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ABSTRACT

We measured the carbon isotopic composition of pore water carbon dioxide from Sallie’s Fen, a New Hampshire
poor fen. The isotope profiles are used in combination with a one-dimensional diffusion-reaction model to calcu-
late rates of methane production, oxidation and transport over an annual cycle. We show how the rates vary
with depth over a seasonal cycle, with methane produced deeper during the winter months and at progressively
shallower depths into the summer season. The rates of methane production, constrained by the measured 5'3Cg;
profiles, cannot explain high methane emission during the summer. We suggest that much of the methane pro-
duced during this time comes either from the unsaturated peat, or from the top 1-3 cm of saturated peat where
episodic exchange with the atmosphere makes it invisible to our method.
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INTRODUCTION

Freshwater wetlands are the largest non-anthropogenic
source of methane to the atmosphere (Hein ez al., 1997,
Denman ez al., 2007), and yet large uncertainties remain on
both the magnitude of current emissions and the potential
impact of climate change on these emissions (Wuebbles &
Hayhoe, 2002). There are three important processes
involved in methane emissions from wetlands (Conrad,
1989; Smith ez al.,, 2003) that remain difficult to separate
and quantify: methane production, methane oxidation and
transport mechanisms. A mechanistic understanding of these
processes would greatly improve our ability to predict the
fate of large soil carbon reservoirs in response to changing
climate forcings.

Methane is produced under anoxic conditions by com-
munities of methane-producing archaea (methanogens)
and results in the production of equal quantities of CO,
and CH,. Methane is oxidized by bacteria (methano-
trophs) in the oxic zone of the pore water, a process that
consumes 20, for each CO, molecule evolved. Three
modes of gas transport are also active in this system: diffu-
sion, plant-mediated transport and ebullition (Holzapfel-
Pschorn et al., 1986; Whiting & Chanton, 1992; Bubier,
1995; Shannon et al., 1996; Thomas et al., 1996; Smith
et al., 2003).
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Methanogens select against the heavier isotope of carbon
(carbon-13) through a kinetic isotope fractionation; this
results in produced methane that is depleted in '3C by 20—
609, relative to the source organic carbon and CO, that is
enriched by the same amount. The absolute magnitude
depends on the pathway through which methane is pro-
duced; either by splitting acetate (CH;COOH — CO, +
CHyle = 25-35%,), or by CO,-reduction (CO, + 4H, —
CHy + 2H,0le 2 559,) (Ferry, 1992; Gelwicks ez al., 1994;
Whiticar, 1999). Epsilon is defined as € = 1000(0process = 1),
and approximated as &~ (SIZ’CS“bsmtC - 813Cpmd), as
described in Whiticar (1999). For CO,-reduction, it is easier
to think about the reaction in two steps as follows (i)
2CH,0 + 2H,0 + ¢ acceptor — 2CO, + 4H, and (ii)
CO, +4H, — CHy4 + 2H,0. The sum of these two
reactions is the same as methanogenesis from acetate,
although the fractionation associated with the reaction is
different.
mechanisms, such as methylotrophy, but the contribution

Methane can also be produced by other

to methanogenesis is believed to be less important (Whiti-
car, 1999). Methane oxidation converts some of the
produced CHy4 into CO, with an isotopic signature that is
approximately 109, depleted relative to the source CHy,
although values as high as 279/, have been observed (Teh
et al., 2006). Oxidative organic carbon respiration (and
heterotrophic metabolism in general) is believed to yield

© 2010 Blackwell Publishing Ltd



CO; of nearly the same isotopic composition as the source
organic matter (Balesdent ez /., 1987; Penning & Conrad,
2000).

