfe 

volden, 1983; Claypool et al., 1985)) where methanogenesis 
occurred predominantly by the CO,-reduction pathway. 
However, the observed ‘*C enrichment also falls within a 
range that might be expected if methanogens were utilizing 
autotrophically generated acetate. Gelwicks et al. ( 1989) 
found acetate formed by Acetobacterium woodii to be de- 

pleted of “C by more than 50%0 relative to the CO2 source, 
and a further ‘*C enrichment occurs during conversion of 
acetate to CH, (e.g., Blair and Carter, 1992; Sugimoto and 
Wada, 1993). Resolution of this ambiguity awaits further 
reports on the magnitude of carbon and hydrogen kinetic 
isotope effects associated with autotrophic acetate produc- 
tion. Regardless, the important implication remains that at 
depth within these soils, there is a change in the manner by 
which methane is produced and that it appears a greater 
quantity of methane carbon is being obtained from pore- 
water CO*. 

The SD value of CH4 ( - 183%0) in near surface porewaters 
is typical of microbial oxidation processes (Coleman et al., 
1981; Happell et al., 1994). The variations in GD-CH4 values 
with depth (Fig. lc) support a transition from acetate fer- 
mentation to CO2 reduction as the mechanism for methane 
production. The SD-CH4 values initially decreased, reaching 
a minimum of -320%0 at 45cm depth, well within the range 
associated with acetate fermentation (Whiticar et al., 1986). 
Below this depth, SD values began to increase steadily, con- 
sistent with a transition to the CO,-reduction pathway. By 
180 cm depth, the SD value of dissolved CH4 had risen to 
-244%0. 

All four hydrogens in CH, produced by the CO,-reduction 
pathway are derived from ambient HZ0 (Daniels et al., 1980) 
with an associated fractionation of -180 2 10%0 (Whiticar 
et al., 1986). A larger hydrogen isotope fractionation 

(- -317%0) has been suggested (Sugimoto and Wada, 
1995) for the CO*-reduction pathway in freshwater systems 
based on in vitro experiments; however, abnormally high 
concentrations of H2 in laboratory cultures may restrict ex- 
trapolation of these findings to the natural environment 
(Burke, 1993). Regardless, wetland CH4 generated by CO2 
reduction should have lower SD values than that from marine 
environments since terrestrial waters are more depleted of 
deuterium. The geographic location (Craig, 1961) and hy- 
drologic characteristics of a wetland will play an important 
role in this respect. 

The large changes in GD-CH4 values observed at Point 
Pelee Marsh cannot be attributed to variations in SD values 
of coexisting water since the latter exhibit a much smaller 
range (-48 to -39%0, excluding pond waters isotopically 
enriched by evaporation: Fig. lc). Porewater SD-CH4 and 
SD-H20 pairs from Point Pelee Marsh soils are illustrated 
in Fig. 3, together with the relationships suggested by Whiti- 
car et al. (1986) and Sugimoto and Wada (1995) for the 
covariation in 6D values between CH4 and co-existing HZ0 
during CO2 reduction and acetate fermentation. A discrep- 
ancy exists between the SD values obtained for CH4 using the 
CO,-reduction pathway in natural systems versus laboratory 
cultures (Fig. 3; line 1 vs. 3), possibly because of abnor- 
mally high H2 concentrations in laboratory cultures. For ex- 
ample, Burke ( 1993) presented a curve very similar to line 
(3) in Fig. 3, obtained using data from laboratory incubations 
(Balabane et al., 1987) where dissolved H2 concentrations 

-200 
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6DHzo Woo) 

