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1. INTRODUCTION

1.1. Methane in the climate system

Methane (CH,) is the third most abundant greenhouse gas in the Earth’s atmosphere
after water vapour (H.O) and carbon dioxide (CO;). CH; is the most abundant
hydrocarbon in the atmosphere, and although its lifetime in the atmosphere is much

shorter than COy, it is much more efficient in trapping radiation than CO,.

Methane’s ability to trap heat in the atmosphere (a.k.a. global warming potential, GWP)
is 84 times that of CO,, based on a 20-year time horizon and 36 based on a 100-year
time horizon (IPCC 2013). This makes it a significant greenhouse gas and an important
contributor to global warming. Studies indicate that variations in atmospheric CHy
concentrations are closely linked to records of past temperatures (e.g. Chappellaz et al.
1990, Petit et al. 1999, Loulergue et al. 2008), and that increasing CH4 concentration

will cause global temperature to increase (Lashof and Ahuja 1990).

The atmospheric CH,; concentration is a sum of global sources and sinks of methane.
The present global concentration of the atmospheric CH, is approx. 1.8 ppm and has
increased by a factor of 2.5 since pre-industrial times (IPCC 2013). The globally
averaged growth rate of atmospheric CH; had a declining trend from mid-1980s until
2006. Since the beginning of 2007 the growth rate has been observed to increase again
(Rigby et al. 2008) and the reason behind it is still unclear. Variations in the growth rate
have been linked to climate sensitivity of CH; emissions from natural sources
(Dlugokencky et al. 2009) which are the main drivers of the global inter-annual
variability of CH4 emissions (IPCC 2013).

Globally emitted CH; is a combination of methane derived from naturally occurring
sources and anthropogenic inputs. 35 to 50 % of the mean global emissions are from
natural sources (IPCC 2013). CHj; production processes are either biogenic or
abiogenic. Abiogenic CH, is derived from inorganic processes producing methane in
Earth’s crust and mantle (Horita and Berndt 1999). Biogenic CH,4 sources include both

natural and anthropogenic ones, e.g. wetlands, rice paddies, ruminants, termites,



freshwater and marine sediments, and landfills (e.g. Quya et al. 1988, Prather 1995).
Globally wetlands are the main natural source of CH, emissions to the atmosphere with
recent estimates ranging from 177 to 284 Tg yr' (IPCC 2013). According to
Christensen et al. (2003a) one third to half of the emissions are from northern peat-
forming wetlands (peatlands) and Gorham (1991) reported an annual release of
46 Tg yrt.

1.2. Methane in northern peatlands

1.2.1. Northern peatlands

Peatlands can be roughly classified into bogs and fens depending on their water source
and trophic status. Bogs are hydrologically isolated and have no connection to the
groundwater. It is elevated from its surroundings and all of its water is derived from
precipitation. Bogs are acidic and low-nutrient environments, and the wvegetation is
dominated by dwarf ericaceous shrubs and Sphagnhum mosses. In an addition to rain,
fens receive mineral-rich water from surface runoff and groundwater. Fens are less
acidic and more nutrient-rich environments than bogs and the vegetation is

characterized by sedges and bryophytes. (Laine and Vasander 1998)

Although northern peatlands in boreal and subarctic regions constitute less than 3% of
Earth’s terrestrial area (Rydin and Jeglum 2006) their waterlogged and anaerobic
conditions make them significant sources of methane into the atmosphere. The northern
peatlands have low decomposition rates due to low temperature, anoxic conditions,
small microbial populations and high refractory content of plant litter (Moore and
Basilisko 2006). They usually are sinks of carbon, removing CO, from the atmosphere
via photosynthesis (Minkkinen et al. 2002). Turunen et al. (2002) estimated the total
carbon pool of boreal and sub-arctic peatlands at 270-370 Pg with an accumulation rate
of 66 Tg yr'’. In Finland one third of the total land area is classified as mire but less than
half of the mires are undrained (Alanen and Aapala 2015). Turunen et al. (2002)
estimated the total carbon pool of Finnish undrained mires to be at 2257 Tg with a

carbon accumulation rate of 0.79 Tg yrt.



