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Chapterl

Introduction

1.1 Global Significance of CH4 Emissions from Peatlands

The historical record of CH4 abundance obtained from Antarctica ice core have shown that

CH4 concentrations had never exceeded 773 ppb during the past 650,000 years (Spahni et al.

[2005]). During the past several centuries, atmospheric CH4 concentration has increased

from pre-industrial level of 700 ppb to 1783 ppb (2004) as evidenced by CH4 content in

trapped bubbles in ice cores and firn (Etheridge et al. [1998]). This makes CH4 account

for around 20% (0.48 W m-2) of the total radiative forcing (2.43 W m-2) (Houghton et al.

[2001 ]). In contrast to the abundance-based radiative forcing estimates, an emission-based

estimate has shown that CH4 may contribute more (-0.8-0.9 W m-2) to the radiative forcing

when considering all the indirect effects (Shindell et al. [2005]). Production of tropospheric

ozone in the presence of NOx (0.2 W m-2) and photochemically-formed stratospheric water

vapor (0.1 W m-2) are the most notable indirect effects. The overall forcing is equivalent to

61% of the forcing from CO2.

Although it is clear that human-induced emissions are responsible for the excess CH4 bur-

den, natural wetlands are likely to be the single largest source of atmospheric CH4 (Houghton

et al. [2001]). However, there is a large uncertainty in wetlands emissions, with estimates

ranging from 100 to 240 Tg yr-1 (Fung et al. [1991], Bartlett and Harriss [1993], Hein

et al. [1997], Cao et al. [1998], Houweling et al. [1999], Mikaloff Fletcher et al. [2004]).
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Although year-to-year variability had been believed to be negligible, recent studies showed

global CH4 efflux has a significant inter-annual variation (Dlugokencky et al. [2003]). Bous-

quet et al. [2006] have suggested that about 70% of the variations over the past two decades

are attributable to the fluctuation of CH4 emission from natural wetlands caused by climatic

fluctuations. They also reported that a possible rise in anthropogenic emissions may have

been masked by a reduction in wetland emissions caused by negative precipitation anomalies

in recent years. In the light of global significance of wetlands CH4 source, it is imperative that

we understand the processes determining the production, consumption, transport and emis-

sion of CH4 in natural wetlands. Understanding wetland CH4 dynamics may contribute to

constrain the estimates of the other source strengths, which may ultimately help to establish

mitigation strategies of CH4 emissions from human activities.

In this study, I have investigated the mechanisms of CH4 emission from a Japanese peat-

land, called Bibai mire. Peatland is one of the categories of natural wetlands and covers more

than half of the total wetlands area in the world (Matthews and Fung [1987], Aselmann and

Crutzen [1989]). Most peatlnads exist in high latitude of northern hemisphere and may con-

stitute about one-third of the world's total wetland emissions (Matthews [2000]). Because

the high latitude regions are expected to receive the most pronounced change in climate due

to albedo feedbacks involving snow and sea ice (Holland and Bitz [2003], Chapin III et al.

[2005]) and subsequent changes in ecosystems (e.g. Gorham [1991]), understanding the pro-

cesses controlling CH4 emissions from northern peatlands is a highly important issue.

1.2 Objectives of This Study

Accurate observation of CH4 exchange between the peat and the atmosphere is one of the

fundamental bases for any efforts to improve our knowledge of CH4 emissions from peat-

lands. At present, most of the estimates of CH4 emissions from peatlands are based on

infrequent, temporally discontinuous ground-based flux measurements. Weekly to monthly

measurement intervals have been widely adopted. Efforts have been made to extrapolate the
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measured emission rates to seasonal amounts of CH4 emission using relevant biogeochem-

ical measurements of water table positions, peat temperatures, and other variables with the

assumption that the flux was stationary for the period between the measurements (e.g. Dise

et al. [1993], Frolking and Crill [1994], Kettunen et al. [2000]). However, temporal varia-

tion of CH4 flux in the shorter time scales has not commonly been measured, presumably

because diffusion of dissolved CH4 or releases of CH4 through aquatic plants, which might

have small temporal variability are believed to be the main transport mechanisms to the at-

mosphere (Kettunen et al. [2000]).

It has conventionally been thought that wetland soils are saturated below the water table

and that CH4 exists in a dissolved state. However, in the context of investigating the cause of

the anomalously small hydraulic conductivity of peat, a new conceptual model has recently

been proposed; the low hydraulic conductivity may be attributable to the occlusion of pores

by gas bubbles, mainly of CH4 (Mathur and Levesque [1985], Dinel et al. [1988], Brown et al.

[1989], Buttler et al. [1991]). Suppose there is a unit volume of peat and you have interest in

the mass of gas in it. You may wonder whether gas may exist in gas-phase and/or in liquid

phase. Figure 1.1 shows mole fraction of gas in gas-phase to the total gas (=gas-phase gas+

dissolved-phase gas) as a function of ratio of air content to water content. This relation can be

calculated from ideal gas law combined with Henry's law. Because of its very low solubility,

mole fraction of CH4 in gas phase dramatically increase with increasing air content. Even

when ratio of air content to water content is only 0.05, more than 60% of CH4 exists in the

gas phase, exhibiting a sharp contrast to CO2 which is a rather soluble gas species. Hence, if

the occurrence of CH4-containing bubbles in peat is confirmed, it is plausible that most CH4

exists in the bubbles (not in dissolved form) and a considerable portion of CH4 emitted to

the atmosphere might be via release of bubbles, i.e. ebullition. As ebullition seems highly

variable in space and time, widely-used flux measurement scheme may not be able to capture

the ebullition events. Hence, there seems an urgent need to improve our understandings about

the volume, composition, and distributions of the bubbles as well as the factors that may cause

the ebullition.
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The objective of this study is to investigate occurrence of CH4 bubbles and their possible

ebullition in peatland. In particular in the following chapters of the thesis the following

research questions are addressed:

Chapter 2: Occurrence of gaseous-phase CH4 in waterlogged peat was investigated by

using a newly-designed gas sampler and measuring gas-phase content below the water table

level. Vertical distribution of the volume of the bubbles and mixing ratio of CH4 in the

bubbles were measured and the state of CH4 in a waterlogged peat was quantified.

Chapter 3: A long-term (more than a year) mesocosm experiment was conducted using an

intact peat core sample. In this experiment, the peat core was subjected to natural air pressure

fluctuations while the temperature and water table were controlled and kept constant. This

experimental design aimed at investigating the effect of atmospheric pressure fluctuation on

CH4 ebullition from peat to the atmosphere.

Chapter 4: A 90-hour field study was carried out in high-summer season to determine the

CH4 ebullition rate from peat soil into the atmosphere in the field and to identify factors

that control the processes of CH4 ebullition. We measured the air pressure, water table,

and peat temperature as potential determinants of the ebullition. Theoretical considerations

followed by numerical computations were also performed to isolate and quantify the effect of

the individual factors on the ebullition.

Chapter 5: Intensive CH4 flux measurements were conducted during a period of spring

thaw to determine whether or not a sudden change in CH4 emission rates occurs. In order to

obtain better understanding of the mechanisms of the possible CH4 ebullition during spring-

thaw, CH4 release into the atmosphere and stored CH4 in near-surface peat trapped during

winter were simultaneously investigated.
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Figure 1. 1 Mole fraction of gas in gas-phase to the total gas (=gas-phase gas+

dissolved-phase gas) as a function of ratio of air content to water content in a unit

volume of peat.
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Chapter2

In situ Accumulation of Methane

Bubbles in a Natural Wetland Soil

In this chapter, occurrence of gaseous-phase CH4 in waterlogged peat was investigated by

using a newly-designed gas sampler and by measuring gas-phase content below the water

table. Vertical distributions of the volume of the bubbles were measured, mixing ratio of

methane therein were determined, and thus the state of methane in a waterlogged peat were

described.

T. Tokida, T. Miyazaki, M. Mizoguchi and K. Seki.

European Journal of Soil Science, 56: 389-395, 2005.

2.1 Summary

Natural wetlands are a significant source of atmospheric methane, an important greenhouse

gas. Compared with numerous papers on measurements of methane emission from natu-

ral wetland surfaces, there are few reports on methane configuration and distribution within

wetland soil profiles. By using a newly designed gas sampler, we succeeded in collecting

free-phase gas from beneath the water table down to 120 cm in a peat soil. The volumetric

percentage of methane in the gas phase increased with depth and was generally more than
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50% beneath the zone within which the water table fluctuates. The fractional volume of the

gas phase in the peat beneath the water table was estimated to be from 0 to 19% with signif-

icant variation with depth, suggesting uneven distribution of gas bubbles. Using the volume

ratio of the gas and liquid phases and methane concentration in the gas phase, as well as

assuming that methane was in equilibrium (based on Henry's Law between the two phases),

we calculated that 60% of the methane accumulates in the form of bubbles. These results

suggest the importance of ebullition in methane emission, which might be a major cause for

the reportedly large variation of methane emission in both space and time. Most importantly,

our results show the need to consider gaseous-phase methane for understanding the mecha-

nisms of production, transport and emission mechanisms of methane in wetlands, which has

been overlooked to date.

2.2 Introduction

Natural wetlands are a significant source of methane to the atmosphere (Matthews and

Fung [1987], Fung et al. [1991], Bartlett and Harriss [1993], Hein et al. [1997]). Net methane

emission rate is a complex function of processes that regulate the production, oxidation and

transport of the gas to the atmosphere (e.g. Bartlett and Harriss [1993]). Various kinds of

biogeochemical factors affect emission, and there has been much work to find key factors

responsible for the large variations in both space and time of the emissions (e.g. Harriss et al.

[1982], Shurpali et al. [1993], Whiting and Chanton [1993], Christensen et al. [2003]).

In contrast to the numerous papers on measurements of methane emission from the land

surface, stored methane within wetland soils has attracted little attention. However, precise

knowledge of the configuration and distribution of the methane within soils is essential for un-

derstanding methane dynamics in wetland ecosystems. A fundamental question now arises:

does the methane in waterlogged peat exist in a gaseous phase as bubbles, or in the dissolved

state in the liquid phase?

Conventional wisdom maintains that wetland soils are saturated below the water table, and
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methane has been thought to exist in a dissolved state. In contrast, in investigating the cause of

the anomalously small hydraulic conductivity of catotelm peat, Mathur and Levesque [1985]

developed a new conceptual model in which the hydraulic conductivities were attributed to

the occlusion of pores by gas bubbles generated by anaerobic respiration and fermentation.

There is support for this concept and subjective evidence for the presence of gaseous-phase

methane in some field studies (Dinel et al. [1988], Brown et al. [1989], Buttler et al. [1991]).

The first quantitative work, in which the volume of the bubbles and the amount of methane

in the bubbles were measured, was probably that of Reynolds et al. [1992]. They did a col-

umn experiment using 'grab' samples from a Canadian raised bog, and they showed that the

gaseous phase, in which methane seems to be the main constituent, does exist in a 'saturated'

column with water. Beckwith and Baird [2001] did a similar experiment using undisturbed

peat cores at more realistic temperatures and found that the volumetric gas content increased

up to 16% as biogenic gas bubbles, especially methane, accumulated in the peat matrix.

In situ quantification of the volume and composition of the bubbles is much more difficult

than measurement in the laboratory presumably because trapped free-phase gas below the

water table can easily escape to the atmosphere with little change in ambient pressure, or by

mechanical disturbance. There appear to be no reports on the composition of the gas bub-

bles stored in peat, and only two studies have presented in situ measurement data to estimate

the volume of the gas beneath the water table by a non-destructive approach. Fechner-Levy

and Hemond [1996] used the magnitude of the buoyancy response to changes in atmospheric

pressure in a floating bog in Massachusetts and determined the amount of the gas trapped

in the peat matrix to be 8-15% by volume. By using hydraulic-head data in a raised bog in

northern Minnesota, Rosenberry et al. [2003] estimated the gas content to be 9% or 13%,

depending on their two types of assumptions regarding the distribution and method of con-

finement of the gas. Methodologies used in the two studies, however, can be applied to

calculate depth-averaged values, indicating the need to establish a new approach that takes

vertical distribution of the gas into consideration.

Here we report results of in situ direct gas sampling, the determination of methane con-
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tent in the bubbles, and estimation of the volume of the gaseous-phase profile in a Japanese

peatland, which gives quantitative information on the state of methane in a waterlogged peat.

2.3 Study Sit

Our study site is the Bibai 50-ha peat bog, in Hokkaido, Japan (141°48'E, 43°19'N). In

the past, there were about 60,000 ha of peatlands in this region. Now, almost all of this bog

has vanished as a result of land reclamation since 1950. Surrounded by drainage ditches and

farmland, the site has gradually dried up, allowing the invasion of bamboo (Sasa palmata)

and low shrubs, while the Sphagnum community, which was spread all over the surface in

1960, has decreased and now occupies only about 1 ha. We report here the results obtained

from the wettest area where Sphagnum spp. dominate. The peat from the surface to a depth

of 2.7 m consists mainly of moderately decomposed Sphagnum mixed with some sedge

sediments, with a volcanic ash layer at 30 cm depth (Kondo et al. [1997]). Below this, purple

moor grass (Moliniopsis japonica) and reed (Phragmites communis) sediments accumulate

to approximately 4 m depth (Miyaji et al. [1995]). The mean annual  temperature is 7.1℃ and

the mean annual precipitation is 1153 mm over the past 20 years.