Much of the previous work on understanding production
and oxidation rates have used laboratory incubations to deter-
mine potential rates under either reproduced 27 situ or ideal-
ized conditions (Phelps & Zeikus, 1984; Frolking & Cirill,
1994; Bergman et al., 1998; Duval & Goodwin, 2000; Blo-
dau & Moore, 2003). Alternately, static flux chambers and
eddy flux covariance techniques have been employed to look
at surface fluxes followed by a correlation analysis with envi-
ronmental variables to connect emissions with belowground
processes (Goodwin & Zeikus, 1987; Conrad, 2002; Kang &
Freeman, 2002; Blodau & Moore, 2003). Although much
important information has been gathered this way, such sur-
face flux calculations integrate the #n situ processes making
them difficult to separate and quantify, whereas laboratory
incubations can introduce artefacts that alter the microbial
communities from their natural state.

Several modelling studies have attempted to bridge this
gap. In a model by Walter ez al. (1996), methane production
and oxidation rate functions are forced by water table and
temperature in order to fit observed methane emission data
from several sites (Walter & Heimann, 2000; Walter ez al.
1996), but the rates of methanogenesis are not constrained by
observations. Beer & Blodau (2007) employed a steady-state
model (developed by Berg ez al. (1998)) that relies on CHy
concentration profiles to calculate rates of methane produc-
tion under the peat surface. In this study, we use an inverse
modelling strategy — a 1D diffusion—reaction model with no
steady-state assumption— to calculate rates of methane pro-
duction, oxidation and transport from a New Hampshire poor
fen. The rates of (net) methanogenesis and (net) methano-
trophy are constrained at each depth by the isotopic composi-
tion of the dissolved inorganic carbon (primarily CO5(,q) due
to the acidity) that we measure throughout the year, which
provides a time-averaged record of water-column processes.
CO, is relatively undersaturated in the pore water compared
with CH4 and less subject to non-diffusive transport. The
main use for the CHy concentration profiles is to help con-
strain the activity of the alternate transport pathways whereas
the CO, concentrations help to discern between oxygenic res-
piration and methanotrophy. This method allows us to sepa-
rate and quantify the rates of processes occurring in situ
beneath the fen surface.

METHODS

The study site, Sallie’s Fen, is located in Barrington, NH,
USA (43°12.5'N, 71°03.5'W). Sallie’s Fen is an NSF LTREB
(Long Term Research in Environmental Biology) (Frolking
& Crill, 1994; Treat et al.,2007). Sallie’s Fenisa 1.7 ha, min-
eral poor, bryophyte-dominated fen that receives most of its
water from rainfall and runoff (Frolking & Cirill, 1994; Melloh
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& Cirill, 1996, Treat et al., 2007). Although we do not mea-
sure the pH of each individual sample, pH measurements
made on selected profiles with litmus paper have consistently
shown a surface pH of approximately 4, increasing to 5 at
about 60 cm below the water table. The water table varied
seasonally at Sallie’s Fen during 2006 by almost 40 cm. Dur-
ing the winter (January—May) the water table was about
20 cm below the peat surface, decreasing to 30 cm in June
and remaining approximately 40 cm below the peat surface
through October (it was an anomalously dry year). The water
table then increased until it reached near the peat surface by
December 2006. The sampling site has complete sphagnum
cover with both carex and leatherleaf present. The carex and
ericaceous shrubs together account for approximately 25% of
the total vegetation cover in the nearest metre.

We collected pore water at Sallie’s Fen monthly throughout
2006 at three to five different sites, each closely associated
with a previously installed static flux chamber location. Results
from only one site, Station 4, were the first to be analysed and
are discussed exclusively in this study. We sampled the pore
water using a stainless steel tube inserted into the peat
through which pore water was pulled directly into 12 mL
evacuated containers (Vacutaincrs®; Becton, Dickinson and
Co. — the actual volume of these containers was found to be
13.2 mL including the space under the septum). Samples
were drawn every 2.5-25 ¢cm and every 5 cm thereafter. Sam-
pling continued until the evacuated container failed to move
pore water up the sampling tube (this depth varied between
50 cm and 1 m below the water table). The vials were allowed
to fill approximately halfway (by eye) leaving 5-7 mL of head-
space volume. Two replicate samples were taken at each
depth. All depths in this study are reported relative to the
depth at which the peat is fully saturated (water table). We do
not know for certain whether or not our depth zones overlap,
although the high hydraulic conductivity of peat discourages
vertical flow with less resistance to lateral movement. At each
depth, only 15 mL of water is removed, but it is possible that
some overlapping of depths creates curves that are artificially
smoother than those present iz situ. All samples were stored
on ice in a dark cooler until return to the laboratory where
they were preserved with HgCl,.