With the large amount of carbon stored and sizeable CH,; emissions, the northern
peatlands play an important role in carbon cycle (Gorham 1991) and could have
significant implication to the further development of the greenhouse effect (Christensen
et al. 2003a). By understanding the mechanics of peatland CH,4 production/consumption
and the controls on CH; emissions, we can improve our predictions of future
atmospheric greenhouse gas concentrations and the associated radiative forcing of the

atmosphere (Christensen et al. 2003a).

1.2.2 Methane production, consumption and transport

In peatland ecosystems methane cycling consists a number of biochemical processes.
Bacterial CH4 is the ultimate end-product of decomposition of organic matter by
anaerobic microbial fermentation (Quya et al. 1988). Fermentative microbes, known as
methanogens, a group of microorganisms solemnly belonging in to the domain Archaea,
are capable of producing methane gas. Methanogens produce CH4 as a metabolite in
energy production, and metabolize only in anoxic conditions at redox levels Eh <- 300
mV (Kamal and Varma 2008). Methanogens generate CH,; by several different
pathways. In peatland ecosystems there are two main pathways for methanogenesis:
acetate fermentation and CO3-reduction (Chanton et al. 2005). In acetate fermentation

acetotrophic methanogens use acetate as a substrate to produce CHy:

CH,COOH - CH,+ CO, (Eqg. 1)

In CO32-reduction hydrogenotrophic methanogens reduce CO» using H, as an electron

donor:

€O, + 4H, » CH,+ 2H,0 (Eq. 2)

Above reactions can be summarized to overall reaction that describes both pathways, as

acetate can be written as 2CH,O:

2CH,0 - CH,+ CO, (Eq. 3)



In general, the more acidic bogs tend to favour methanogens that utilize CO- reduction
and less acidic fens, owing to higher supply of acetate exuding from the roots of
vascular plants, tend to favour acetate fermentation (e.g. Horn et al. 2003, Galand et al.
2005, Hornibrook 2009). However, in some acidic environments, homoacetogenic
bacteria are more efficient in scavenging H, than methanogens, producing acetate
(Whalen 2005). This leads the methanogenesis to proceed via acetotrophic
methanogens. Predominant pathway also varies in different parts of vertical peat profile
(Hornibrook et al. 1997). In general, upper layers of peat, with abundant supply of
organic carbon, tend to favour acetate fermentation, and deeper peat layers are

predominated by CO, reduction.

The uppermost layer of peat tends to be an aerobic zone where some of the CHy
produced in the anaerobic zone is oxidized by methanotrophic bacteria (Whalen 2005).
Methanotrophs are a group of bacteria that utilize methane as a sole source of carbon
and energy (Hanson and Hanson 1996) and these reactions lead sequentially to

methanol, formaldehyde, formate and finally carbon dioxide (Whalen 2005).

Methane is released to the atmosphere via three main pathways: diffusion, ebullition
and plant-mediated transport (Lai 2009). Diffusive transport is the only pathway which
facilitates the contact of CH4 with methanotrophs in the upper aerobic zone (Whalen
2005). About 20 to 40 % of CH4 produced in the anaerobic zone is oxidized during
diffusion.

In ebullition, CH; gas bubbles can escape, without the opportunity of oxidation owing
to the low solubility of CH, gas. Ebullitions are highly discontinuous and variable, both
spatially and temporally (Whalen 2005). Through ebullition peatlands can emit a large
amount of CH,; within hours and cover up to 50-64 % of total CH,; emitted from
northern peatlands (Christensen et al. 2003b, Tokida et al. 2007).