2.4 Methods

2.4.1 Gas Sampling Equipment

Our gas sampling equipment consisted of a metallic probe, a vacuum gauge, and a 60-cm3

syringe (Figure 2.1). Basically, sampling is achieved by sucking the gas from the peat with

the syringe after the probe is inserted into the peat layers.

The probe consists of a hollow tube (8 mm outside diameter and 7 mm inside diameter)

with a 5.5-mm diameter rod inside it. Before the probe is inserted into the peat, the tip of the

probe is plugged with wet paper or clay and the inside evacuated with the syringe to avoid air
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contamination during the insertion. After the probe has been installed, one removes the plug 

at the desired sampling depth by pushing the rod down. This rod is slightly bent so as not to 

fall under its own weight. However, it can easily be moved up and down by finger pressure 

on the flexible plastic tube.

Gas samplings were made at intervals of 10 cm down to 120 cm relative to the peat surface

in August and October 2002 and October 2003 at the same site, referred to as 'Site A'. To

avoid the influence of disturbance caused by sampling at a specific depth on the next sam-

pling, the sampling positions were shifted at regular intervals on the circumference of a circle

of 1.5 m radius.

2.4.2 Procedure for Gas Sampling and Analysis

We present the procedure for sampling and analyses as a series of instructions.

1. Plug the tip of the probe (Figure 2.1) with wet paper or clay. Connect the 60-cm3

syringe to the stopcock and evacuate the inside of the equipment to minimize air con-

tamination. Close the stopcock and detach the syringe. Repeat this operation two

or three times so that the internal pressure in the probe, as indicated by the pressure

gauge, is < 5 kPa. Determine the quantity of remaining atmospheric air from the inter-

nal pressure and the volume of the probe (20 cm3 excluding the syringe volume).

2. Insert the probe vertically into the peat with the internal pressure kept small until the

tip reaches the desired sampling depth. Remove the plug by pushing down the movable

rod.

3. Again connect the empty syringe to the probe and sample the gas. Allow sufficient

time, usually less than 15 s, for the pressure in the syringe to equal atmospheric pres-

sure. Record separately the volumes of water and gas collected in the syringe. Dis-

connect the syringe from the stopcock, attach a needle to the syringe and inject the

collected gas into a sealed, pre-evacuated 5-cm3 vial for storage and transfer.

4. Analyse the gas in the vial by flame ionization gas chromatography to quantify the
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methane concentration.

5. Correct the gas composition data to remove the effect of the residual atmospheric air

(step 1).

2.4.3 Gas Content Measurement

We estimated the gas contents in October 2002 and October 2003 at three sites (A, B, C),

including the gas sampling site (Site A), along an east-west transect at intervals of 50m.

There were small differences in vegetation type and water table position relative to the peat

surface among the three sites.

To estimate the volumetric gas content by difference, we measured volumetric water con-

tent combined with previous measurement of the solid fraction (Kasubuchi et al. [1994]). A

soil-moisture probe (Profile Probe type PR1 100 cm version, Delta-T Devices) with sensors

at 10, 20, 30, 40, 60 and 100 cm depths was used to measure the water content of the undis-

turbed profile at intervals of 10 cm to 100 cm depth. We obtained data at 70, 80 and 90 cm by

re-using the 100-cm sensor in 10-cm increments.

In October 2002, the gas content profile was estimated at one point per site. In October

2003, to assess the variation of the gas content within a site, we measured such profiles at

three points 30 cm apart from each other per site.

2.4.4 Measurement of Water Table Level and Temperature Profile

The height of the water table at Site A was measured and recorded automatically by the

'Diver'(Van Essen Instr
uments, The Netherlands) every 3 hours from 1 July 2002 to 26 Oc-

tober 2003. The temperature profiles at Site A were measured on each field investigation date

with a digital thermometer at 10-cm intervals from the peat surface to 100 cm to determine

the Henry's Law constant of methane at each depth.
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2.5 Resuts and Discussion

2.5.1 Presence of Gas Bubbles below the Water Table

By using the gas sampling equipment, we succeeded in sampling from the peat below the

water table which, at Site A, was at 11.2 cm and 10.8 cm on 23 August and 18 October in

2002, respectively, and at the surface on 25 October in 2003 (Figure 2.2). Figure 2.3 shows

the volumes of gas collected in the 60-cm3 syringe from the surface zone down to 120 cm

depth in the peat.

There were three cases in this sampling. The first case (Case 1), observed in the shallow

layers, was that the syringe filled with water only, indicating that there were no or few gas

bubbles adjacent to the probe. The second case (Case 2, the most commonly observed pattern)

was that the syringe was filled with both gas and water. To our surprise, in the other case

(Case 3), the syringe was completely filled with gas. This was observed mainly at depths

of 90 and 100 cm but also occasionally in shallower layers. In some samplings in Case 3,

the whole equipment was completely filled with gas as soon as suction was applied, with no

water drawn into the probe. This response indicates -without doubt- the presence of large,

continuous gas pockets with a volume greater than 80 cm3 (60 cm3 + 20 cm3: syringe + the

other parts of the equipment) at the sampling depths.

In Case 2 and in some instances in Case 3, both water and gas were taken into the probe

simultaneously, and the water tended to remain in the probe without entering the syringe

for the following reason. When pore water and trapped gas are taken into the probe, water

rises with the pressure gradient, while the gas bubbles rise inside the water-filled probe due to

their buoyancy as well as with the pressure gradient. As a result, the gas moves faster than the

water, and consequently, the gas:water ratio in the syringe is expected to be greater than that

in the peat layer. Therefore, the volume of gas collected (Figure 2.3) should not be regarded

as the volume ratio of the gas phase in the peat layer; rather it simply indicates the relative
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amount of gas bubbles in the vicinity of the probe.

Although the aim of the sampling is to extract the gaseous phase, the suction applied by

the syringe might release gas from the liquid phase. To evaluate the possibility of such an

evolution, we did a supplementary experiment as follows. First, tap water was exposed to the

atmosphere so that the dissolved gas in the water was allowed to equilibrate with it. Then the

water was extracted in a similar way as in the field. This gave 1.2±0.4cm3(mean±standard

error; n=3) of gas in the 60-cm3 syringe. The solubilities of the major constituents of the

atmosphere, N2 and 02, and of methane, which is expected to be one of the main gas species

in waterlogged peat, are 0.016, 0.031 and 0.033 m3 m-3, respectively, at 20℃ (National-

Astronomical-Observatory [2002]). So it is plausible to consider that if the volume of the gas

collected in the syringe is substantially larger than 1.2 cm3 then the gas must have originally

existed as the gaseous phase. Because, in Cases 2 and 3, the volume of gas collected (Figure

2.3) far exceeded the amount that could have been generated from the liquid phase, we can

safely say that the gas sampled had originally existed in the gas phase in the peat.

Thus, we regard Figure 2.3 as evidence of substantial amounts of gas bubbles in this wa-

terlogged peatland. Our newly designed sampling equipment is thus useful when we need to

sample in such a way as not to change the relative composition of the gas phase. To deter-

mine the volume ratio of gas phase in the peat layer, additional independent measurement is

required.

2.5.2 Gas Content below the Water Table

Table 2.1 shows the depth profile of the volumetric gas content beneath the water table. We

measured the water content profile and estimated the volumetric gas content by subtracting

the solid and liquid content from the whole volume. The solid content was 3-3.5% by volume

down to 100 cm except in the layer around 30 cm where we found volcanic ash (Kasubuchi

et al. [1994]). In October 2002, we estimated the volumetric gas content at one point per site.

In October 2003, we measured such profiles at three points 30 cm apart from each other per
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site.

In October 2002, gas contents were estimated to be from 0 to 17% by volume, with fluctu-

ations with depth > 10% without a coherent trend. Also, depth-averaged gas contents at each

site ranged from 7.2 to 12.9%.

In October 2003, volumetric gas contents were estimated to be 0-19%. Variations among

the three positions at each site (Table 2.1, in parentheses) were generally smaller than the

measurement errors, and so we could not detect spatial heterogeneity within sites. Unlike

in 2002, depth-averaged gas contents at the three sites seemed comparable with each other.

The gas content profiles showed clear trends with depth; the average gas contents from 60 to

100 cm (14.7-15.5%) were considerably larger than those in the upper layers (3.1-4.2%).

Thus, the existence of a gaseous phase beneath the water table was clearly demonstrated

by Table 2.1, as was also shown in the discussions of Figure 2.3, even though the measure-

ment errors were relatively large. The larger gas contents at 70-100 cm depth are particularly

notable. Comparison of the profiles in October 2002 and October 2003 suggests that the gas

contents might change with time, especially in the shallower layers.

2.5.3 Methane Concentration in Gas Bubbles

Figure 2.4 shows the vertical profile of methane concentration at Site A on 23 August and

18 October in 2002, and on 26 October in 2003. Each point shows the methane concentration

in the gas phase that was collected beneath the water table.

Methane concentration increased with depth down to 50-60 cm on every sampling date

(Figure 2.4). Large differences between the dates are attributed to the fluctuation of the water

table (Figure 2.2) by which the boundary between production and oxidation of methane is

affected (Beckmann and Lloyd [2001]). There were relatively small variations at 40-50 cm

depth, suggesting that the effect of fluctuation in the water table could reach as low as 20 cm

below the lowest level.

There was little temporal variation below 60 cm depth, indicating that methane concentra-
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tion in the gas phase was kept constant below the level of impact of the low water table. These

results accord with those of a dissolved methane profile in a Scottish peatland (Clymo and

Pearce [1995]). Decreased methane concentration at around 80 cm depth implies an earlier

steep drawdown of the water table. Greater concentrations between 50 and 60 cm as opposed

to greater depths might be caused by greater production of methane in near-surface layers

(Brown [1998], Van den Pol-van Dasselaar and Oenema [1999]) after the water table has

recovered.

These results, as well as the facts that the normal water table fluctuation is limited down

to 35 cm and that the peat is 4 m thick (Miyaji et al. [1995]), strongly suggest that methane

consistently is a major constituent of the bubbles in deep layers.

2.5.4 Amount of Methane in the Gas Bubbles and in the Dissolved State

We calculated the amount of methane at Site A both in the gaseous phase and dissolved in

the liquid phase using the volume ratio of the gas and liquid phases and methane concentration

data in the gas phase. In this paper, we assume that methane was in equilibrium between

the two phases according to Henry's Law. This assumption seems reasonable, since a slow

change in methane content in the waterlogged soil, inferred in Figure 2.4, might allow enough

time for methane to achieve equilibrium between the gaseous and liquid phases. We assume

further that the pressure in the bubbles was the sum of atmospheric and hydrostatic pressure.

We calculated that the proportion of methane existing as the bubbles to the total (dissolved

+bubble) was 33-67% in 2002 and 51-83% in 2003 (Table 2.2). These results contrast

with the conventional assumption that methane exists in solution beneath the water table; our

best estimates of the amount of methane down to lm depth were 2.2-3.2 times larger than

those calculated under an assumption that there is no gasphase (Table 2.2). Our results thus

indicate that a significant fraction of methane exists in the gaseous state, rather than in the

dissolved form, even below the water table. Our results further indicate that in deep peat

layers considerable amounts of methane bubbles seem to be trapped, forming a substantial
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methane reservoir (Brown et al.  [1989]).

Most previous reports on biogeochemical processes of methane in wetland soils have ex-

pected methane to be dissolved. For example, studies designed to determine depth distribu-

tions of the methane production below the surface (Clymo and Pearce [1995], Blodau and

Moore [2003]) took no account of methane bubbles beneath the water table. However, our

results clearly show the need to quantify the amount of methane in the gaseous phase even

below the water table, especially where a mass-balance approach is required.

2.5.5 Implications for Methane Emission

Our results offer some insights when considering methane emissions from wetlands.

Methane reaches the atmosphere by three processes: molecular diffusion of dissolved

methane, transport through plants, and ebullition (bubbling). Our results show the impor-

tance of ebullition in emission. Release of gas bubbles due to buoyancy presumably occurs

when the stored gas volume exceeds some critical value (Beckwith and Baird  [2001]). For

this reason, it is likely that methane release by ebullition occurs discontinuously. Large

methane fluxes associated with factors causing an increase in gas volumes in peats, such as a

drop in water table or atmospheric pressure (Shurpali et al. [1993]), support this conjecture.