Concentrations of CO, and CHy4 were measured by inject-
ing 500 pL of headspace gas from each sample into an HP
6890N gas chromatograph. The gas chromatograph was
equipped with a 10" unibead column linked through a 6-port
valve to a 10" molecular sieve 5A column. The columns either
run in sequence into a thermal conductivity detector or the
valve can be switched, skipping the second (molecular sieve)
column. This system enables quantification of both CO, and
CH, on a single sample injection. The lower detection limits
for CO, and CHy respectively were estimated to be 0.2 and
0.1 mm. The GC output (calibrated to moles of CO, and
CH,) was converted to millimolar units in the following
way: first, we assumed that all the CHy outgasses into the
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headspace, and that the aqueous CO, partitions into the
headspace and the water in accordance with its Henry’s law
constant (addition of 100% H,PO, was found to have no
effect on the CO, concentrations measured). Second, the vol-
ume of pore water in each sample was determined by weighing
the vial, and the headspace volume calculated as the remainder
volume plus the 500-pL injection volume. Using these steps,
we can calculate the concentration of gases in both the head-
space and the water volume and back-calculate the concentra-
tions of CHy and CO, in the sampled pore waters. If we
include the differences in the concentrations between vials
collected sequentially at the same depth, we calculate uncer-
tainties of 0.4 mMm for CO, and 1.3 mm for CHy. Measure-
ment errors alone, calculated from external standards, were
<0.2 mM for both CO, and CH4. We believe that the true 1
SD uncertainty lies between these bounds. The isotopic com-
position of the pore water CO, was measured on a Thermo-
Finnigan Delta Plus XL IRMS with combined measurement
and sampling errors, based on internal and external standards
and the reproducibility of replicate samples, of £0.59%,.

Model description

We used a 1D diffusion reaction model to reproduce the con-
centration and isotope data collected from Sallie’s Fen. Five
compounds were tracked through the system: O, '2CO,,
13C02, 12CH, and '*CH, through a column of 100 vertical
boxes each representing 1 cm of soil depth. This modelling
approach is similar to the one used in Sivan ez al. (2007) on
marine sediment core data and originates from a field of previ-
ous work (Berner, 1980; Schrag & DePaulo, 1993). Porosity
is assumed to be constant with depth. Respiration, methane
oxidation and methane production rates are manually input
for each depth. Resolving the isotopic contribution from
methane oxidation versus oxygenic respiration (both of which
add depleted carbon) relies on the CO, concentration profiles
as constraints, which results in larger uncertainties on the rates
of methane oxidation than on the rates of methane produc-
tion. Resolving the contribution from non-diftusive transport
pathways relies on the CH4 concentration profiles. Overall, we
estimate an error on the calculated rate values from the model
of approximately a factor of 3. Error in the model results is
difficult to calculate precisely because it depends on uncertain-
ties in different parameters and subjective weighting of the fits
to the concentration and isotope data. Based on sensitivity
tests to different parameter choices, such as the alpha value, we
estimate the error to be <60% for seasonal trends and relative
changes within profiles. Further detail on these sensitivity tests
and the error estimates are available in Appendix S1.