Fig. 3. 6D values of dissolved CH4 vs. SD values of co-existing 
HZ0 from the Point Pelee Marsh during September 1995 (dia- 
monds), and the Sifton Bog in October 1995 (squares). The arrows 
indicate increasing depth within the soils. The 6D values for some 
water samples were interpolated over a 10 to 20 cm interval from 
samples above and below the interval of interest (see Table 1). 
Proposed relationships between GD-CH, and coexisting SD-H20 are 
also illustrated: Line 1, CO2 reduction: 6DcH1 = 6D,+, - 180 
(? 10) %a (Whiticar et al., 1986); Line 2, acetate fermentation: 
hDCu, = 0.25 6Dn,, - 321%0 (Whiticar et al., 1986); Line 3, CO* 
reduction (from cultures): SD,,, = 0.683 (? 0.020) 6D,>, - 317 
(-t 20) %O (Sugimoto and Wada, 1995); Line 4, acetate fermentation 
(from cultures): SD,, = 0.437 (5 0.045) SDH20 - 302 ( ? 15) %O 
(Sugimoto and Wada, 1995). 

were several orders of magnitude greater than those typically 
found in natural environments. 

Excluding results for samples within 25 cm of the soil- 
water interface (zone of methane oxidation), the Point Pelee 
Marsh SD-CH4 and SD-H20 pairs (Fig. 3) plot within the 
limits of Eqns. 1 and 2 from Whiticar et al. ( 1986). Shallow 
porewater samples lie slightly above the endmember line for 
acetate fermentation of Whiticar et al. (1986) and on the 
line of Sugimoto and Wada ( 1995) for the same pathway. 
Samples from deeper in the soil profile are shifted more or 
less vertically towards the CO2 reduction line, with the 
change in methane 6D values being much larger than that 
observed for porewaters. 

A comparison of progressive changes in both the S13C 
and 6D values of dissolved CH4 at Point Pelee Marsh helps 
to summarize the proposed transition in CH4-production 
pathways with increasing depth (Fig. 4). Following the 
model of Whiticar et al. ( 1986), CH4 in shallow porewaters 
has stable isotope signatures that are characteristic of metha- 
notrophy. At greater depths, changes in both carbon- and 
hydrogen-isotope values indicate a gradual shift towards a 
greater importance for the CO,-reduction pathway. 

Finally, we should note that in September 1995, soil tem- 
peratures at Point Pelee Marsh had already reached their 
summer maximum and were beginning to decline in the 
upper 20 cm of the soil profile (Fig. Id). A temperature 
difference of approximately 6°C existed between the near 
surface porewaters and those at 180 cm depth. 
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Fig. 4. S’%Z vs. 6D values for CH4 dissolved in porewaters from 
the Point Pelee Marsh during September 1995. The fields for C&- 
production pathways are taken from Whiticar et al. (1986). 

3.2. Sifton Bog 

Similar patterns were obtained for the Sifton Bog. Samples 
for August 1995 were collected to a depth of 90 cm (Fig. 
5). Sampling in October 1995 extended to 180 cm depth 
(Fig. 6). The 6’3C-CCC)2 values for the latter profile are 
unavailable because of an analytical problem. However, we 
did obtain the data needed to establish the correlation be- 
tween porewater SL3C-CH and SD-CH4 values. Dissolved 
CH4 concentrations increased with depth, while IZCOZ values 
were greatest in shallow .porewaters and decreased by -900 
pmol/L over 60 cm of depth (Fig. 5a). The S 13C values for 
CH4 and X02 exhibited the same inverse relationship (Fig. 
5b) as Point Pelee Mars!h soils. A set of samples collected 

in November 1995, which extend to 180 cm depth, also were 
analyzed for S13C of CH4 and CCOp (Fig. 2). The trend of 
cyc values with increasing depth is very similar to that mea- 
sured at the Point Pelee Marsh. However, unlike the marsh 
porewaters, 6 13C-CH4 and 6 ‘3C-CC02 pairs in the lowermost 
portion of the profile continue to diverge, perhaps suggesting 
that the transition to the CO*-reduction pathway is less ad- 
vanced. The possibility that methanogens utilized autotrophi- 
tally formed acetate in the Sifton Bog waters seems less 
likely, given the absence of a consistent relationship between 
porewater S’3C-CH4 and 6’3C-CC02 values (e.g., a constant 
%02-CH4 value 1. 