Ebullition might also take place through discrete channels that are distributed non-uniformly

in peatlands. Therefore, the commonly observed variation in methane flux in space and time

from wetlands might well be explained by ebullition. We suggest that further studies on

production, transport in soil and release of methane bubbles at the soil-atmosphere interface,

with emphasis on spatial and temporal variation, are necessary for the precise estimation of

methane fluxes from wetlands.
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2.6 Conclusions

In situ volumetric gas profiles beneath the water table in peat, and methane concentrations

in the gas phase at each depth, were quantified for the first time. To our surprise, 60%

of the methane accumulates in the form of bubbles, not in the dissolved form. The volume

ratio of the gas was estimated to be from 0 to 19%, with significant variation with depth.

These results indicate the importance of ebullition in methane emission mechanisms, and can

explain the reported large spatial and temporal variability of the emissions of methane from

natural wetlands.
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Figure2.1 A newly designed gas sampling apparatus.
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Figure2.2 Water table position relative to the peat surface at Site A. The positive

value indicates depth beneath the peat surface. Field study dates are indicated by

three arrows.
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Figure2.3 Vblume of gas collected in the 60-cm3 syringe at Site A.■,23 Au-

gust 2002;●,18 October 2002;▲,26 October 2003.
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Figure 2.4 Vertical profile of methane concentration at Site A.Methane is ex-

pressed as a percentage of gas sampled from the peat beneath the water table.■,

23 August 2002;●,18 October 2002;▲,26 October 2003.
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Chapter3

Ebullition of Methane from Peat

with Falling Atmospheric Pressure

A long-term (more than a year) mesocosm experiment was conducted using an intact peat

column. In this experiment, the sample was subjected to natural air pressure fluctuations

while the temperature and water table were controlled and kept constant. This experimental

design aimed at investigating the effect of atmospheric pressure fluctuation on CH4 ebullition

from peat to the atmosphere.

T. Tokida, T. Miyazaki, M. Mizoguchi.

Geophysical Research Letters, 32, L13823, doi:10.1029/2005GL022949. 2005.

3.1 Summary

Recent works on CH4 emissions from peatlands have demonstrated that ebullition can be a

more important emission pathway than it has been thought. However, knowledge of its fea-

tures and associated environmental factors is still very limited. In this study, we investigated

the quantitative relationship between the amount of CH4 emitted via ebullition and changes

in the atmospheric pressure through a laboratory experiment. During the flux measurement

period, ebullition was recorded almost exclusively in air-pressure-declining phases. The in-
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creased volume of the gas bubbles due to reduction in atmospheric pressure and the amount

of released gas bubbles revealed a strong linear relation, suggesting that in situ CH4 emis-

sions via ebullition can be estimated from this correlation. Our results clearly showed that

atmospheric pressure can be one of the most important factors to control CH4 emissions from

peatlands and that ebullition can be the main transport mechanism during the pressure-falling

phase.

3.2 Introduction

Because most previous reports on biogeochemical processes of CH4 in peatland have as-

sumed CH4 to be in dissolved state (Clymo and Pearce [1995]), it has been generally be-

lieved that diffusion of dissolved CH4 is the main transport mechanism to the atmosphere

and that episodic ebullition of CH4-containing bubbles does not commonly occur (Windsor

et al. [1992], Arah and Stephen [1998], Kettunen [2003]). However, our recent work on CH4

in peatland has demonstrated that peat soil is not saturated with respect to water even below

the water table due to the existence of CH4-containing gas bubbles (Tokida et al. [2005a]),

suggesting the importance of the ebullition of CH4 emission mechanisms.

To date, few studies have estimated the amount of ebullitive CH4 flux. Glaser et al. [2004]

interpreted the topographic oscillations of the peat surface as a result of CH4 ebullitions from

a deep layer, which may contain a large amount of gas bubbles (Romanowicz et al. [1995]),

and estimated the amount of CH4 released via ebullition using changes in the peat-pore pres-

sure and volume of the peat. These studies proposed that several tens of grams of CH4 per

square meters could be released in a single ebullition event. Baird et al. [2004] conducted

laboratory incubation experiments and showed that the ebullition of CH4 from near-surface

sphagnum peat can occur if the volume of biogenic gas bubbles in waterlogged peat exceeds

some critical value. Their results also suggested that the ebullition could be as important

mechanism as the diffusion of dissolved CH4. These previous reports clearly illustrate that

ebullition is a more important emission pathway than had previously been thought. However,
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quantitative understanding of its features is still very limited due to the lack of simultaneous

direct measurements of ebullition and the factors that may affect it.

Among various potential parameters, which may trigger CH4 ebullition, barometric pres-

sure is possibly one of the most important factors because a drop in atmospheric pressure

may lead to gas generation from solution and the enlargement of the volume of the gas phase

(Fechner-Levy and Hemond [1996]). Moreover, in freshwater lake environments, a correla-

tion has been observed between low air pressure and increased rates of CH4 emissions (Matt-

son and Likens [1990], Casper et al. [2000]), suggesting that CH4 emission from peatlands

is also influenced by changing atmospheric pressure. In this study, we examined the quanti-

tative relationship between air pressure change and the amount of CH4 emitted via ebullition

through a laboratory experiment with an intact peat sample.

3.3 Experimental Design

We investigated CH4 ebullition in an intact peat sample, 20 cm in diameter and about 57 cm

in length, collected in an acrylic cylinder (20 cm i. d., 60 cm in length) from a 50-hectare small

peat bog located in Hokkaido, Japan (141°48'E,43°19'N).The mean annual temperature of

the site is 7.1℃, and the mean annual precipitation has been 1,153mm in the past 20 years.

The vegetation of the sample, consisting primarily of Sphagnum mosses and minor numbers

of Moliniopsis japonica, was left intact. The peat from the surface to a depth of 28 cm

consists mainly of moderately decomposed Sphagnum. Below this, sedge and Sphagnum

accumulate with a volcanic ash layer at 48 cm depth. Further descriptions of the study site

can be seen in Tokida et al. [2005a].

The collected peat sample was stored in a large container with in situ water to avoid oxic

degradation and transferred to the laboratory. The incubation of the peat column was started

on December 2, 2003. Distilled water was continuously supplied through a Mariotte tank to

make up for the loss of water due to evapotranspiration and sampling required for analysis.

Therefore, the water table was adjusted to 6 cm below the Sphagnum surface with < 1 cm
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fluctuations. The peat sample was maintained at 20℃, and the vegetation was exposed to a

12hour light/dark cycle with a light intensity of 150μmolm-2 s-1.The sides of the column

were covered with aluminum foil to prevent light penetration. Ambient atmospheric pres-

sure was measured and recorded by the 'Diver' pressure gauge (Van Essen Instruments, The

Netherlands).

CH4 flux measurements were made using an ordinary closed-chamber method (non-steady-

state) at four independent periods starting at days 366, 378, 399, and 408 after the onset of

incubation. In this study, we tried to isolate the effect of air pressure change alone from other

potential factors, among which the trapped gas-phase volume in the peat can be the most

important determinant of CH4 ebullition (Baird et al. [2004]). As in the past peat incubation

experiments, which suggested that an increase in the volume of trapped gas would level off

in less than 100 days of incubation (Beckwith and Baird [2001], Baird et al. [2004]), the

amount of the stored gas should have already plateaued and had little effect on the difference

in the CH4 flux. The duration of each flux measurement was approximately 60 hours, in

which an intensive sampling scheme (at intervals of 1-3 hours) was adopted with the chamber

placement for 20 minutes in order to identify the expected episodic, short-time bubbling of

CH4 from the peat matrix to the atmosphere. The CH4 flux was calculated from a linear

trend of CH4 concentration measured at 0, 3, 7, and 20 minutes after the chamber placement.

When ebullitive emissions occurred, a sudden jump of the headspace CH4 concentration was

commonly observed, rendering the slope of the CH4 concentration calculated by the linear

fitting to be unrepresentative of the measurement period. Thus, in these cases, we assumed

that a difference in concentrations at 0 and 20 minutes divided by the time of 20 minutes was

the rate of CH4 emission for the corresponding measurement period.

To measure the dissolved CH4 and CO2 concentration profiles, pore water samplers con-

sisting of an unglazed pipe (2.35 mm outer diameter and 1.45 mm inner diameter) fitted with

a three-way stopcock were horizontally inserted at 1-cm intervals down to 18 cm and at 2-

cm intervals below that to a depth of 54 cm. A 0.6 ml of pore water was collected from

each sampler and injected into a 5-ml vial. A Shimadzu gas chromatograph (GC-14A) was
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used to measure the CH4 (FID) and CO2 (TCD) concentration in the gas phase of the vial.

The original dissolved concentration was reconstructed using the headspace concentrations,

the volumes of the headspace and the water phase, and Henry's law. Measurements were

conducted on days 359, 375, 393, and 414. We assumed that dissolved gases were in equi-

librium between the liquid and the gas phases according to Henry's Law constant (National-

Astronomical-Observatory [2002]).

3.4 Results

The concentration of dissolved CH4 showed significant variation with depth. However,

the concentrations of neither dissolved CH4 or CO2 at each depth varied significantly with

time (Figure 3.1). In addition, the depth-averaged concentration showed little variation with

time, 45.1 % (SD=0.9%) for CH4 and 12.1 % (SD=0.4%) for CO2 on average. Therefore, we

hereafter assume that the averaged CH4 and CO2 concentrations in the bubbles were 45%

and 12%, respectively, and the other 43% was N2 throughout the flux measurement period.

Because the water vapor fraction was small compared to other gas species, we decided to

ignore it.

Figure 3.2 shows the time course of cumulative methane fluxes and changes in the at-

mospheric pressure. During the four flux measurement periods, five air-pressure-reduction

phases occurred (Figure 3.2). In Figure 3.2-a, the pressure-declining phase was divided into

phases 1 and 2 and treated separately because of the clear difference in the pressure-reduction

rate. Apart from the base flux which was the slope of gradual increase in cumulative flux,

episodic ebullition of CH4 was recorded in all pressure-declining phases. In contrast, during

the non-pressure-reduction phases, ebullitive emissions were scarcely observed. A tremen-

dous release of CH4 was observed with an acute drop in air pressure (Figure 3.2-a). All these

results strongly indicate that the CH4 ebullition was induced due to the drop in atmospheric

pressure.

Table 3.1 summarizes the cumulative CH4 flux and relative contribution of the ebullitive
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and non-ebullitive flux (= base flux) during the pressure-reduction phases. Non-ebullitive 

CH4 fluxes were similar to commonly observed field data measuring diffusive CH4 emis-

sions (e.g., Roulet et al. [1994]). The amount of ebullition in terms of the volume of CH4-

containing gas bubbles was calculated by assuming that bubbles were released equally from 

the entire peat profile. Ebullition accounted for a major fraction of the total flux in all the 

pressure-reduction phases.

3.5 Discussion 

To quantitatively understand the relationship between lowering of air pressure and the CH4 

ebullition, we estimated the amount of increased gas bubbles due to the reduction in baro-

metric pressure as described below. Under the assumption that dissolved gases in the liquid 

phase rapidly equilibrate with gas bubbles as the atmospheric pressure changes, the pressure-

volume relationship is shown to be

(3.1)

where Vg is the volume of the gas, Vw, is the volume of water in which Vg occurs as bubbles,

Pi is the partial pressure of gas species i, Hi is the dimensionless Henry's law constant for

gas i, and Ci is defined to be P,(Vg+Iw/Hi) (after Fechner-Levy and Hemond [1996]). It is

noteworthy that Ci does not change with Pi. The integration of Equation (3.1) with respect 

to Vg from Vg 1 to Vg2 and Pi from Pil to Pi2 yields the following simultaneous equation for 

each gas species,

(3.2)

where subscripts 1 and 2 indicate the time at the beginning and at the end of the pressure-

declining phase, respectively. We can obtain the increased gas volume△% and partial pres-

sure of each gas Pi2 by solving Equation (3.2) on the condition thatΣPi2 is the total pressure
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at the end of the pressure-declining phase. Equation (3.2) assumes that no bubble emission

occurs during the pressure-declining phase, thus, it may somewhat overestimate the increased

volume of the gas phase. However, because the amount of ebullition is much smaller com-

pared to the existing gas volume, this assumption is a reasonable approximation.

We calculated the increased gas volume (△%)in the five pressure-reduction phases by

solving Equation (3.2). The initial partial pressures of each gas in the bubbles (Pa) were

determined by multiplying the atmospheric pressure by each gas concentration, 45% for CH4,

12% for CO2, and 43% for N2. The initial volumetric gas content (Vgi) was assumed to be

12%, which is the median of the existing typical data of the gas content in waterlogged peat.

Calculations of A Vg under different assumptions of V gi , with the maximum literature value

of 16% (Beckwith and Baird [2001], Baird et al. [2004]) and the minimum of 8% (Tokida

et al. [2005a]), were also made.