Equations

The following coupled differential equations were solved
using a centred finite difference approach. Time steps forward

in half-an-hour intervals and the model runs for a year. Initial
conditions are taken from data profiles collected from the
month previous to the model start time (in this case, Decem-
ber 2005). Additional support for the model assumption that
methane production results in a 1:1 ratio of CO,:CHy is
presented through sensitivity analysis in Appendix S1.
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Parameters

CHyprod, CH4ox and resp were each 100 x 10 vectors
with assigned values for each depth associated with each
month. They are not parameterized functions. There are
only 10 distinct vectors due to lack of profile data from
January and March; January was given the same vector as
February and March was the given the same vector as April
to account for the time integration of the 33Ccon profiles.
The values within each vector were manipulated manually,
beginning with a ‘best guess’ profile, until the resulting
model output reproduced the pattern of data collected,
specifically the 33Ccon profiles. If the model run failed to
reproduce the data, the methane oxidation, production and
respiration rates were adjusted, taking into consideration
the isotope and concentration profiles, and the model was
rerun. Values for all included parameters are given in
Table 1. The respiration term was chosen to be non-zero
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Table 1 Model parameter values
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Variable Value Explanation or reference
Dcon 2x10°cm? s Lerman (1979)

Dcha 2x107° cm? s~ Lerman (1979)

Do» 1.96x107° cm? 57" Lerman (1979)

Forg 0.01097 3"3C of C3 plants = —279,
%prod — dic Aceticlastic = 0.98 CO,-red = 0.945 Whiticar (1999)

Oprod — chd Aceticlastic = 1.02 CO,-red = 1.055
ox — dic 1.01

Qox — dic 0.99

Porosity 0.9

Hcoa 3.4 % 10mol L™" atm™

Hena 1.3x10mol L™ atm™’

We assume a ratio of 75/25 acetate/CO,-reduction,
consistent with Whiticar (1986)

Ibid

Ibid

No direct assessment of porosity was made

Morel & Hering (1993)

Morel & Hering (1993)

when the model reproduced the 313Ccon profiles but
underestimated the COs(,q) concentration profiles. Similar
to the respiration terms, two alternate transport functions
were built into the model, which were only active when the
modelled CH4 concentrations exceeded the concentrations
observed in the data. The first removed a given proportion
of the CHy in each box from 0 to 40 cm below the peat
surface at each time step. The second transport function
also removed gases proportional to their concentrations
from 0 to 50 cm, removing 75% of the CHy and 45% of
the CO,, but, when employed, this function is only active
for a single time step.

Boundary conditions

Surface boundary conditions: the concentrations in box z = 1
were assumed to be at equilibrium with the atmosphere at the
beginning of each time step, in accordance with the Henry’s
law constants for each gas species, modified by the surface
temperature. The bottom boundary was treated as a no-flux
boundary at 100 cm.

RESULTS

Throughout the year, the concentration profiles show low
CO, and CH4 concentrations near the surface that quickly
increase and then begin to level off between 10 and 40 c¢m,
depending on the season. The CH, concentrations show
considerable variability between the two vials collected at the
same depth. Quantifying the samples, we have noted that the
first vial collected usually has higher CH4 concentrations
(but only very slightly higher CO, concentrations) than the
second vial collected. We interpret this as the preferential
sampling of bubbles in the first vial, which represents the
dissolved + gaseous concentration, while the second vial is
closer to the dissolved concentration. In contrast, the CO,
concentrations have much less scatter in the top 40 cm. Below
this, the CO, profiles occasionally show increased variability,
depending on the season. Throughout the year, methane con-
centrations approach and exceed saturation whereas CO,
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remains below saturation in the pore waters sampled. For this
reason, we suggest that it is not appropriate to think of this
concentration difference between replicate vials as a measure-
ment error, but rather as further indication that methane
moves through the pore waters in non-diffusive ways.

The carbon isotope profiles we measured from fen pore
waters were characterized by depletion in '*C content near
the surface and enrichment in '*C at depth (Fig. 1), which is
consistent with a diffusion-dominated system. The depleted
portion of the curve was most prominent during the winter,
extending through the top 40 cm of saturated peat. The
depth of the '*C-depleted region grew shallower throughout
the year almost disappearing in August and then growing
again through the fall. The near surface depletion in *C
reached its most negative values during the early fall, peaking
at —259, on 2 October, while remaining near =209, through-
out the winter and spring. During the summer months, how-
ever, the isotopic depletion became less pronounced with
values of —15%, at 2.5 cm. In the spring and late fall, the '*C
profiles are characterized by a second zone of depletion in **C
occurring below the first enrichment zone.