In plant-mediated pathway arenchymous vascular plants serve as ventilation systems,
internally transporting CH4 from roots in the anaerobic zone to the peat surface, thus
bypassing the methane-oxidizing, aerobic zone of peat (Whalen 2005). Vascular plants
are more represented in sedge-dominated peatlands where most of the CH, is released
through plant-mediated pathway (Ding et al. 2004)



1.2.3 Methane emission controls

Several independent studies have been made to understand the controls on CHy
emissions in northern peatlands. Although emissions are highly variable, both spatially
and temporally, controlling factors have been identified. They include soil temperature
(Crill et al. 1993), water table position (Moore and Roulet 1993), net ecosystem
production (NEP) of CO, (Whiting and Chanton 1993), and microbial substrate
availability (e.g. Christensen et al. 2003a). Soil temperature has an effect on microbial
CH, production and consumption rates. Water table level follows the microtopography,
and determines the thickness of aerobic and anaerobic zones, and in general, a lower
water table leads to smaller CH,4 fluxes (Lai 2009). Especially in wetter sites, NEP has
been identified as good integrating variable, as it correlates with a number of controlling
factors of CH,4 production, consumption and transport (Lai 2009). Also, the supply
(Segers 1998) and the quality (Christensen et al. 2003a) of microbial substrate show
strong correlation with CH; emission rates, with acetate being the most important of
organic acids that methanotrophs use as substrates.

Explaining large scale variations in CH, emission is hard as northern peatlands
demonstrate high variation among peatland types, microtopography, and consequently
in rates of CH; fluxes. In general, individual studies find correlations up to few
controlling factors as the controlling factors tend to override other possible factors (e.g.
Christensen et al. 2003a, Bellisario et al. 1999, Whiting and Chanton 1993, Bubier et al.
1995).

1.3. Isotopic signatures as tools to understand methane production pathways

Isotopic composition of methane can be used to trace the CH, formation pathway as
each CH, source has its own characteristic 3C/**C and D/H (Whiticar 1999). The most
commonly measured isotopes of CH, sources are the stable isotopes **CH, and CHj3D.
The isotope data are denoted using the delta notation by 8*C and 8D expressed here in

permil (%o):



[ _Ra)sampte_ 1] 1000 (%o), (Eq. 4)

(Ra)standard

where R, is the 3C/*?C or D/H rations relative to standards which are Vienna Peedee
Belemnite (VPDB) for *C/*2C and Vienna Standard Mean Ocean Water (VSMOW) for
D/H.

The isotopic composition of atmospheric methane (8**Ccnas) depends on the proportion
of CHs input from different sources. The global average of 8°Ccps in Northern
Hemisphere is -47.4 %o (Stevens and Walen 2000). Abiogenic methane has mean 5°C
values significantly higher than those of biogenic CH, (Quya et al. 1988). Bacterial CH,4
has 8'3C values varying from -110 %o t0 -50 %o (relative to VPDB) and 8D from -400 %o
to -150 %o (relative to VSMOW) (Whiticar 1999). Knowing the isotopic composition of

CHy, sources is needed, when the global budget for CH,4 sources and sinks is developed.

In peatland ecosystems processes, CH4 production and consumption are subjected to
Kinetic isotope fractionation, as methanogens and methanotrophs both utilize lighter
molecules more frequently than the isotopically heavier species (Whiticar 1999). In
general, methane produced via acetoclastic pathway is less depleted in **C than methane
produced via CO; reduction. Lasting assumption has been that acetoclastic
methanogenesis dominates in freshwater systems (Whiticar et al. 1986, Whiticar 1999),
because higher plant productivity ensures a more abundant supply of fresh organic
material, but less productive sites can be dominated by CO, reduction (e.g. Lansdown
1992). The reported 8'3C for wetland CH, ranges approximately between -100 %o
(Chanton et al. 2002) and -42 %o (Gerard and Chanton 1993). Still a single collective
83Cchs value of -60 %o is usually given when applied to wetland CH4; budgets
constrained by stable isotopes (Hornibrook 2009). The wide range of the 32C in
produced methane is a demonstration of the complexity in the processes governing the
production, as the source of that produced CH, is almost solemnly C3 type vegetation
that exhibits carbon isotope compositions in a narrow scale from -20 to -37%. (Kohn
2010).
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1.4. Aims of the study and the main hypothesis