Regardless of the assumed Vgi values, we found a strong linear relation between the in-

creased gas volume calculated by Equation (3.2) and the amount of released gas bubbles

(Table 3.1) (Figure 3.3). A positive x-intercept suggests that ebullition may occur only after

some drop in atmospheric pressure. This is consistent with our intuition that, due to the pos-

sible increase in air pressure prior to the reduction phase, the volumetric gas content at the

beginning of the pressure lowering was, to some extent, less than the threshold value beyond

which buoyancy forces cause bubbles to escape. After the initiation of ebullition, it is natural

to consider that the amount of released bubbles would be proportional to the increased gas

volume in the peat. Indeed, in our calculation, the slope of the linear regression would be

unity when Vg i is set to be 10.7%. Hence, the linear regression is considered to properly

describe the quantitative nature of ebullition from the peat to the atmosphere.

These results and discussions as well as a close agreement between our results and field

observations of Glaser et al. [2004] clearly revealed that atmospheric pressure can be one of

the most important factors to control CH4 emissions from peatlands and that ebullition can be

the main transport mechanism during the pressure-falling phase. In addition, our results may

raise some questions about the reliability of reported field data. It is very likely that scientists
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take field measurements in good weather and avoid less desirable conditions, such as wind

or rain. This would lead to reports of field data obtained in primarily stable atmospheric

pressure regimes. Since CH4 flux when the air pressure is dropping may be less frequently

measured, it is possible that smaller CH4 emission rates were preferentially reported, resulting

in an underestimation of the extrapolated annual CH4 flux from peatlands. Because ebullition

occurs discontinuously in both space and time, it seems very difficult for conventional flux

measurement methods to accurately quantify ebullitive CH4 emissions in the field. We, thus,

finally suggest that the utilization of the linear relationship shown in Figure 3.3 can be a good

way to estimate in situ CH4 emissions via ebullition.
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Table3.1 Cumulative CH4 emission in the five pressure-reduction phases.

aExpressedasvolumeofCH
4-containinggasbubbles.

Figure3.1 Averaged dissolved CH4 and CO2 concentration profile measured on

days 359, 375, 393, and 414. Bars indicate the standard deviation for each depth.
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Figure3.2 Cumulative methane flux and change in atmospheric pressure starting
at days 366 (a), 378 (b), 399(c), and 408(d). Each pressure-reduction phase was
labeled with numbers (1-5). The timing of the flux measurement by a closed
chamber is indicated by open squares.
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Figure3.3 Relationship between the increased gas volume obtained by solving

Equation (2) and the observed cumulative ebullition flux (shown in Table 1) dur-

ing the five pressure-reduction phases. Three linear regression lines are calculated

under different assumptions of Vg1(8%, 12%, and 16%). The plotted data is cal-

culated under the assumption of Vg1=12%.
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Chapter4 

Falling Atmospheric Pressure as a 

Trigger for Methane Ebullition from

Peatland

In this chapter, results of a 90-hour field study was presented. This field investigation was

carried out in high-summer season to determine CH4 ebullition into the atmosphere from peat

soil in the field condition and to identify the determinant of CH4 ebullition. We measured the

air pressure, water table, and peat temperature as potential factors to control the ebullition.

Theoretical considerations followed by numerical computations were also performed to iso-

late and quantify the individual effect of the factors on the ebullition.

T. Tokida, T. Miyazaki, M. Mizoguchi, O. Nagata, F. Takakai, A. Kagemoto, and R. Hatano.

Global Biogeochemical Cycles, in press

4.1 Summary

Peatlands are widely regarded as a significant source of atmospheric CH4, a potent green-

house gas. At present, most of the information on environmental emissions of CH4 comes

from infrequent, temporally discontinuous ground-based flux measurements. Enormous ef-
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forts have been made to extrapolate measured emission rates to establish seasonal or annual

averages using relevant biogeochemical factors, such as water table positions or peat tem-

peratures, by assuming that the flux was stationary during a substantial non-sampling period.

However, this assumption has not been explicitly verified, and little is known about the con-

tinuous variation of the CH4 flux in a timescale of individual flux measurement. In this study,

we show an abrupt change in the CH4 emission rate associated with falling atmospheric pres-

sure. We found that the CH4 flux can change by two orders of magnitude within a matter of

tens of minutes due to the release of free-phase CH4 triggered by a drop in air pressure. The

contribution of the ebullition to the total CH4 flux during the measurements was significant

(50-64%). These results clearly indicated that field campaigns must be designed to cover this

rapid temporal variability caused by ebullition, which may be especially important in intem-

perate weather. Process-based CH4 emission models should also be modified to include air

pressure as a key factor for the control of ebullient CH4 release from peatland.

4.2 Introduction

Natural wetlands, with more than half of their geographical area covered with peat-rich

ecosystems (Matthews and Fung [1987], Aselmann and Crutzen [1989]), are likely to be the

single largest natural source of atmospheric CH4 (Matthews [2000], Mikaloff Fletcher et al.

[2004]). Although recent findings indicate that living terrestrial vegetation is a significant

source of atmospheric CH4 (Keppler et al. [2006]) and that source categories may need to be

reclassified, it is important to continue studying the processes governing the production of

CH4 in anoxic peat layers in wetlands and its eventual release.

Once produced in the waterlogged peat sediment, CH4 can be emitted into the atmosphere

through any of the three following pathways (Chanton [2005]): diffusion of dissolved CH4

along the concentration gradient, transport via the aerenchyma of vascular plants, or release

of CH4-containing gas bubbles, i.e., ebullition. Diffusive CH4 emission occurs wherever a

CH4 concentration gradient exists. The diffusion of dissolved CH4 may be the dominant
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pathway in Sphagnum-dominated peatlands (Romanowicz et al. [1995], Chasar et al. [2000],

Frenzel and Karofeld [2000]). CH4 produced in anoxic soils can also be transported through

the roots and aerenchymatous tissues of emergent vegetation; in this way, plants serve as

direct conduits to the atmosphere.

Compared to diffusive transport and plant-mediated emission, ebullition appears to have

attracted less attention, presumably because most previous reports on the biogeochemical

processes of CH4 in peatlands have assumed CH4 to be in a dissolved state (e.g. Clymo

and Pearce [1995], Blodau et al. [2004]). Consequently, it has been generally believed that

diffusion of dissolved CH4 or/and plant-mediated release are responsible for the majority of

the total emissions and that the episodic ebullition of CH4-containing bubbles does not com-

monly occur (Windsor et al. [1992], Arah and Stephen [1998], Kettunen [2003]). However,

recent studies on CH4 in peatlands have demonstrated that peat soil is not saturated with re-

spect to water even below the water table due to the existence of gas bubbles that contain

a high concentration of CH4 (Comas et al. [2005a,b], Tokida et al. [2005a]), suggesting the

importance of ebullition in CH4 emission mechanisms. Overall, at present, there is some

controversy over the occurrence of ebullition itself as well as its significance as a mechanism

for CH4 transport from peat to the atmosphere.

Because of its episodic behavior, the ebullitive CH4 flux from the peat surface is difficult to

quantify. To date, few studies have looked at ebullition. Those that have, have used indirect

field methods or laboratory incubations of peat samples. Glaser et al. [2004], for example,

interpreted the topographic oscillations of the peat surface as a result of CH4 ebullitions from

a deep layer and estimated the amount of CH4 released via ebullition using changes in the

peat pore-water pressure and volume of the peat. They proposed that several tens of grams

of CH4 per square meter could be released in a single ebullition event, a value that exceeded

the annual average value measured with chambers. Baird et al. [2004] conducted laboratory

incubation experiments and showed that the ebullition of CH4 can occur from near-surface

Sphagnum peat and that ebullition was as important as diffusion. These previous reports

clearly illustrate that ebullition is a more important emission mechanism than had previously
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been thought.

Among various potential parameters, that may trigger CH4 ebullition, barometric pressure

is possibly one of the most important factors because a drop in atmospheric pressure may

lead to gas generation from solution and the enlargement of the volume of the gas phase

(Fechner-Levy and Hemond [1996]). In freshwater lake environments, a correlation between

low air pressure and increased rates of CH4 emissions has been observed (Mattson and Likens

[1990], Casper et al. [2000], Engle and Melack [2000]), suggesting that CH4 emission from

peatlands are also influenced by changing atmospheric pressure. Recently, a laboratory exper-

iment was conducted using an intact peat core, in which the experimental setup was subjected

to natural air pressure fluctuations while the temperature and water table were controlled and

kept constant (Tokida et al. [2005b]). The experiment indicated that a reduction in baromet-

ric pressure can cause a sudden release of CH4 bubbles from the peat core. Moreover, it

demonstrated that ebullition can be the main transport mechanism during the pressure-falling

phase.

In this paper, we present the results of a 90-hour field study that was carried out to deter-

mine CH4 ebullition from peat soil to the atmosphere in the field conditions, and to identify

the factors that control the ebullition. We measured the air pressure, water table, and peat

temperature as potential factors that control ebullition. Direct gas sampling and analysis of

the gas were also conducted to confirm the existence of bubbles and relate ebullition to CH4

bubbles that accumulated below the water table level.

4.3 Materials and Methods

4.3.1 Study Area

The study site is an ombrotrophic peatland located in Bibai, Hokkaido, northern Japan

(141°48'E,43°19'N). Peatlands began forming in this region in 4000-5000 YBP, and had

increased to 60,000 ha in this region until the late 19th century. However, as a result of an
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extensive land reclamation project, mainly soil dressing, almost all of these peatland have

vanished and at present only 50 ha of peatland is preserved. Surrounded by drainage ditches

and farmland, the 50 ha has gradually dried up, allowing the invasion of bamboo (Soso pal-

mata) and low shrubs, while the Sphagnum community, which was a dominant species all

over the surface in 1960, has decreased and now occupies only about 1 ha. The peat from the

surface to a depth of 2.7 m consists mainly of moderately decomposed Sphagnum mixed

with some sedge sediments, with a volcanic ash layer at 30 cm in depth (Kondo et al. [1997]).

Below this, purple moor grass (Moliniopsis japonica) and reed (Phragmites communis) sed-

iments occur to approximately 4 m depth (Miyaji et al. [1995]). Over the past 20 years, the

mean annual temperature has been 7.2±0.6(mean±SD)℃, and the mean annual precipi-

tation has been l170±124(mean±SD)mm.

In this study, we selected the wettest area, where the original Sphagnum vegetation is

preserved. Other than mosses, Moliniopsis japonica, Carex omiana, Carex middendorffi,

Eriophorum vaginatum, Rhynchospora alba and Rhynchospora fauriei are included in the

vegetation (Nagata et al. [2005], Takakai et al. [2005]). Methane flux and water table level

measurements as well as direct gas sampling were made at two plots (31.2 m apart), which,

hereafter, are referred to as plots A and B. Changes in the water table position during the

study period were measured with the "Diver" pressure gauge (Van Essen Instruments). Pe-

riod of the measurements were from July 14, 2005, at 15:00 to July 18 at 8:30. In this study,

information about possible fluctuations in the peat surface levels [Glaser et al. [2004], Strack

et al. [2005]] was not available and the water table positions were expressed relative to the

peat surface (Figure 4.1). In general, the water table position at the two plots showed decreas-

ing trends, except for that at the end of the field campaign, in which 8.5 mm of precipitation

was recorded. The atmospheric pressure was monitored at one location (several meters away

from plot A) with the "Baro" pressure gauge (Van Essen Instruments) every 15 minutes.
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4.3.2 CH4 Flux Measurement

The CH4 flux from the peat surface to the atmosphere was measured simultaneously at plots

A and B, in which an intensive measurement scheme (at 1.5-2-hour intervals) was adopted

in order to identify the expected short-time bubbling release of CH4. A static chamber tech-

nique, one chamber on each plot, was used to measure the CH4 flux (Hutchinson and Liv-

ingston [2002]). An open bottomed acrylic chamber (-0.054 m3 in volume) was placed on a

previously installed collar. The collar enclosed an area of 900 cm2 and was inserted into the

ground to a depth of 15 cm. The chamber was fitted into a water-filled groove on the collar,

enabling an air tight seal between the headspace air and surrounding atmosphere. Boardwalks

leading to the two plots were constructed to minimize disturbance.

In order to transmit the ambient air pressure change into the headspace of the chamber, a

flexible plastic bag, which was open to the atmosphere via a plastic tube, was placed inside

the chamber. The chamber was also equipped with a thermometer and an air sampling tube

through silicone rubber plugs installed in the openings at the top of the chamber. When

the chamber was set into the water-filled groove on the collar, the openings remained open

to avoid pressurizing the chamber air, which has the potential to cause a large measurement

error (Hutchinson and Livingston [2001]). Five ml of internal air was collected at 0, 4, 12, and

30 minutes after the deployment of the chamber through the air sampling port and injected

in a pre-evacuated vial. A Shimadzu gas chromatograph (GC-14A) equipped with a flame

ionization detector was used to determine the CH4 concentration of the sample.