We find distinct seasonal variability in the rates of methane
production and oxidation over the course of the year (Fig. 1),
with the model explaining over 80% of the variability in the
carbon isotope data (see Appendix S1). Maximum methane
production rates varied between 0 and 67 nmol cm™ day™?,
depending on the season. Throughout most of the year, we
found multiple peaks in methane production. We found no
evidence for any significant methane production occurring
between these peaks where none is displayed, although some
low-level methane production may not be resolvable if it is
more than 1 order of magnitude below the peak rates. During
the winter months, we found only a deep zone of methano-
genesis occurring approximately 50 cm below the depth of
saturation. In the spring, methane production shoaled
towards the top of the pore water profile until August during
which methane production was active primarily in the top
10 cm. During the fall, methane production reversed this
trend and pushed deeper into the profile leading back to the
winter methanogenic pattern. The high rates of methane
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production over a broad depth region during the month of
June are a direct result of the existence of the second zone of
isotopic depletion that occurred during the spring. Other
than this feature, and the transition between winter and
spring, the depth-integrated rates of methane production
remained remarkably constant throughout the year.

The magnitude of the peak methane oxidation rates were
also found to vary over the season with maximum rates, reach-
ing 50 nmol cm™ day™' in November (Fig. 1). The zone of
methane oxidation shifted vertically in the pore water profile,
similar to methane production, also showing a seasonal sec-
ond zone of activity at 40 cm during the spring and fall. Dur-
ing the summer months, it was more difficult to separate
methanotrophy from oxic respiration due to the narrow,
shallow oxic zone. Separating these processes relies on the
concentration profiles, which may have only one data point
(at 2.5 cm) in this region. It is also important to note that
higher rates of methane oxidation may have been present
cither in the top several centimetres of the pore water or, more
likely, in the unsaturated peat layer that would not be resolved
using this sampling technique. Production rates of CO, via
respiration were also estimated, varying between 0 and

ness and because few rate changes were necessary
to match essentially identical data profiles.

8 nmol cm™ day™! with peak rates found in the winter
months followed by an absence of respiration rates during the
spring (Fig. 2). We estimated respiration and methane oxida-
tion rates to be roughly equal from July through October.
Sensitivity tests were run to examine how the alternate
transport term impacted the concentration profiles and emis-
sion across the modelled surface (see Appendix S1). For exam-
ple, complete removal of the alternate transport term
increased the diffusive flux in the subsequent months,
although total predicted emissions declined and the concen-
tration profiles during those months overestimated the
observed concentrations. We found that the profiles were
reproduced best using a gas-release event in March. Replacing
this ‘event’ with the constant removal of methane, each time-
step still resulted in better fits to the data than using only
diftusive transport. We find that total emissions, in addition to
the seasonal pattern of methane emissions from the model,
are highly dependent on these non-diffusive transport terms.
Additionally, high methane emissions are not directly corre-
lated to times of high methane production (unless the produc-
tion occurs very close to the surface) due to the long diffusive
time scale. For these reasons, we find it more useful to focus
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Table 2 Comparing the model to observations

pmol cm™2 year™'*

Static flux chamber emissions 491
Model production rates 50
Model oxidation rates 27
Model flux 70

*These represent rates and emissions April through December only in order to
compare with observed fluxes.

on the column-integrated rates of methane production and
oxidation, rather than modelled methane flux.

We compared our column-integrated net methane produc-
tion rates with static flux chamber emissions data taken at
this site (R. K. Varner and P. M. Crill, unpublished data).
Although we would not expect them to match perfectly, on
an annual time scale, the amount of methane produced should
approximately equal the amount of methane released. The
comparison can be seen in Table 2. As can be seen, the iso-
tope-derived production rates cannot account for the
observed fluxes (the majority of which come between July and
September). The isotope-constrained annual net methane
production is approximately 20 times too low to account for
this level of annual emissions. No winter (January—March)
static flux chamber data were available from 2006 but winter
emissions are likely to be small (see December flux rates).
Although the CH, flux measured at this site in 2006 is higher
than the average yearly flux at this site, neither the flux
numbers, nor the cumulative production, are anomalous.
Preliminary results from other years and other stations show a
similar trend with insufficient methane production rates to
account for observed fluxes.