For this study, CH; gas samples were collected from both ombrotrophic and
minerotrophic sites of the Siikaneva mire complex in order to find out the isotopic
composition and to calculate the CH; flux of methane emitted from different types of
sampling plots, representing variation in microtopography. In addition to the gas
samples, pore water samples were collected adjacent to the sampled plots, from the
depth of 50 cm, in order to identify differences in isotopic composition of dissolved
inorganic carbon (DIC) in relation of microtopography. In addition, as a part of this
thesis, a standard operating procedure was created for the instrument used to analyse the

isotope samples in order to produce as reliable and accurate data as possible.

The Siikaneva mire was selected as the measurement site, because plenty of ecological
and geological information is available for the site. Other studies from the measurement
sites, with relevance to this thesis, are of carbon exchange (e.g. Aurela et al. 2007,
Riutta et al. 2007, Uljas 2015) and CH, flux (e.g. Rinne etal. 2007, Riutta et al. 2007).

The overall aim of my study is to learn how microtopography effects CH, emission and
its 513C values at the Siikaneva bog and fen. Results may also reveal information about
the controlling factors of CH4; emissions and provide evidence for methane production
pathways. Though there have been many studies related to 8*Ccus in peatlands, and
even a greater number about CH, emissions from peatlands, the processes contributing
to them are complex and interacting with each other. As high variations exists both
within and between peatland ecosystems, more studies are needed in order to produce
large scale principles of peatlands contribution to global carbon cycle and greenhouse
gas budget.

The hypothesis of my study is that microtopography on both sites is an integrating
controlling factor of CH,; emissions, and that isotopic composition of the emitted CH,
would reflect the processes beneath the peat surface resulting in variations in the §3C
values between sampled plots. Though this study handles both sites quite individually,
since the difference between the sites from a biological perspective is obvious, the
hypothesis is that there should be less acetate fermentation on the bog than on the fen,
and this should be also evident in the isotope data. Hence, it is expected that at the
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minerotrophic site the isotopic values reflect more nutrient-rich environment and that at

the ombrotrophic site the isotopic values of CH4 are more depleted in *3C.

2.STUDY AREA

The Siikaneva mire reserve is the largest boreal mire complex in Pirkanmaa, Southern
Finland (Fig. 1), at the border of the southern and middle boreal vegetation zones (Ahti
et al. 1968). Its total surface area is approximately 1560 ha from which the peat covers
up to 1215 ha (Silvan et al. 2008). Siikaneva is a large natural mire compared to a
typical Finnish south boreal mire setting, as only the fifth of the original peatlands in
south boreal Finland are undrained and less than 2 % of these peatlands are protected

under mire conservation program (Alanen and Aapala 2015).

2.1. Geological setting

The northern side of Siikaneva borders on the Nasijarvi-Jyvaskyld end moraine. From
northeast and northwest sides it borders on the delta formations of Siikakangas and
Sérkikangas, and from the southern side it borders on moraine and bedrock hills of the
Siikajarvi lake upland. (Silvan et al. 2008)

The Siikaneva mire complex consists of several different mire types but can be divided
into two main types based on hydrogeology, topography and substrate availability; the
ombrotrophic bog and the minerotrophic fen (Silvan et al. 2008). The ombrotrophic
parts of Siikaneva are mainly concentrated to the northern side of the mire where they
partly overlay the flat delta formations. The minerotrophic aapa mires are mainly
located at the south/southeast side of Silkaneva where more nutrient rich waters inflow

from the lake upland and young boreal forests. (Silvan et al. 2008)
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Siikaneva has eight outflows to the surrounding water systems. The main outflows are
Rooppioja to the south and Jouttipuro to the east, which both flow through Lake Orivesi
and end up to Lake Langelmdnvesi. From the west side Siikaneva drains to Lake
Nasijarvi and from the north side it drains to Lake Jaminginselkd. All the waters of
Siikaneva flow through the River Kokemdenjoki to the Bothnian Sea. (Silvan et al.
2008)