The CH4 flux was calculated using the effective chamber volume, the temperature of air

in the chamber, the ambient atmospheric pressure (=chamber pressure), and the slope of the

CH4 concentration against time. When ebullition occurred, a sudden jump of the headspace

CH4 concentration was commonly observed (Tokida et al. [2005b]), rendering the slope of

the CH4 concentration calculated by the linear fitting unrepresentative of the measurement

period. Thus, in these cases, the difference in the concentrations at 0 and 30 minutes divided



Chapter4 Falling Atmospheric Pressure as a Trigger for Methane Ebullition from Peatland 48

by the time of 30 minutes was considered to be the rate of CH4 emission for the corresponding

period.

4.3.3 Gas Sampling From Beneath The Water Table

Free-phase gas below the water table level was directly collected using a gas sampling

equipment (Tokida et al. [2005a]) at 10-cm intervals down to 90 cm. The collected gas sample

was injected into a pre-evacuated 5 ml vial and transferred to the laboratory. Because CH4,

CO2, and N2 have been shown to be the main components of the gas phase in waterlogged

peat sediments (Buttler et al. [1991], Shannon et al. [1996]), we analyzed the collected gas

for CH4 and CO2 and assumed the other fraction to be N2. A Shimadzu gas chromatograph

(GC-14A) equipped with a thermal conductivity detector was used for CO2 analysis, and a

flame ionization detector was used for CH4 analysis.

4.3.4 Peat Temperature

The temperature profiles at 10-cm intervals were obtained with thermocouples and

recorded in a CR-10X (Campbell Scientific, Inc.) at plot A. We assumed plot B had an

identical profile. During the field campaign, water table was lowered (Figure 4.1) and there

was an unsaturated moss layer, which has low thermal conductivity (van der Molen and

Wijmstra [1994]). In such a condition, the diurnal temperature fluctuation is insignificant

below the water table level where CH4 exists (Puranen et al. [1999]). Therefore we ignored

the diurnal cycle and estimated the average temperature and increasing temperature trend

during the study period due to an annual cycle by linearly fitting the peat temperature against

time (Table 4.1).
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4.3.5 Estimation of Changing Gas Volume below the Water Table

It has been suggested that the release of gas bubbles occurs when the volume of the bubbles

exceeds some threshold beyond which the buoyancy forces cause the bubbles to escape into

the atmosphere (e.g. Tokida et al. [2005b]). The effects of changing atmospheric pressure,

peat temperature, and water table level on the change in the gas content can be evaluated by

using a mass balance approach, as described below. The total mass of a gas species, i, at a

specific depth beneath the water table level, C,, is shown to be

(4.1)

where Pi is the partial pressure of gas species i, Vg is the volume of the gas, Vw is the volume

of water in which Vg occurs as bubbles, Hi is the dimensionless Henry's law constant for gas i,

R is the universal gas constant, and T is the temperature (Fechner-Levy and Hemond [1996]).

The superscript tl denotes "time 1," representing the beginning of the field study. Recent

studies concerning biogenic bubbles in peat sediments have suggested that the value of the

gas content below the water table is approximately 10% of the total peat volume (Fechner-

Levy and Hemond [1996], Rosenberry et al. [2003], Tokida et al. [2005a]). We adopted

this value as throughout the peat profile. Vw can be estimated by subtracting the Vg and

solid content from the whole volume. Because a previous study showed the volumetric solid

content to be slightly less than 5% down to the 1.2 m depth at this site (Kasubuchi et al.

[1994]), Vw was estimated to be approximately 85% in volume. Because a small change in

Vw has little influence on the outcome of the calculation, we treated V,, as a constant. The

initial partial pressure of each gas in the bubbles (Pt ) can be determined by multiplying the

total pressure (air pressure + hydrostatic pressure) by the mixing ratio of each gas in the

bubbles (Figure 4.2). Here, we assumed that N2 was the single component of the gas bubbles

except for CH4 and CO2. When the gas compositions were not available due to a lack of
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gas samples, they were estimated by linear interpolations. In the following calculations, we

further assume that there was no production, consumption, or release of any gas species

during the intended time period. Under these assumptions, Ci does not change with time

because of the law of mass conservation. At an arbitrary time (t2), the partial pressure of gas

species i can be calculated by transforming equation (4.1) and can be expressed using Ci as

follows (equation (4.2)).

(4.2)

Because we have assumed the existence of three gas species (CH4, CO2, and N2) in the

bubbles, we have a simultaneous equation consisting of the three gas species.

(4.3)

Solving the simultaneous equation (4.3) on the condition thatΣ Ptj2 is the sum of the atmo-

spheric pressure and hydrostatic pressure at t2 will provide a new bubble size (Vg2) and partial

pressure of each gas species (Pti2). To obtain the changing profile of Vtg2 with time, a series

of equation (4.3) was established by shifting t2 at intervals of 15 minutes and substituting the

temperature (calculated from Table 4.1), atmospheric pressure (Figure 4.3), and hydrostatic

pressure (Figure 4.1) at the corresponding time. The temperature dependency of Hi was taken

into consideration on the basis of the solubility data (Wilhelm et al. [1977], Battino [1982],

Clever and Young [1987]). The change in the gas content was estimated at every 10 cm in

depth. The Scilab software package was used to solve the equation consecutively.

In addition to estimating the change in gas content by all of the three parameters, we car-

ried out three different calculations by changing only one variable while treating the others as

constants when solving the equation (4.3). For example, in one calculation, the temperature
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was treated as a variable, while the other factors were regarded as constants. This manipu-

lation was aimed at isolating and quantifying the individual effect of these variables on the

change in the gas volume.

4.4 Results and Discussion

4.4.1 CH4 Flux and Atmospheric Pressure

Figure 4.3 shows the time course of the CH4 flux and atmospheric pressure at plots A

(Figure4.3-a) and B(Figure 4.3-b). Apart from the base flux(1.06±0.31 mg CH4 m-2h-1

for plot A and 0.85±0.22CH4m-2h-1 for plot B, mean±SD), episodic CH4 emissions

were clearly identified at the two plots. These episodic CH4 releases were almost always

associated with declining air pressure. No other mechanism, except for the ebullition of

bubbles, can explain the sudden increases in the CH4 emission rates. Free-phase gas was

directly collected from beneath the water table and CH4 was a major constituent of the gas

phase (Figure 4.2). Thus, the existence of free-phase CH4 was confirmed, supporting the idea

that upward migration and eventual rupture of the bubbles at the water-air interface caused

the large CH4 episodic emissions during the field survey.

Both the frequency and magnitude of the ebullition varied between the plots, indicating

the spatial heterogeneity of this emission mechanism. Towards the end of the campaign,

extremely large CH4 bursts were observed at both plots after a continuous drop in barometric

pressure (Figure 4.3). This remarkable CH4 flush provided clear evidence that the rates of

CH4 emission can vary by two orders of magnitude within a matter of minutes or hours. The

contribution of the ebullition events to the total CH4 release was significant: 64% at plot A

and 50% at plot B. Considering that the total chamber deployment time covered less than

one-third of the whole study period, absolute values of the contribution of ebullition fluxes

to the total CH4 emissions may not be accurate. Hence, our results should be considered

simply to indicate the importance of ebullition as the dominant emission mechanism during
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the pressure-falling phase.

4.4.2 Atmospheric Pressure Reduction as a Trigger for CH4 Ebullition

To test the hypothesis that air pressure played the dominant role in determining the timing

and the magnitude of CH4 ebullition during the field campaign, we evaluated the effect of

changing atmospheric pressure, peat temperature, water table level, and all the variables on

the volumetric gas content. From Figure 4.4, it is clear that all ebullition events occurred

during or shortly after the gas content increased as a result of a reduction in the air pressure.

No correlations were found between the timing of the ebullition and the gas content change

caused by any of the other factors. In addition, when considering the entire measurement

period, the effects of the decreasing atmospheric pressure alone accounted for most of the

increase in volumetric gas content: 69% at plot A and 75% at plot B. These results clearly

demonstrate that the modulation of atmospheric pressure played the prominent role in con-

trolling the volume of accumulated gas and that reductions in air pressure triggered bubbling

releases of CH4 into the atmosphere.

The results obtained in this short-term study are probably applicable on a large scale. The

water table level in peatland ecosystems often has a seasonal variation, showing gradual de-

crease during fair weather and sudden rise during rainy periods (Zhang et al. [2002], Kellner

et al. [2004]). As a result, in terms of the frequency, reductions in the level of the water table

may have limited effects on the pressure regime, and thus, on changes in gas volume and

subsequent ebullitions from peatlands.

When the water table is located substantially below the peat surface (i.e. below 10 cm), the

temperature may also be considered as a less important factor than the barometric pressure

because fluctuations in the diurnal temperature below the level of the water table are scarce

or non-existent owing to the low thermal conductivity of the unsaturated moss layer (van der

Molen and Wijmstra [1994]). While stored gas bubbles are always subjected to the annual

temperature cycle, a more rapid and periodical fluctuation may allow for atmospheric pres-
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sure to have a greater effect in determining the episodic ebullition events. On the other hand,

where the water table is close to the surface (i.e. within 10 cm), diurnal fluctuations occur in

the shallow waterlogged peat layer and could be important even in a time scale of minutes to

days. Future work is needed on how diurnal temperature fluctuations affect the volume of the

gas bubbles and eventual ebullition under the shallow water-table conditions.

Regardless of the water table position, peat temperature and associated changes in the CH4

production rate (e.g. Dunfield et al. [1993]) may become important when considering longer

periods of time. For example, ebullition may be absent during the cooling peat temperature

phase, even under severe air pressure reductions, due to a lack of sufficient CH4 production

for the formation and growth of CH4-containing bubbles (Walter and Heimann [2000]). The

contraction of the bubbles according to the ideal gas law and repartitioning of CH4 as a result

of increased solubility may also suppress the bubbling release (Fechner-Levy and Hemond

[1996]).

4.4.3 Implications for Flux Measurements and a Wetland CH4 Emission

Model

The very large temporal variability of CH4 emissions found as a result of the frequent

sampling (Figure 4.3) clearly revealed that continuous flux measurements are required to ob-

tain accurate emission estimates. Most seasonal flux estimates have been hitherto based on

weekly (e.g. Bellisario et al. [1999]) or less frequent measurements (e.g. Windsor et al.

[1992]) using apparent relationships between CH4 emissions and relevant environmental fac-

tors, such as water table levels or peat temperature (e.g. Frolking and Crill [1994]). Since

these parameters do not include short-term variations, it is plausible that the estimates may

not be accurate.

In most chamber studies, the CH4 flux was calculated by linear regression of the chamber

concentrations, and the resulting flux was not adopted when R2 failed to reach a certain cri-

terion, with typical values ranging from 0.80 to 0.95 (e.g. Christensen et al. [1995], Panikov
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and Dedysh [2000]). This procedure for the flux calculation is based on the assumption

that diffusion and/or plant-mediated transport is the dominant pathway and that omission of

ebullitive CH4 release, which results in a non-linear increase in the concentration inside the

chamber, does not have significant consequences regarding the total CH4 emission rates (Ket-

tunen et al. [2000]). However, our results suggest that an arbitrary exclusion of apparently

unnatural chamber concentration data from the series of flux data might induce serious error

and lead to underestimation of temporally extrapolated CH4 emissions from peatlands.

Recently, the eddy-covariance method was used in pioneering studies in order to conduct

near-continuous and spatially integrated flux measurements that are representative of rela-

tively larger areas (e.g. Hargreaves and Fowler [1998], Shurpali and Verma [1998]). The

eddy-covariance methods, however, require a stationary concentration of target gas over the

averaging time (Foken and Wichura [1996]), which, in most studies, is 30 minutes. Since

ebullition is a short-lived phenomenon that may only last for several minutes, the CH4 con-

centration in the air during ebullition may not meet this time requirement. Moreover, hori-

zontal homogeneity of the gas concentrations, which is another requirement of this method,

may not be satisfied if bubbling release occurs through discrete channels from the surface

of peatlands. Although flux measurements were conducted at only two plots, the results are

consistent with there being high spatial variability (Figure 4.3), but more data are needed to

confirm the degree of spatial variability. If spatial variability is shown to be pronounced, it

may not be possible to use the eddy covariance method to estimate ebullition fluxes.

The results of this study have important implications regarding the design of field stud-

ies and of wetland CH4 models as well. Scientists may take field measurements in good

weather and avoid less desirable conditions, such as wind or rain. While episodic fluxes were

occasionally recorded (Windsor et al. [1992], Frolking and Crill [1994]), good conditions

would result in reports of field data obtained in primarily stable atmospheric pressure regimes

and less frequent measurements over the pressure-reduction phases. Therefore, smaller CH

emission rates might have been preferentially reported, resulting in an underestimation of the

temporally-extrapolated CH4 flux from peatlands. Some process-based wetland CH4 models
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(Walter and Heimann [2000], Zhang et al. [2002]) have adopted CH4 ebullition as one of the

emission mechanisms; however, none of them has adopted atmospheric pressure as a control-

ling factor. We, thus, suggest that a reassessment of the design of flux measurements over

the course of field studies, as well as a reconsideration of wetland CH4 emission models, is

necessary.