DISCUSSION

Throughout much of the year, we found multiple discrete
peaks of methane production in the peat. It is possible that the
peaks represent contributions from the two different types of
methanogenesis, with acetoclastic methanogenesis driving the
near-surface peaks, and CO,-reduction dominating at depth.
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This hypothesis is supported by methane and CO, isotope
data by Hornibrook et al. (2000) showing an analogous
switch in production pathways with depth from several difter-
ent sites. However, if it is the case that the two peaks represent
different pathways, it is not clear why they are separated by
depth or why acetoclastic methanogenesis would be limited to
such a shallow depth range. If H, is being produced deeper,
enabling CO,-reduction, those same fermentative processes
lead to acetate production as an end member. Other possibili-
ties for the separate methanogenic peaks include seasonal
dynamics in the production of substrates or nutrients that
results in pulses available to varying depths, or ecological com-
petition between microbial communities affecting methano-
genic productivity.

The isolated second region of isotopic depletion that occurs
during several months of the spring and fall is slightly more
difficult to interpret. We did not feel that we could ignore the
region, as it significantly impacts the rates of methane produc-
tion needed to reproduce the following month’s profile, as
mentioned earlier. The only way to reproduce these curves
successfully using the model was to add a second zone of
methane oxidation into the profile. It has previously been sug-
gested that plant roots leak oxygen into the surrounding peat
through their aerenchyma (Thomas ez al., 1996). Such a
mechanism could be responsible for bringing sufficient oxy-
gen to these depths to drive a local peak in methanotrophy.
Alternatively, a rapidly rising water table (as occurred in
November) could create a thick oxygenated layer. Due to high
near-surface rates of decomposition, the top centimetres may
re-establish anoxia before the intermediate region, resulting
in a profile such as the one observed during the late fall. Simi-
lar regions of negative production were also found in a recent
study by Beer ez al. (2008), although they suggest these
regions may caused by their steady-state assumption. It is also
possible that, in our study, this pattern is an artefact of the
monthly sampling time scale. Microbial processes occur on a
much shorter time scale and our method represents a time-
integration of these microbial activities over that month.
Therefore, we do not need to imply that methane oxidation
occurred concurrently below a zone of methane production,
only that net methane oxidation and net methane production
occurred at the depths indicated.

This method of using the 8'3C profiles of aqueous CO, to
calculate the rates of methane production and oxidation not
only has several advantages over previous methodologies but
also comes with certain limitations. An important advantage is
that the acquired rates of methane production and oxidation
are independent of the CH4 concentration profiles. This is
advantageous due to the low solubility of methane causing
large variability in these profiles and because the CH4 concen-
tration profiles can be used to explore the importance of non-
diffusive transport. However, there are also limitations to this
approach. For example, both methane oxidation and oxic
respiration (degradation or plant respiration) add depleted
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carbon to the pore water profile and therefore must be distin-
guished using the CO, concentration profiles, which are also
needed to calculate all the rates. Additionally, this method
only allows calculation of the microbial rates occurring in the
saturated peat, ignoring potentially significant activity in the
unsaturated peat. This is not only particularly problematic for
methane oxidation but may also cause the underestimation of
methanogenesis rates, a potential source of uncertainty that
will be discussed below.

The largest mystery in our study is how to reconcile the
isotope profiles of the dissolved CO5(,q) with the emission
data. Non-diftusive transport cannot be the solution. Neither
the concentration nor the isotope data are consistent with
advection being an important influence in this system.
Advection would wipe out all the observed gradients and,
during every season, this is not the case (Fig. 1). This is also
in agreement with results from Beer & Blodau (2007) that
found diftusion to dominate transport in their peatland study
site. Another possible source of error is the assumption of
constant porosity with depth; however, unless the porosity
was to increase with depth, this would only result in overesti-
mation of the rates of methanogenesis with depth rather than
underestimation.