The GD-CH, values decreased by only a small amount 
over the 90 cm interval sampled in August 1995. However, 
the deeper profile (Fig. 6a) had S13C-CH4 and SD-CH4 varia- 
tions of a similar magnitude to those measured at Point Pelee 
(613C = -68 to -55%0; SD = -348 to -289%‘,0). Gases in 
surficial porewaters exhibited the effects of CH4 oxidation 
(S13C = -52%0; SD = -167%0, not shown in Fig. 6a). 
Porewaters had a small range of SD-H20 values (-73 to 
-64%0). 

The SD pairs for dissolved CH4 collected in October 1995 
and HZ0 obtained from the same site and depths a few weeks 
later are illustrated in Fig. 3. Sifton Bog porewaters have 
lower 6D values than those from the Point Pelee Marsh, 
even though the local meteoric waters at the two sites have 
virtually identical average SD values (F. Colozza and F. J. 
Longstaffe, pers. commun.; P. Huddart et al., unpubl. data). 
This reflects differences in the hydrology of these two wet- 
lands. The bog site has deeper waters with more restricted 
water movement, fewer vascular plants in the floating mat 
portion of the wetland, and much less open water to promote 
evaporation. As a result, the 6D values of dissolved CH, 
from the Sifton Bog are lower than those from the Point 
Pelee Marsh. The GD-CHI and SD-H20 pairs from shallow 
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Fig. 5. Profiles through Sphagnum peat soils at the Sifton Bog in August 1995. Plots show change with depth of 
(a) dissolved CH4 and XOz concentrations, (b) 6% values of dissolved CH, and XCOz, (c) 6D values of dissolved 
CHI and coexisting HzO, and (d) soil temperature. 
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Fig. 6. Profiles through Sphagnum peat soils at the Sifton Bog in 
October 1995. Plots show change with depth of (a) 6D and 6’% 
values of dissolved C&, and (b) soil temperature. 

porewaters in the bog lie on the lines reported by Whiticar 
et al. (1986) and Sugimoto and Wada (1995) for the acetate 
fermentation pathway. With increasing depth, the 6D pairs 
are shifted towards the CO*-reduction line of Whiticar et al. 
( 1986). The spread of GD-CH4 values is smaller in the Sifton 
Bog soils than in the Point Pelee Marsh over the same depth 
range. This supports the earlier suggestion that transition 
towards the CO*-reduction pathway is less developed in the 
bog soils. 

The covariation in 613C and 6D values of CH, dissolved 
in porewaters at the Sifton Bog in October 1995 is summa- 
rized in Fig. 7. As expected, the trend with increasing depth 
is similar, albeit less pronounced, than that observed for the 
Point Pelee Marsh (Fig. 4). Most CH, samples have stable 
carbon- and hydrogen-isotope values that plot within the ace- 
tate fermentation field of Whiticar et al. ( 1986), but dissolved 
CH, from the deepest porewaters exhibits a distinct shift in 
isotopic composition towards the CO1-reduction field. 

A significant shift occurred in the soil temperature profile 
of the Sifton Bog between August (Fig. 3d) and October 
(Fig. 4b) 1995. A period of unusually warm weather in 
October led to a break in the fall cooling trend and caused 
a minor increase in near surface soil temperatures (Fig. 4b). 
Maximum seasonal temperatures in the lower portions of 
these profiles lag behind those in the shallow subsurface. 
Hence, stable isotope values obtained for CH, XO1, and 
HZ0 collected in October 1995 from lower portions of the 
profile may reflect conditions of maximum warmth. We rec- 
ognize that the soil systems at the Sifton Bog and the Point 
Pelee Marsh are seasonally dynamic. Work is in progress to 
determine whether the observed stable isotope profiles for 
CH4, ECO1, and HZ0 persist throughout the year. 