4.5 Conclusions

1. The very frequent sampling regime adopted in this study provides clear evidence that

ebullition represents an important mechanism of CH4 emission from peatlands and

that it occurs as episodic events.

2. During periods when ebullition occurs, ebullition may account for more than half of

the total emission of CH4 from the peatland.

3. Theoretical calculations followed by numerical computations confirmed the idea that

fluctuations in the atmospheric pressure played a dominant role in determining the

timing and magnitude of the ebullition events. This implies that field campaign in

intemperate weather may be critically important.

4. Process-based CH4 emission models should be modified to include air pressure as a

key factor for the control of CH4 release via ebullition from peatlands.
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Figure4.1 Time series of the water table position relative to the peat surface.

During the study period, 8.5 mm of precipitation was recorded from 7:15 to 9:00

on 18 July.

Table4.1 Averaged peat temperature profile and temperature elevation rate dur-

ing the flux measurement period
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Figure4.2 Depth profile of the CH4(■plot A, ●plot B) and CO2 (□plot A, ○

plot B) concentration expressed as the mixing ratio of the total gas. Gas samples
were collected at an early stage of the field campaign (on 14 or 15 July, 2005).
Samples at depths of 10 cm and 20 cm were collected from an unsaturated zone.
Bubbles were collected from depths of 40 cm and deeper. Gas samples were not
collected from the depths without symbols.
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Figure4.3 Time series of CH4 flux and atmospheric pressure at plots A (a) and
B (b). The timing of the flux measurement is indicated by open squares. The
vertical arrows indicate episodic fluxes, which are significantly greater (P < 0.05,
by one-tailed t-test) than the other emission rates. The difference in the scale of
CH4 flux between a and b is noteworthy.
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Figure4.4 Effect of changing atmospheric pressure, peat temperature, water ta-
ble level, and all the variables on the volumetric gas content from the water table
level to a depth of 80 cm at plot A (a) and plot B (b). The timing of episodic
emissions is indicated by vertical arrows. The volumetric gas content is shown as
a weighted mean with the abundance of CH4 in the bubbles.
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Chapter5

Episodic Release of Methane

Bubbles from Peatland during

SpringThaw

Results of a one-week field campaign is presented in this chapter. In the field investigation,

more than 50 times of chamber deployment on top of the snow cover was carried out and

continued over 165 hours until the surface snow and underlying ice layer had completely

thawed. This intensive sampling strategy aimed at investigating a possible sudden change in

CH4 emission rates at the moment of spring thaw in northern peatland.

T. Tokida, M. Mizoguchi, T. Miyazaki, A. Kagemoto, 0. Nagata, R. Hatano

submitted to Chemosphere

5.1 Summary

Methane (CH4) flux into the atmosphere during spring thaw has been investigated in a

small ombrotrophic peatland(141°48'E,43°19'N,Japan)using the conventional chamber

method. More than 50 times of chamber deployment on top of the snow cover was carried

out and continued over 165 hours until the surface snow and underlying ice cover on top of
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the peat layer had completely thawed. Methane emission was almost absent at the presence

of snow cover. At the very moment the surface ice cover thawed, a large CH4 flush (>10

mg CH4 ila-2 11-1 ) was recorded, which was on the same order of magnitude as episodic ebul-

lition previously observed in high-summer season. Subsequent emissions showed a gradual

decreasing trend with daily peaks appearing in the morning. Gas bubbles trapped in the ice

layer on top of the waterlogged peat were preliminary analyzed for the volumetric percentage

in the total ice volume as well as their composition of gas species. We found out that the

bubbles occupied about 3.2% in volume and that the mixing ratio of CH4 in the bubbles was

about 20%. The abundance of the bubble-form CH4 was likely to be sufficient to explain the

observed episodic CH4 release during the thaw. This study shows CH4 emission during thaw

season has great temporal variability, and it occurs as episodic release of bubble-form CH4

stored in the frozen layer. Omission of the episodic release of stored CH4 during the spring

thaw results in underestimation of annual CH4 emissions as well as misunderstanding of sea-

sonal CH4 dynamics. The results also imply the possibility that gas-phase CH4 may play an

important role not only in the growing season but also in the cold season CH4 dynamics in

northern peatlands.

5.2 Introduction

Natural wetlands are likely to be the single largest source of atmospheric CH4, a potent

greenhouse gas that accounts for about 20% of the total radiative forcing (Houghton et al.

[2001]). Northern peatlands probably contribute more than one-third of the world's total

wetland emissions (Matthews [2000]). Methane emission rates from peatlands have been

shown to have a large temporal variability at various time scales. It appears that year-to-year

variability had been believed to be negligible. However, a recent study indicated northern

peatlands do have inter-annual variation which may be attributable to fluctuations in climatic

factors, such as annual average temperature or the amount of precipitation (Bousquet et al.

[2006]). Very large temporal variability at timescales of minutes to days could be caused by
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ebullition, i.e. release of CH4-containing bubbles that occurs as episodic events (Baird et al.

[2004], Glaser et al. [2004]). Fluctuations in atmospheric pressure were shown to be one

of the dominant factors controlling the timing and magnitude of the ebullition (Tokida et al.

[2005b, 2007, in press]).

Compared with the inter-annual or the short-term temporal variability, more efforts have

been made to understand the seasonal change in CH4 emission rates. Attempts to explain the

inter-seasonal variability by linking it with various environmental factors, such as water table

level or peat temperature (e.g. Frolking and Crill [1994]), have been made mainly during

the growing season, often excluding non-growing season presumably because of logistical

difficulty. Some reports, however, have shown that cold-season CH4 release represents a non-

negligible portion in annual CH4 budget (Dise [1992], Melloh and Crill [1996], Panikov and

Dedysh [2000], Nagata et al. [2005]). This view is supported by non-zero CH4 production at

low temperature (Wagner et al. [2003]) including subzero temperature (Panikov and Dedysh

[2000]).

In most northern peatlands, it is clear that drastic changes in physical environments, in-

cluding melting of snow and near-surface frozen peat, take place during the spring thaw in

relatively short periods of time, invoking a corresponding sudden change in CH4 emission

rates. However, field investigations have been, so far, seldom conducted during the thawing

moment. We are aware of only one study (Hargreaves et al. [2001]) which conducted inten-

sive measurements during the whole spring thaw period. Hargreaves et al. [2001] measured

CH4 emissions from a Finnish aapa mire for approximately one month using eddy covari-

ance method and showed a very high hour-to-hour temporal variability while the ice layer

melted. The magnitude of the peak CH4 emission rates were 2 to 3 times the rates observed

during the summer season, which enables total spring-thaw emissions (only 20 to 30 days)

to account for 11 % of the annual emissions. They attributed the pulse of CH4 to the release

of CH4-containing bubbles observed from holes and cracks in the ice layer. However, lack of

quantitative information regarding stored CH4 in and below the ice layer made it difficult to

comprehend the whole picture of CH4 dynamics during the period of winter-spring transition.
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In this paper, in order to obtain better understanding of the mechanisms of the possible

CH4 ebullition during spring-thaw, CH4 release into the atmosphere and stored CH4 in near-

surface peat trapped during winter were simultaneously investigated.

5.3 Materials and Methods

5.3.1 Study Site

The study site is a small ombrotrophic peatland located within the Ishikari-river basin in

Hokkaido, northern Japan(141°48'E43°19'N).The most evident climatological feature in

this region is heavy snowfall. The average total snow fall recorded at Iwamizawa Mete-

orological Station, 13.5 km from the site, was 750 cm per year during 1953-2005. Other

meteorological data can be obtained from the nearest meteorological station (4.5 km): the

average maximum snow depth was 116±21(mean±SD)cm, average annual temperature

of 7.1±0.6(mean±SD) ℃ and winter minimum of -6.8℃ occurring in January.The mean

annual precipitation was l153±153(mean±SD)mm including snowfall of about 300mm

between 1983 and 2005. Average temperatures are below freezing for the months of Decem-

ber through March, averaging-4.6℃, while the mean daily highest temperature were above

0℃ even in the midwinter(4.4℃ in January and 3.8℃ in February).This indicates that

midwinter thaws may occur in any winter months.

Because the thick snow layer serves as a thermal insulator, the temperature of underlying

peat may be kept much higher than that in the air throughout the snow-covering period.

Peat temperature monitored over the 1999-2000 winter season at the same Sphagnum site

clearly showed that temperature at the snow-peat interface was almost zero ℃ and that the

temperature at 5 cm depth was positive throughout the winter (Fig. 5.1). This indicates

that the entire peat column is not frozen at all or even if it freezes, the depth of freezing

is just limited within a couple of cm from the surface. It has also been shown that due to

the continuous supply of melted snow, the peat is entirely waterlogged during winter and
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at thawing periods the surface may be submerged with several cm of water (Tokida et al.

[2005a]).

We report here the results obtained from two plots, designated as plots A and B (31.2 m

apart), where Sphagnum spp. dominate. The second dominant plant is Moliniopsis japonica

at plot A and Carex spp. at plot B. High-moor peat consisting mainly of Sphagnum, Carex

middendorffii and Vaccinium oxycoccus occurs from the surface to a depth of 2.7m (Kondo

et al. [1997]). Plots A and B are the same as those used in a flux survey conducted in July

2005 (Tokida et al. [2007, in press]), and identical to "point A" and "point C" in a study

of Nagata et al. [2005] as well as two of the five sampling points in a study conducted by

Takakai et al. [2005].

5.3.2 Methane Flux Measurement

The CH4 flux was measured from the afternoon of April 13, 2006, to the morning of April

20. A static chamber technique, one chamber on each plot, was used to measure the CH4

flux (Hutchinson and Livingston [2002]). An intensive sampling scheme, in which more

than 50 times measurements over the 165 hours of the field survey, was adopted in order to

identify the expected short-time change in CH4 flux. Minimum and maximum chamber de-

ployment time were 10 minutes and 3 hours, respectively and the total temporal coverage of

the chamber deployments to the whole study period were 26% and 23% for plots A and B,

respectively. An open bottomed acrylic chamber, 0.054 m3 in volume and 900 cm2 of basal

area, was placed on a previously installed collar and sealed from the atmosphere with water

for conditions of no snow. The chamber was placed on top of the snow and the headspace

volume was corrected for snow within the chamber during the snow-cover period. The cham-

ber was equipped with a thermometer and an air sampling tube through silicone rubber plugs

installed in the openings at the top of the chamber. For each flux measurement, four samples

(10 ml per sample) of internal air were taken at intervals through the air sampling port and

injected in a pre-evacuated vial. A Shimadzu gas chromatograph (GC-14A) equipped with a
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flame ionization detector (FID) was used to determine the CH4 concentration of the sample.

The CH4 flux was calculated using the effective chamber volume, the temperature of air in the

chamber, the ambient air pressure measured with "Baro" pressure gauge (Van Essen Instru-

ments) and slope of the CH4 concentration against time. Slopes that were not significantly

different from "zero" (by t-test, p = 0.10) were considered to be 0, i.e. no flux.

5.3.3 Quantification of Volume of the Bubbles in the Ice Layer

When the snow cover disappeared, ice layer appeared on top of waterlogged peat, and small

gas bubbles (several mm in diameter) were trapped in the ice layer (Fig. 5.2-a). In order to

quantify the mass of CH4 trapped in these bubbles, we tried to estimate the (i) volume fraction

of the gas bubbles in the ice (=total volume of these gas bubbles : volume of the ice in which

bubbles occur) and (ii) mixing ratio of CH4 in the bubbles. Once the volume fraction and the

concentration of CH4 were determined, the abundance of CH4 trapped as bubbles (S) can be

described as:

(5.1)

where Vbubble is volume fraction of bubble in the ice, C is the concentration of CH4 in the

bubble and Ti, is the thickness of the ice.

5.3.3.1 Volume fraction

First, area ratio of the bubbles to the total surface area (A bubble) was estimated by image

analysis with Scion Image (Scion Corporation), assuming each bubble can be approximated

by an individual ellipse (Fig. 5.2-b). We also assumed that the bubbles were spherical and

the diameter of the each bubble was equal to the average length of the major and minor axes

and that the thickness of the ice was identical to the diameter of the largest bubble. Under
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these assumptions, the volume fraction of bubbles (Vbubble) may be described by,

(5.2)

where Abubble is the area ratio of the bubbles to the total surface area shown in Fig. 5.2), n is

the total number of the bubbles, V. is the spherical volume of the bubble, V, is the volume of a

cylindrical column the diameter of which is identical to the bubble inside it and the thickness

is the same as that of the ice, ai is the major axis of the bubble i, bi is the minor axis of the

bubble i and ri is the average of ai and bi.