If the isotopic fractionation associated with methanogenesis
during the summer is much smaller than previous estimates,
resulting in minimal effect on the pore water §'3C of the
COs(aq), then it might be possible to produce CH, that would
not be observed by our system. However, such methanogene-
sis would still produce COj(,q), meaning that we should
observe resulting peaks in our concentration profiles. The
same argument holds for methane produced using any methy-
lated substrate (including methylamines and dimethyl sul-
fide). The aqueous CO, concentration profiles are also
inconsistent with the argument that subsurface respiration
(root respiration, for example) could necessitate much higher
rates of methane production at those same depths to repro-
duce the isotope profiles. In each case, although the CH4 may
escape observation, if it is rapidly transported out either by
bubbling or plant transport, the CO5(,q) should be largely
unaffected. Measurements of gas concentrations in wetland
bubbles support this principle, having been found to contain
only 4-12% CO, compared with 24-70% CH, (Rothfuss &
Conrad, 1994; Shannon ez al., 1996; Tokida et al., 2007).
Therefore, high subsurface rates of methanogenesis are not
consistent with the COs(,q) profiles we observe, which are
within the range found in other wetlands (Crill et al., 1988;
Christensen ez al., 1996; MacDonald ez al., 1998; Frolking
et al.,2001; Walter ez al.,2001).

Decreasing the fractionation factor associated with methane
production towards zero would also require the CHy emitted
from Sallie’s Fen to be isotopically heavier than any CHy
previously observed from wetland systems, almost identical to
the source biomass. Preliminary measurements of 3Ccma
from a selection of our samples supported the fractionation

factor used by in our modelling study with values between
-549/, and —629,,. Furthermore, there is an intramolecular
gradient within acetate that is likely to result in produced CO,
being at least 5-109,, enriched relative to the bulk organic
matter (Rossmann et al, 1991; Sugimoto & Wada, 1993;
Gelwicks et al., 1994; Penning et al.,2000).

Errors in the assumed isotopic fractionations associated
with either fermentation or methane oxidation also cannot
help to explain the observed discrepancy. As described
earlier, we used the common assumption that heterotrophic
respiration does not significantly fractionate organic matter
(~1-2%,; Balesdent et al., 1987; Penning & Conrad, 20006).
Recently, some studies of soil respiration have found differ-
ences between soil organic carbon and respired CO,, indi-
cating an isotopic fractionation of +6%, (Santruckova ez al.,
2000; Conrad ez al., 2009). This, however, remains uncon-
strained and may be a transient observation as different soil
fractions either build up or are metabolized. For the pur-
poses of this study, such a small fractionation does not add
significantly to our uncertainties. The fractionation associ-
ated with methane oxidation has also been found to vary,
greatly exceeding our assumed value of 109, at high local
methane concentrations (Teh e al., 20006). First, it is unli-
kely that this variability would exceed our already large
uncertainties and, second, it would have no impact on our
principle finding: we could reduce all methane oxidation
rates to zero and the model still cannot produce sufficient
methane and remain consistent with the pore water carbon
isotope data.

One possible explanation for the high summer emissions,
beyond what can be justified by isotopic constraints, is that
there are very high rates of CH4 production occurring in the
unsaturated peat and/or the top several centimetres of the
saturated peat (possibly associated with the oxic/anoxic
boundary) that is rapidly equilibrated with the atmosphere
through gas exchange. The rapid gas exchange in this region
would remove the residual CO», enriched in *3C, such that no
record of this methane production would be preserved in the
pore-fluid profiles that we measure. We hypothesize that the
close proximity of an oxic boundary may be necessary to
support high rates of acetate (and possibly also H,) produc-
tion, either because of the favourable redox gradient or
because oxygen speeds up the degradation of complex organic
molecules such that, upon experiencing anoxic conditions,
methanogenic substrates can be produced at enhanced rates.
Furthermore, if this were correct, it would mean that the
majority of methane released by Sallie’s Fen is produced in, or
above, the top 1-3 cm of the pore water profile.