Parts of the Siikaneva mire started to accumulate peat already in the preboreal age in the
early Holocene, right after the ice masses retreated. No deep water marine sediments
have been found underneath the peat layers which indicate that the Yoldia Sea was quite
shallow at the location. The sediments under the peat are silts and sands from the deltas
and in some areas the peat borders on bedrock. Through the evolution of wetlands, the
primarily formed minerotrophic fens dominated by Carex have since depleted from
nutrients and peat layers have risen above the effects of runoff and groundwater. This
process known as ombrotrophication, i.e. the development from fen to bog (Korhola and
Tolonen 1998), is the main reason why 70 % of the peat layers in Siikaneva are

dominated by Sphagnum mosses. (Silvan etal. 2008)

The average peat depth in Siikaneva is 2.6 m. On the eastern side of the mire the
average peat depth is around three meters and quite large areas reach into the depth of
around five meters. On the areas where the mire sits on top of the delta formations the
peat depth is relatively low. The total volume of peat deposits at Siikaneva is around
32 M m?, and the peat accumulation rate has been on average 0.9 mm yrt. (Silvan et al.
2008)

2.2. The study sites

Both measurement sites of this study, as seen in Figure 1, are located at the eastern side
of the mire complex. On the ombrotrophic bog (61°50’N, 24°10’E, 167 m a.s.l.) the
vegetation is dominated by Sphagnum mosses (e.g. Sphagnum majus, S. rubellum, S.
cuspidatum) and dwarf shrubs (e.g. Calluna vulgaris, Empetrum nigrum, Vaccinium
uliginosum) (Uljas 2015). Almost a third of the peat area is either muddy or under
water, though during the growing period the open water areas shrink significantly.
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The microtopography of the bog is more pronounced than that of the fen. Especially the
hummocks are clearly elevated from the surroundings. The average pH of the bog is 4.1
(unpubl.data of Korrensalo 2012).

The minerotrophic site (61°50°N, 24°11’E, 162 m a.s.l.) is an oligotrophic (poor) fen,
and the peat depth is up to four meters (Rinne et al. 2007). Its dominating vegetation
consists of Sphagnum mosses (e.g. Sphagnum balticum, S. majus, S. papillosum),
Sedges (Carex rostrate, C. limosa, Eriophorum vaginatum) and pod grass
(Scheuchzeria palustris). The microtopography is relatively flat with no distinct hollow
and sting structures. The fen is not noticeably less acidic than the bog with average pH
of 4.2 (Aurela et al. 2009).

2.3. Weather conditions

mire. During 1981-2010, the annual mean temperature was 3.5°C, and the annual
precipitation was 711 mm (Pirinen et al., 2012). During the growing period (May to
August) in 2015 the monthly mean temperatures were very close to the decadal monthly
mean temperatures ranging from 8.4°C to 15.2°C, as seen in Figure 2. The growing
period precipitation rates (Fig. 3) also neared the decadal mean values, except in August
(precipitation 12.6 mm) which was much drier than the 30-year average (precipitation
85 mm). Almost all field days were cloudy and rainy, and the conditions prevented the

chamber temperatures from rising distinctly above the measured air temperatures.
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Figure 2. Mean monthly temperatures and means of daily maxima and minima during 1981-2010, and
monthly mean temperatures during measurement months at the Hytiala weather station. The statistics
from 1981 to 2010 are from Pirinen et al. (2012), and the values from 2015 are from Finnish
Meteorological Institute’s Open Data datasets.
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Figure 3. Mean monthly precipitation during 1981-2010 and during the measurement months at the
Hwtiald weather station. The statistics from 1981 to 2010 are from Pirinen et al. (2012), and the values

from 2015 are from Finnish Meteorological Institute’s Open Data datasets.
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3. MATERIALS

Daytime samples for this study were collected once a month from May to August in
2015, at the end of each month. Both measurement sites, the bog and the fen, had pre-
existing collars installed to the representative plots. The surface of a boreal peatland can
be divided into microscale subunits, microsites, according to water table levels and

main vegetation communities (Becker et al. 2008).