4. DISCUSSION 

In these two very different types of freshwater wetlands, 
there appears to be a strong similarity in the manner with 

which carbon mineralization is occurring. This similarity in 
the pattern of isotopic behaviour for CH, and X02 between 
the Point Pelee Marsh and the Sifton Bog provides an oppor- 
tunity to comment more generally on the possible distribu- 
tion of methanogenic precursors and processes in freshwater 
wetlands of the temperate zone. 

The peat-rich subsurface of wetlands generally can be 
divided into two functionally distinct zones (Ingram, 1978). 
The upper region, known as the acrotelm, contains the living 
biomass, and has a relatively high permeability and experi- 
ences seasonal fluctuations in its water table level. The cato- 
telm lies below, contains decayed or decomposing organic 
matter, has a lower hydraulic conductivity, and typically 
remains water-saturated and anoxic year round. The acrotelm 
is usually much thinner than the catotelm, especially where 
thick accumulations of peat are present. In general, this clas- 
sification best applies to peat-rich wetlands such as bogs 
and fens. However, the Point Pelee Marsh contains thick 
accumulations of organic matter (-2.5 m; A. Crowe, pers. 
commun.) throughout much of the wetland. Accordingly, we 
believe that division of the subsurface into acrotelm and 
catotelm is suitable for this particular marsh. 

The proximity of the acrotelm to the atmosphere and its 
higher hydraulic conductivity tend to result in oxygenation 
of at least a portion of this zone. Thus, the stable isotope 
ratios of acrotelm CH, such as that in the Point Pelee Marsh 
and the Sifton Bog, tend to exhibit the effects of methanotro- 
phy. Oxidation of methane and aerobic decay of complex 
plant matter in the acrotelm primarily yields C02, but also 
produces some simpler organic compounds that can serve 
as substrates to methanogens in the catotelm. Immediately 
below the zone of oxidation, CH, production is dominated 
by the acetate fermentation pathway for several reasons: ( 1) 
higher hydraulic conductivity at these shallow depths should 
facilitate the movement of labile substrates from the acro- 
telm; (2) the surrounding organic matter is less decomposed 
and the bulk of plant root biomass is in or proximal to these 
layers; and (3) methanogens utilizing the acetate fermenta- 
tion pathway benefit from higher temperatures at these shal- 
low depths during summer months. 
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Fig. 7. 6°C vs. 6D values for CH4 dissolved in porewaters from 
the Sifton Bog during October 1995. The fields for CH,-production 
pathways are taken from Whiticar et al. ( 1986). 
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A shift in the relative importance of methanogenic path- 
ways from acetate fermentation to CO* reduction in deeper 
portions of the peatland is likely the result of a gradually 
diminishing supply of la.bile substrates, possibly coupled 
with (or perhaps resulting from) lower temperatures. Intense 
methanogenesis in the shallow subsurface should deplete 
porewaters of labile DOC before it can reach deeper peat 
layers. Eventually, the less reactive fraction of DOC and a 
portion of the CO* generated at the surface are transported 
to the lower catotelm adding to the DOC and CO2 already 
being generated from older, organic debris at these depths. 
The diminished abundance of labile organic substrates and 
the lower temperatures result in methane production being 
shifted to favour the C&reduction pathway. We find it 
interesting that a very similar distribution of carbon mineral- 
ization processes is occurring in two very different types of 
freshwater wetlands. 

The distribution of methanogenic pathways described here 
may help to explain certain CH4 emission and storage charac- 
teristics of freshwater wetlands. CH4 production and emis- 
sion are reported to be sensitive to changes in primary pro- 
ductivity (Whiting and Chanton, 1993; Chanton et al., 
1995), temperature (Martens et al., 1986; Burke et al., 
1988b; Grill et al., 1988; Jedrysek, 1995) and hydrology 
(Moore et al., 1990; Dise, 1993; Romanowicz et al., 1993; 
Charman et al., 1994; Funk et al., 1994; Chanton et al., 
1995). These factors strongly affect shallow soil layers 
where CH4 production is most intense (Svensson and Ross- 
wall, 1984) and, as shown here, occurs predominantly via 
the acetate fermentation pathway. 