5.3.3.2 Gas composition

It was very difficult to collect the small gas bubbles (Fig. 5.2-a) to be used for gas com-

position analysis. Alternatively, gas samples were directly taken by syringe and needle from

rather large gas pools trapped under the floating ice layer (Fig. 5.3) where ice-water-peat'

stratification existed. Such gas pools were ubiquitous and two of them located several meters

away from plot A were taken. Positive temperature of the peat layer (Fig. 5.4) appeared to

unfreeze the overlying ice layer and thus considered to be the main reason for this stratifica-

tion. Lateral flow of melted snow might also contribute to the melting of the ice layer from the

bottom upward. In such conditions the entrapped bubbles may gather as the ice being melted,

forming a rather large gas pool trapped below the floating ice (Fig. 5.3). The collected gas

samples were injected into a 5-ml vial and transferred to the laboratory for analysis. Mixing

ratios of CO2 and 02 as well as CH4 were analyzed with a Shimadzu gas chromatograph

(GC-14A) equipped with a thermal conductivity detector (for CO2), and a flame inonization

detector(for CH4).
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5.3.4 Dissolved CH4 and Dissolved Inorganic Carbon (DIC)

Concentrations

Profiles of dissolved CH4 and dissolved inorganic carbon (DIC) concentrations were mea-

sured on April 19 and 20 when the snow cover completely vanished. In this site, DIC is

virtually identical to dissolved CO2, because pH of the peat pore-water is 4-5 (Kondo et al.

[1997]). Pore water samplers consisting of a stainless pipe (2.35 mm o.d. and 1.45 mm i.d.)

fitted with a Tygon(R)tube and at hree-way stopcock were vertically inserted from the surface

to depths of 3, 5, 7, 10, 18 and 25 cm with two samples per each depth. Peat pore-water

were collected at depths of 30 to 80 cm, one sample per each depth, at intervals of 10 cm

using another sampler that was originally used to sample gas bubbles below the water table

level in the same site (Tokida et al. [2005a]). One should note that because each sample did

not have the same sampling location, the profiles should be considered to include horizontal

heterogeneity. About 1 ml of pore water was collected two times (on April 19 and 20) from

the shallower zone (3 to 25 cm) using a 5 ml syringe. Samples were collected just one time

(either on April 19 or 20) from depths of 30 to 80 cm. All the samples were injected into pre-

evacuated 5-ml vials through a microfilter(0.2μm, mixed cellulose ester, Toyo Roshi Kaisha,

Ltd.). When ipjected into the vial, 5μl of 5 M HCI solution was added to prevent biological

decomposition of CH4 and DIC. For the analysis of the gas phase of the vial, the same GC

system was used as that for quantifying gas composition in the bubbles-The original dis-

solved concentration was reconstructed using the headspace concentrations, volumes of the

headspace and the water phase, and Henry's law, assuming that the dissolved gases were in

equilibrium between the liquid and the gas phases according to Henry's Law constant(Wil-

helm et al.[1977], Clever and Young[1987]). At depths of 70 and 80 cm in plot A, only gas

sample were available, indicating the existence of large gas pockets(Tokida et al.[2005a]).

Therefore, we analyzed the composition of the gas and converted it into the equilibrated dis-

solved concentration. Temperature profiles needed to estimate the Henry's law constant were
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measured by thermocouples and recorded in CR-10X (Campbell Scientific, Inc.).

In addition to the profile measurements, time course of dissolved CH4 and DIC concentra-

tions just below the snow cover were measured. The same sampler as for the profile measure-

ments was inserted from the snow surface to a certain depth and the occurrence of water at the

tip of the probe was checked by giving suction through a syringe. If no water was sampled,

then the sampler was pushed slightly deeper and the existence of water was examined again.

This procedure was repeated until water was collected. After the melting of snow, both plots

had several cm of standing water. It should be noted that because each sample had different

sampling locations, the profile should be subjected to horizontal heterogeneity.

5.4 Results and Discussion

5.4.1 Methane Flux during Snow-covering Period

Flux measurements were began on April 13 when the surface was still covered with c. 20

cm of snow. Methane flux was almost absent from April 13 to 16 (Fig. 5.5). By April 16,

the granular snow had vanished, leaving an apparently continuous ice layer spreading over

the peat surface. Temperature profiles measured on April 13 (Fig. 5.4) clearly showed that

negative temperature was limited down to the ice-peat boundary, indicating that the peat layer

did not freeze during the winter as in the case of 1999-2000 shown in Fig. 5.1. Melting of

snow occurred during the daytime but thaw water refroze during the night. Concurrent diurnal

fluctuation in water table level was observed, i.e. it rose during the daytime due to the supply

of melting water and declined as thawing temporally ceased during the night. However, the

water table never dropped below the level of peat surface.
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5.4.2 Episodic CH4 Emission Associated with Release of Entrapped

Bubbles in the Ice Layer

The sudden and the largest CH4 release during the entire field campaign, 25.3 and 6.5

mg CH4 M-2 11-i for plots A and B, respectively, was observed on the morning of April 17

accompanied by the melting of the surface ice layer (Fig. 5.5). We have found that many

bubbles trapped in the ice (Fig. 5.2) were directly released into the atmosphere as the ice

melted (See supplemental material: Animation 1). Very high concentration of CH4, a value

5 orders of magnitude higher than the atmospheric level, strongly suggests that the release

of accumulated bubbles was responsible for the observed CH4 flush. At plot A, emission of

CH4 returned to the level of snow-covering period after about 2 days of significant emissions.

Although the observed peak flux at plot B was smaller compared to that of plot A, subsequent

CH4 emission remained relatively high (Fig. 5.5).

To confirm the hypothesis that the major contributor of CH4 released during the thaw was

gaseous-phase CH4 trapped in the ice layer, the amount of trapped CH4 must be related to

that of released CH4 into the atmosphere. From the image analysis, volume fraction of the

bubbles in the ice was estimated to be 3.2%. This is similar to the value of bubble-filled

pore space found in permafrost (Calmels and Allard [2004]). By using equation (5.1), the

abundance of CH4 trapped in the ice was estimated to be 132 mg CH4 m-2, assuming that the

thickness of the ice layer was 3 cm, which might be a conservative guess based on field ob-

servations. As for cumulative CH4 emissions, integration of the observed flux with time gave

estimates of 107 and 150 mg CH4 M-2 from plots A and B, respectively, during our 165 hours

of field campaign. Considering the high temporal variability as shown in Fig. 5.5, our sam-

pling frequency while two orders of magnitude more frequent than previous chamber studies,

might be barely sufficient to account for this variation. Also, it should be recognized that

the integrated fluxes might be underestimated because there is a high degree of possibility of

more pronounced CH4 peak occurring but not being captured especially on April 17 when the
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chamber deployment was often impossible due to strong wind. Nevertheless, striking similar-

ity between the abundance of bubble-form CH4 and the cumulative CH4 emissions strongly

indicates that the release of the entrapped bubbles was the dominant emission mechanism

during the thaw.

5.4.3 Diurnal Variation of CH4 Flux with Freeze-thaw Cycle

After the remarkable CH4 flush on the morning of April 17, CH4 flux showed a downward

trend with a consistent pattern of diurnal variation, showing a peak in the morning on both

plots from April 18 onwards (Fig. 5.5). Melting of the ice layer ended by the evening of April

17 at plot A, and it continued until the noon of April 18 at plot B. However, a cycle of noctur-

nal freezing and subsequent morning thaw continued for the rest of the field campaign. The

diurnal change was associated with the freeze-thaw cycles in the surface water, suggesting the

ice layer presented during the night may have acted as a physical barrier to prevent CH4 from

emitting into the atmosphere and in the next morning, the trapped CH4 would be released as

soon as the ice thawed. Diurnal variation of CH4 flux during thaw season was also observed

at a Swedish subarctic mire (Friborg et al. [1997]), suggesting that this is a common charac-

teristic seen in many northern peatlands at early spring. We suggest that instead of adhering

to the rather demanding flux measurements, investigations of change in CH4 storage before-

and after- spring thaw in the surface zone will provide valuable information for quantifying

the abundance of CH4 which can be released during spring thaw.

5.4.4 Possible Mechanisms Explaining High CH4 Concentration in. the

Bubbles Trapped in the Ice Layer

Very high concentration of CH4 together with distinctly different mixing ratios of CO2 and

02 from those in the atmosphere was clearly observed in the bubbles trapped in the surface ice

(Table 5.1). It is obvious that the CH4 in the bubbles were supplied from anoxic layer suitable
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for CH4 production and had been trapped until the ice thawed. Concentration of CH4 in the

bubbles can be compared to that in the sub-ice water when converted into the corresponding

equilibrium concentration in dissolved state. Obviously, the equilibrium concentration (492

μM, see Table 5.1) was significantly higher than the sub-ice water concentration (Fig. 5.6-

a, April 14-16), suggesting that diffusion of dissolved CH4 may not be able to contribute

to the CH4 accumulation in the ice layer. Conversely, it is more likely that the dissolution

of entrapped CH4 into the surface water during ice melt caused the increase in the CH4

concentration during April 16-18 (Fig. 5.6-a).

Processes capable of explaining the high CH4 concentration in the ice layer may include

(i) upward migration of CH4-containing bubbles through peat matrix from the deeper layers

to the surface zone and (ii) physical containment of the bubbles into ice by freezing of the

surface water. Profiles of pore water concentrations measured immediately after the snow

melt are shown in Fig. 5.7 for CH4 and in Fig. 5.8 for DIC. Methane concentration generally

increased with depth and was high enough at depths deeper than 30-40 cm to account for

the observed concentration in the ice-layer bubbles (Fig. 5.7 a-c). However, mechanisms

responsible for the upward movement of the bubbles as well as the incorporation of them in

the ice layer are uncertain. Moreover, in contrast to CH4, CO2 (--z,- DIC) concentration in the

bubbles appeared to be similar to the sub-ice water concentration (Fig. 5.6-b, Fig. 5.8 d-f)

and significantly lower than that at the deeper depths (Fig. 5.8 a-c), making our conjecture

more questionable. Dissolution of CO2, which is a highly soluble gas, into the surface water

while trapped beneath the floating ice (Fig. 5.3) could cause decrease in the concentration,

however, no exact explanation can be given to this point.

5.4.5 Some Implications for Cold Season CH4 Abundance in Peat

Considering the few numbers of samples and the several assumptions used in the calcu-

lation, our estimates of the abundance of trapped CH4 in the ice should be recognized as

preliminary results. Much more should be known to quantitatively determine the signifi-
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cance of CH4 accumulation within and below the frozen layer and importance of subsequent

episodic CH4 evasion during spring thaw. However, in situ observation of pronounced CH4

accumulation in the ice itself is a clear evidence of cold season CH4 storage and strongly

supports the validity of previous conjectures that episodic CH4 emission during thaw was at-

tributed to the release of stored CH4 in the upper frozen layers (Moore and Knowles [1990],

Windsor et al. [1992], Friborg et al. [1997], Hargreaves et al. [2001]).

It is clear that the majority of northern peatlands is exposed to lower temperatures and

receives less snow compared to our study site, resulting in the existence of frozen layer in the

shallow peat zone during winter. Significant CH4 accumulation in peat pore water, e.g. up to

1.1 mM in a temperate poor fen, has been observed (Dise [1992], Melloh and Crill [1996]).

The results obtained in this study in conjunction with these previous reports imply that gas-

phase CH4 accumulation could occur not only within the frozen layer but also below the

frozen layer. Considering the low solubility of CH4 (about a thirtieth of CO2), if occurrence

of bubbles is prevalent the abundance of CH4 in the entire peat profile during winter might

be substantially larger than had previously been estimated. Recently, a series of papers has

indicated the importance of the free-phase CH4 as the main CH4 inventory in peat even below

the water table level (e.g. Fechner-Levy and Hemond [1996], Rosenberry et al. [2003], Tokida

et al. [2005a]). However these investigations have been limited to the growing seasons. Our

results imply that the gas-phase CH4 may play an important role also in cold season CH4

dynamics in northern peatlands.

5.5 Conclusions

1. Large CH4 emissions associated with melting of the surface ice layer occurred as a re-

sult of release of entrapped bubbles found in the ice layer. Preliminary analysis showed

that the bubbles contained 20% CH4 and occupied 3.2% of the total ice volume.

2. Great temporal variability in CH4 flux was found during spring thaw and may include

diurnal variation associated with the freeze-thaw cycle of the surface water.
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3. Upward migration of CH4-containing bubbles from the deep layers to the surface zone

and subsequent containment of the bubbles due to the freezing of surface water ap-

peared to explain the high CH4 concentration in the bubbles, although the mechanisms

responsible for these processes are still not fully understood.