The idea that wetland methanogenesis rates peak at shallow
depths is not heretical, a variety of incubation studies during
the last 20 years found that methane production rates were
highest in the near-surface samples (King et al, 1981;
Sansone & Martens, 1981; Svensson & Rosswall, 1984;
Williams & Crawford, 1984; Brown et al., 1989; Moore &
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Knowles, 1990; Valentine ez al., 1994; Bergman et al., 2000,
Dettling et al., 2007). Brown (1998) further noted that
incubated catotelm peat appeared to inhibit methanogenesis
if combined with high methane-producing acrotelm peat.
Clymo & Pearce (1995) suggested that methane production
may be greatest in the ‘transition zone’ between oxia and
anoxia (between 4 and 15 cm below the water table). Several
in sitn techniques based on modelling concentration profiles
have also supported this hypothesis (Beer ez al., 2008; Clymo
& Bryant, 2008). As mentioned earlier, it is also possible that
high rates of methanogenesis could occur above the water
table in micro-anaerobic zones within the unsaturated peat,
consistent with work by Tokida ez a/. (2007) that found net
methane production in soils with moisture contents as low as
60%. Additionally, there are parallels with studies of microbial
mat systems showing high rates of anaerobic activity (sulphate
reduction and methanogenesis) in the oxic top millimetres of
the microbial mat (Canfield & Desmarais, 1991; Buckley
et al.,2008).

In order to assess whether methane production rates of this
magnitude are possible, we compared the rate estimates
derived from this study, and those that would be required
in the near-surface peat, to previous estimates of potential
methane production derived from laboratory incubations.
The mean methane production rate calculated in this
study, 0.18 pmol cm™ month™ (averaged for all depths
above 25 ¢cm from July to September) is lower than the
average potential methane production (PMP) value derived
by incubation experiments (0.32 pmol cm™ month™ for oil-
gotrophic systems) (see review by Segers, 1998). Although
there are many reasons to believe 7 situ rates may difter sub-
stantially from laboratory-derived PMP rates, the average
(non-zero) rate of methane production calculated in this
study, 0.32 pmol cm™ mo™", is similar to the mean compiled
above. Therefore, explaining the discrepancy between the car-
bon isotope data and the observed methane emissions would
require near-surface production rates that are 3 orders of mag-
nitude higher than these compiled subsurface rates. However,
most incubation studies pool between 5 and 15 c¢m of vertical
depth for each incubation and rarely include the surface centi-
metres of peat for methane production potentials. One study
on Everglades peat and marl soils (omitted from the above
review as an outlier due to the high values and hot incubation
temperatures) incubated the top 0 to 2 cm and found meth-
ane production rates of 1800-7200 pmol cm™ month™,
approximately an order of magnitude higher than the meth-
ane production rates we estimate would be necessary to
account for the missing methane production.

Further research either with incubations designed to isolate
the impact of the oxic/anoxic interface, assessment of the
microbial community composition of these near-surface sam-
ples, or high depth-resolution continuous sampling of gas
concentrations and isotopic compositions 27 situ is necessary
to find additional support for this mechanism.
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CONCLUSIONS

Using measurements of the 313C of COs(aq) in pore fluids, we
calculate methane production and oxidation rates in a New
Hampshire wetland over the course of a seasonal cycle. Meth-
anogenesis occurs in distinct peaks with depth between which
there is little or no methane production. During the winter,
CH4 production occurs deeper (>40 cm) and shoals to
shallow depths in the summertime (5-20 cm). The methane
production rates, constrained by the 313Ccoa measurements,
cannot account for the high emission rates in the summer. We
propose that most summertime methane production occurs
either in the upper 1-3 cm of saturated peat, or the unsatu-
rated peat, leaving no isotopic signal because of frequent
equilibration with the atmosphere driven by episodic mixing.
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