Changes in primary productivity alter the supply of labile 
substrates. Increased production of root biomass appears to 
be most important, since above-ground plant matter must 
accumulate initially under aerobic conditions. Dissolved or- 
ganic matter is usually produced in greater quantities by 
anaerobic than aerobic decay since the latter generally yields 
substantial amounts of CO2 (Nedwell, 1984). Reports of 
elevated CH., emissions -from marsh environments (Dacey 
et al., 1994) in an artificially CO,-enriched atmosphere may 
be the result of enhanced1 rhizosphere activity (e.g., Norby 
et al., 1992) in or near the acetate fermentation zone. 

The upper layers of we.tlands also experience the greatest 
variation in seasonal temperatures. Elevated soil tempera- 
tures during summer months appear to enhance methanogen- 
esis (Martens et al., 1986; Burke et al., 1988b; Crill et al., 
1988; Jedrysek, 1995); law winter temperatures (-0°C) are 
likely to inhibit entirely microbial activity in this shallow 
zone. At our study sites, soils below 150 cm of depth exhibit 
only a small seasonal temperature variation (-2 to 5°C). 
During the coldest month,s, temperatures are still sufficiently 
high ( -8’C) for methanogenesis to proceed (Zeikus and 
Winfrey, 1976). Reports of CH4 emissions during winter 
months (Dise, 1992, 1993) may be the result of continued 
CH4 production by the COz-reduction pathway coupled with 
enhanced diffusive transport through a microbially inactive 
aerobic zone. It is also possible that excess CH, produced 
and stored during the warmer months is slowly being re- 
leased. Since alteration by methanotrophs is unlikely, 613C 
and SD values of winter CH4 emissions should indicate 
whether the gas is derived. from microbial activity in shallow 
or deep porewaters. 

Natural (Moore et al., 1990; Dise, 1993) or artificial (Ya- 
vitt et al., 1993) lowering of water tables can cause short- 
lived CH4 emission pulses. Under normal hydrological con- 
ditions and in the absence of deeply rooted vascular plants 
capable of mediating CH, transport, dissolved CH4 produced 
by COz reduction should accumulate in the catotelm, since 
slow diffusive migration is the primary transport mechanism 
for release to the atmosphere. There is also evidence that 
gas bubbles may become trapped at depth, occluding 
porespaces, and further impeding upward migration of dis- 
solved gases (Brown et al., 1989). A large drop in water 
table levels appears to induce a pulse of CH4 release because 
of a reduction in confining pressure (Windsor et al., 1992). 
However, sustained lowering of water table levels generally 
decreases long-term CH4 emissions (Roulet et al., 1993) and 
can cause an increase in CO* flux (Glenn et al., 1993; Funk 
et al., 1994). CH4 production in the shallow subsurface may 
be attenuated by the expansion of the surficial oxidation zone 
to depths where acetate fermentation otherwise occurs. A 
decrease in primary productivity caused by dramatic de- 
creases in water table levels should result in a diminished 
supply of labile root exudates. Methanogenesis at greater 
depths by CO2 reduction may continue, but to reach the 
atmosphere, CH, would have to accumulate in quantities 
sufficient for ebullition to occur, since slow diffusive trans- 
port across an expanded oxic layer is unlikely to be success- 
ful. In comparison to drought-induced effects, rainstorm 
events have been reported to temporarily suppress CH4 emis- 
sions (Frolking and Crill, 1994). This is perhaps the result of 
flushing or dilution of labile substrates in shallow subsurface 
porewaters by nutrient poor, oxygen-enriched precipitation. 