4. If the existence of bubbles within and beneath the frozen layer is found to be pro-

nounced, gas-phase CH4 is likely to play an important role not only during the growing

season but also in the cold season CH4 dynamics in northern peatlands.
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Figure5.1 Snow depth, daily mean air temperature and peat temperature from

November 1999 to the end of April 2000. Snow depth and the daily mean air

temperature were recorded at the nearest meteorological station, 4.5 km from the

study site.
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Figure5.2 A picture of bubbles stored in the ice layer between the snow and the

peat layer taken on April 14. The maximum bubble diameter was approximately
1 cm. b. The areas of the bubbles were detected and quantified by Scion Image

based on an assumption that all the bubbles can be approximated by ellipses.
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Table5.1 Gas concentration of bubbles trapped in ice layer on top of peat

aExpressed as amixing ratio of thc total gas
.

bCorresponding dissolvcd gas concentration equilibrated with gaseous-phase gas at 0℃ .

cGas composition in thc atmospherc fbr conlparison .

Figure5.3 Direct sampling of gaseous-phase gas (white portion) trapped be-
tween the ice and the underlying water layer conducted on April 17. The collected

gas were injected in to vials and transferred to the laboratory for analysis.
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Figure5.4 Temperature profiles measured on April 13 for plots A and B. Nega-

tive temperatures were recorded only above the surface of the peat.
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Figure5.5 Methane flux from either snow cover, standing water or peat surface

from 13 April to 20 April, 2006 at plots A and B. Symbols indicate the timing of

the chamber measurements.
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Figure5.6 Dissolved CH4 (a) and DIC (b) concentration of the surface water.
Open symbols represent water samples from beneath the snow cover and solid
colored symbols indicate the samples of open water.
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Figure5.7 Profiles of dissolved CH4 concentration from surface water to a depth
of 80 cm (a, b, c) and close-ups of surface zone (d, e, f). Water table was located
at or slightly above the peat surface. Data from 0 to 25 cm depths is an average
of two samples, while those from 30 to 80 cm are a result of single sample. The
average profiles (c, f) showed means of two sampling dates if available.



Chapter5 Episodic Release of Methane Bubbles from Peatland during Spring Thaw 81

Figure5.8 Profiles of DIC concentration from surface water to a depth of 80 cm

(a, b, c) and close-ups of surface zone (d, e, f). The data and the representation
method are identical to those for CH4 (see captions of Fig. 5.7.
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Chapter6 

General Discussion, Outlook and

Conclusions of this Dissertation

6.1 Spatio-temporal Variability of Entrapped Gas in Peat

and its Ebullition to the Atmosphere

This research provides some answers to the state of CH4 in waterlogged peat (Chapter 2),

causes of CH4 ebullition and its importance relative to the other transport modes (Chapter

3 and 4) and points to potential importance of gas bubble release during spring thaw period

(Chapter 5). Much more, however, should be known in order to attain the whole picture of

the gas-phase CH4 dynamics in peatlands. The most challenging problem, but probably the

most important issue to be solved, is the spatio-temporal variability of entrapped gas volume

in peat and its ebullition to the atmosphere.

6.1.1 Temporal Variability in Trapped Gas Volume and Ebullition

Entrapped gas volume in peat is a function of CH4 production rate, solubility of gases in

the gas-phase, pressure regimes, and other biogeochemical and physical processes affecting

the changes in mass or composition of the free-phase gas, such as migration of bubbles, con-

sumption of CH4 by methanotrophs. Because all the processes are more or less temperature
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dependent, volume of free-phase gas must change in relation to diurnal or seasonal temper-

ature cycle. Fluctuations in water table level and atmospheric pressure can also affect the

volume through changing the pressure regime.

I have measured "snapshots" of gas volume profiles and shown that the volume fraction of

the gas phase may differ between years even in the same season (Chapter 2). For investigating

the changes in the gas volume with time and factors that may affect it, continuous measure-

ments system is required. Monitoring of the entrapped gas volume by determining change

in volumetric water content by a moisture sensor (Campbell Scientific CS 615 with probe

length of 30 cm, Campbell Scientific Inc., Loga, Utah, USA) has been made in a Canadian

peatland, showing a gradual increase during the growing season (Kellner et al. [2005], Strack

et al. [2005]). Abrupt change of 2% over the period of day has also been observed at some

sites (Strack et al. [2006]) which might be relevant to the ebullition releases. A problem,

however, lies in that due to the uncertainty arising from the calibration (between sensor out-

put and volumetric water content) and unignorable inter-probe variation, only changes in the

gas content but not the absolute gas content could be measured. Uncertainties associated with

soil moisture sensor were also recognized in the present study, which resulted in nonnegligi-

ble measurement error (Chapter 2). Utilization of the magnitude of the buoyancy response to

changes in atmospheric pressure (Fechner-Levy and Hemond [1996]) is one of the promising

options for the continuous monitoring of the volume of the gas phase, although this approach

cannot address issues of the vertical distribution of the gas volume. Innovative improvement

of existing methodologies or development of new techniques, that enables continuous mea-

surements of trapped free-phase gas and composition of the gas species in it, is indispensable

but remain as a challenging problem.

I have presented direct evidences that fluctuations in atmospheric pressure can be the dom-

inant factor to control ebullition events at time scale of minutes to several days, (Chapter 3

and 4). Due to the occurrence of ebullition, rates of CH4 evasion into the atmosphere can

vary by over two order of magnitude within a matter of minutes to hours (Chapter 4). These

results are consistent with recent studies which also suggest that episodes of low atmospheric
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pressure triggers ebullition events as buoyancy increases in response to greater bubble vol-

ume (Rosenberry et al. [2003], Glaser et al. [2004], Kellner et al. [2004, 2005], Strack et al.

[2005]). Rosenberry et al. [2003] observed overpressuring within peat up to 35 cm of water

head above the water table at 2 m depth and sudden decrease in pressure which they inferred

was the result of episodic movements of the gas bubbles. Because pressure pertubations were

of very short duration and might occur within several minutes, ebullition seems a short-lived

but frequently occurring phenomenon (Rosenberry et al. [2006]). Strack et al. [2005] also

observed pressure spikes in short durations and suggested that small scale release of gas bub-

bles were occurring very frequently, at least several times a day, and proposed a "constant

bubbling" hypothesis, which is in line with the results of the present thesis. To confirm or

discard this hypothesis needs longer-time near-continuous flux data that may be obtained by

an automated closed chamber method or micrometeorological flux measurement techniques.

Generally speaking, chamber techniques may be preferable for process studies because they

have well-defined basal area needed to relate observed fluxes with possible factors that may

control them.

It is now widely accepted that ebullition occurs when buoyancy force causes bubbles escape

into the atmosphere when the volume of the bubbles overcomes a threshold value. Therefore,

from a mechanistic point of view, each ebullition event should be related to an increase in the

gas volume and thus reductions in atmospheric pressure or water table level, production of

CH4, or any combinations of them are the potential candidates of trigger responsible for the

episodic bubbling release. I quantitatively evaluated the relative contributions of the potential

factors and found that drop in atmospheric pressure can be the dominant controller in a meso-

cosm laboratory experiment up to a period of 60 hours (Chapter 3) or in situ conditions up to

90 hours (Chapter 4). For longer periods of time, however, cumulative ebullition flux seems to

exhibit a good correlation with the amount of cumulative CH4 production for the correspond-

ing period of time. Because rates of CH4 production depends primarily on temperature (e.g.

Dunfield et al. [1993]), it is reasonable that combination of changes in atmospheric pressure

and temperature can better explain the variation of ebullition events (Kellner et al. [2006]).
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CH4 production also depends on the substrate availability, hence, "apparent" relationship be-

tween ebullitive CH4 release and microbial substrate availability combined with temperature

may exist in seasonal or annual time scale (Christensen et al. [2003]). Further investigations

on the time-scale dependency of the dominant factors or "hierarchy" of temporal variation

in CH4 flux may need greater attention and would significantly improve the knowledge of

wetland CH4 cycles. It should be noted that ebullition during the thawing season should be

treated separately because the mechanisms responsible for the ebullition in this season seems

very different from those in the growing season (Chapter 5).

6.1.2 Spatial Variability in Trapped Gas Volume and Ebullition

Issues of spatial variability may have been more problematic and challenging than those of

temporal variation due to lack of appropriate techniques to cover larger scale measurements.

However, in recent years, efforts have begun to understand distribution and configuration of

bubbles in the peat and their escape into the atmosphere.

As for trapped gas volume within peat, by using profile type moisture soil moisture sensor,

I measured vertical distributions of trapped gas volume (Chapter 2). Comas et al. [2005a]

used a surface-based and borehole-based ground penetrating radar (GPR) tests, showing this

technique has considerable promise in quantifying three dimensional gas distribution at mul-

tiple scales ranging from a couple of meters to wetland-wide scales.

In the present study, I have measured CH4 ebullition at two Sphagnum dominated plots

simultaneously, showing that ebullitions do not necessarily occur simultaneously, although

a continuous severe drop in air pressure can trigger synchronous large ebullitions (Chapter

4). Studies using the surface level fluctuations to infer the timing and magnitude of the

ebullition have also suggested spatial heterogeneity of the ebullition (Glaser et al. [2004],

Strack et al. [2006]). However, methodologies used in these studies are strictly limited to

small scale measurements, making it difficult to understand the scale in which each ebullition

occurs. Moreover, relating the areal distribution of gas volume in peat to areal distribution of
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gas release from the peat surface, which requires simultaneous measurements of trapped gas

within peat and its release into the atmosphere, remain as a challenging task.

6.2 Processes Responsible for Upward Migration of

Bubbles through Peat

I found volume of trapped gas in peat may control the timing and magnitude of the ebulli-

tion. It is not known, however, whether or not preferential pathways are present and serve as

conduits for ensuing bubble release (Baird et al. [2004], Rosenberry et al. [2006]). To answer

this question may require knowledge of the size and configuration of the bubbles trapped in

peat as well as information about the structure, geometry and mechanical properties of peat

at appropriate spatial scales.

Amos and Mayer [2006] conducted sand column experiments and measured dissolved gas

concentrations, showing that rapid transport of CH4 vertically through at rates several times

faster than the bromide tracer and the more soluble gas CO2, indicating that ebullition is the

main transport mechanism for CH4. Similar experiments using peat medium would help

to improve understandings of physical mechanisms responsible for the bubble migration

through peat. Comparison of undisturbed and disturbed peat sample may provide insights

into the occurrence or absence of the preferential pathway of escaping bubbles.

Further work is also needed on the ratio of ebullitive release to the other transport modes.

Some previous studies provided ratio of ebullition to diffusive release, indicating significantly

greater contribution of ebullition (Romanowicz et al. [1995], Baird et al. [2004]). Also impor-

tant is the dependence of individual pathways on vegetation type, because some plants have

shown to act as a direct conduit of the trapped bubbles into the atmosphere, hence, plant-

mediated transport and ebullition may have a trade-off relationship. These investigations

seems very helpful to construct or improve physically-based CH4 emission models that is

needed to predict future CH4 emission strengths from peatlands in relation to environmental
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changes.

6.3 Linkages between Trapped Gas and Peatland

Hydrology

This thesis has been done in the context of greenhouse gas emissions and thus CH4 bubbles

trapped within peat have been investigated in relation to ebullitive CH4 release into the atmo-

sphere. However, from an eco-hydrological point of view, trapped bubbles have been shown

to have significant impact on peatland hydrology, including anomalously low hydraulic con-

ductivity (Reynolds et al. [1992], Shiozawa et al. [1995], Beckwith and Baird [2001], Baird

and Waldron [2003]), alternation of local flow paths by developing overpressuring zones

(Rosenberry et al. [2003], Glaser et al. [2004], Kellner et al. [2004, 2005], Strack et al. [2005,

2006]) which in turn has significant biogeochemical impacts in peatland ecosystems. More

comprehensive review about linkages between trapped gas and peatland hydrology can bee

seen elsewhere (Rosenberry et al. [2006]).

6.4 Conclusions

The main conclusions of the study are:

1. In situ volumetric gas profiles and CH4 concentrations in the gas phase beneath the wa-

ter table level were quantified, showing the occurrence of CH4 bubbles in waterlogged

peat soil.

2. Approximately 60-70% of CH4 stored in water-logged peat from the surface to a depth

of 1 m was found to exist as gas-phase gas (30-40% were in dissolved state).

3. The very frequent flux sampling regime adopted in the field study provided a clear

evidence that ebullition represents an important mechanism of CH4 emission from

peatland and that it occurs as episodic events.
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4. Theoretical calculations followed by numerical computations confirmed our hypothe-

sis that fluctuations in the atmospheric pressure play a dominant role in determining

the timing and magnitude of the ebullition events.

5. Field campaigns must be designed to cover the rapid temporal variability caused by

ebullition, which may be especially important under intemperate weather.

6. Because existing CH4 flux data may not capture ebullition events or ebullitions were

not considered significant, widely-accepted process-based models might have been

tested against erroneous data. Also, our findings may reveal the need to revise the

model itself, i.e., air pressure should be included as a key factor for the control of CH4

release via ebullition.

7. Large CH4 emissions associated with melting of the surface ice layer occurred as a

result of release of entrapped bubbles found in the ice layer, suggesting that the gas-

phase CH4 is play an important role not only during the growing season but also in the

cold season CH4 dynamics in northern peatlands.
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