Methane production in the catotelm by CO2 reduction may 
contribute to the formation of isotopically young CH4 ( 14C 
dated) within much older layers of peat (Wahlen et al., 1989; 
Aravena et al., 1993; Charman et al., 1994; Chanton et al., 
1995). Downward migration of recent DOC from the shal- 
low subsurface has been suggested as the primary mecha- 
nism responsible for anomalously young Cl& at depth (Ara- 
vena et al., 1993; Charman et al., 1994; Chanton et al., 
1995 ) . Highly soluble CO2 derived from aerobic decomposi- 
tion of recent plant matter in the acrotelm, transported down- 
ward by groundwater, also could contribute to the formation 
of young CH4, provided that hydrogen remained available 
from the decay of organic matter. The possibility also exists 
that a fraction of wetland CH4 carbon could have a direct 
inorganic origin. Water transfer in both directions between 
peatlands and underlying mineral soils has been documented 
(Komor, 1994; Siegel et al., 1995). Dissolution of carbonate 
minerals in geological materials beneath or adjacent to wet- 
lands would likely provide “‘C-free and 13C-enriched CO1 to 
methanogens if groundwater flow was favourable. We are 
unaware of any reports of anomalously old CH4 in wetland 
soils; however, rich fens would seem the most likely wetland 
type in which this might occur. 

The substantial isotopic heterogeneity of dissolved CH4 
may affect the stability of the S-CH4 signal arising from 
freshwater wetlands over time. Unless isotopic fractionations 
resulting from transport mechanisms completely mask origi- 
nal methanogenic pathway S-signatures, emissions of deep 
CH4 will possess very different stable isotope ratios than 
those from shallow sources. Episodic release of deeply stored 
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CH, (Moore et al., 1990; Dise, 1993; Romanowicz et al., 
1993) may cause a recurrent variability in the 6-CH4 signal 
arising from wetlands. 

The spatial distribution of methanogenic pathways in these 
temperate wetland soils has an interesting similarity to the 
one typically found in marine sediments. In both cases, labile 
substrates are consumed preferentially in the shallow subsur- 
face (i.e., in the sulfate-reduction zone of anoxic marine 
sediments, and in the surficial oxidation and fermentive 
zones in freshwater soils). The end result is methanogenesis 
by CO2 reduction in deeper sediments because of a dimin- 
ished substrate supply. The degree of substrate depletion 
appears to differ between marine and freshwater systems, 
and possibly even among certain freshwater environments 
(e.g., Lansdown et al., 1992). The general principles of the 
model presented by Schoell (1988) appear to apply in both 
systems in that the relative importance of methanogenic 
pathways changes as a function of diagenesis and the age 
of buried organic matter. 

A distribution of methanogenic pathways similar to the 
one reported here probably does not occur in all terrestrial, 
anoxic, organic-rich sediments. Wetlands with continuous 
permafrost or negligible peat accumulation likely do not 
possess a similar structure. Likewise, methanogenesis in the 
soils of forested bogs also may proceed differently because 
of the potential for greater input of labile organic debris at 
the surface of the wetland. In addition, methane production 
in bottom sediments of nutrient-rich lakes and ponds should 
be different, given the increased input of labile organic sub- 
strates produced in the water column. Knowledge of the 
extent to which the pathway distribution reported here exists 
in peatland soils would be useful for the modelling of CH, 
emissions from boreal wetlands under changing climatic 
conditions. 

5. CONCLUSIONS 

Microbial methane production pathways occur in temper- 
ate, freshwater wetland soils at the Point Pelee Marsh and 
the Sifton Bog with a systematic spatial distribution, at least 
for the August to October period. CH4 production by the 
fermentation of simple, labile organic compounds is favored 
in the shallow subsurface, while at depth, the less reactive 
nature of organic debris causes methanogenesis to occur 
increasingly by the CO?-reduction pathway. 

Changes in primary productivity, temperature, and hydrol- 
ogy may affect methanogenesis by altering the short-term 
supply of labile organic substrates to fermentive methano- 
gens in the shallow subsurface. The predominance of metha- 
nogenic pathway appears to be determined primarily by the 
availability of labile substrates and hence the degree of de- 
composition of organic debris. However, because of vertical 
water movement within the soils, as suggested by Chanton 
et al. ( 1995), methanogenesis in peatlands may be more 
closely linked to surficial conditions than to the litter quality 
of the peat itself. 
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