To this study, three microsites were selected from both of the sites, representing the
most pronounced microtopographical variation at the sites. At the bog they were hollow
(HO), high lawn (HL) and high hummock (HHU), and at the fen they were hollow
(HO), Carex lawn (CR) and hummock (HU). Hummocks are elevated from their
surroundings and their average water table is over 20 cm below the peat surface
(Saarnio et al. 1997). Lawns are intermediately wet with water table ranging from 5 to
20 cm below the peat surface, and hollows are the wettest with water table level up to 5

cm below the peat surface.

In May, June and July, three different plots per microsite (set of plots) were used for
repetitive samples. In August, all repetitive gas samples were taken from the same set of
plots to enhance the reliability of the isotope samples. In August, also nighttime
measurements for gas samples were conducted, as it represented the largest diurnal
variation in solar radiation and air temperature. Same plots were used than those in the
daytime measurements, but repetitive samples were not collected, as both sites were

sampled during the same night.

3.1. Methane concentration samples

The concentration samples of CH; were gathered with closed chamber method
(e.g. Moore and Knowles. 1990, Nykdnen et al. 1998, Riutta et al. 2007). Opaque
aluminium chambers (60 x 60 x 30 cm) were placed on top of the collars that reached
20-30 cm below the peat surface (Fig. 4). Chambers were sealed from air leaks by
adding water to the grooves in the collars, and at the start of each measurement a rubber
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plug equipped with a tube and a sensor was placed on the hole on top of the chamber.
Chambers were also equipped with battery operated fans to mix the air inside. To
measure the changes in the CH; concentration within the chambers, gas samples were
withdrawn using tubes attached to 60 mL plastic syringes with a three way stopcock
kept open during the measuring period. The samples were drawn at 5, 15, 25 and 35 min
from the enclosure. In June, the measuring period was extended, and a fifth sample was
drawn at 60 min from the enclosure. This was done to ensure a sufficiently high
methane concentration for isotope analyses. For each collection, syringes were flushed
with chamber air before drawing the sample. Collected samples were injected with
excess pressure into 10 mL vacuumed septum sealed glass vials and stored upside down
in refrigerator temperatures. A total of 336 samples were collected, and all the plots per

site were sampled during the same day every month, except in May when bog samples

were collected on consecutive days.

Figure 4. Closed chamber measurement in June, with the required equipment. The plot is Carex lawn

(CR1) on the fen. Right next to the chamber is the pipe used to access pore water.
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3.2. Methane isotope samples

Samples of emitted methane for the isotope analysis were collected at the same time and
in same manner as the CH,4 concentration samples. Septum sealed glass vials used were
either helium flushed or had vacuum inside. In May, the samples were collected at 25
and 35 min from the enclosure to 10 mL vials. In June, samples were collected at 35 and
60 min from the enclosure. In July, samples were collected into 100 mL septum sealed
vials, which is the size required to measure CH, at atmospheric concentrations. These
samples were collected at 5 min and 35 min from the enclosure. In August, isotope
samples were collected in the same way at 5 and 35 min from the enclosure. To fill up
100 mL vials, two 60 mL syringes were joined side by side with three way stopcocks.
Collected samples were stored in refrigerator temperatures before analysis. A total of

156 samples were collected.

3.3. DIC samples

Pore water samples for DIC analysis were collected from plastic pipes adjacent to the
chambers in May, July and August. The pipes had nylon socks as pre-filters and holes
drilled to the collection depth. Samples were withdrawn from a depth of 50 cm with a
plastic tube attached to a 10 mL syringe. The tube had an extra nylon sock filter that
was changed at each different collection site. The pipes were emptied from stagnant
water before samples were withdrawn. The samples were filtered through Acrodisc
0.8/0.2 pm syringe filters and injected to helium flushed, pre-acidified vials that were

stored in refrigerator temperatures before analysis.

Due to a high concentration of organic matter, field fittering proved to be a challenge.
For this reason, repetitive samples were not collected from each set of plots. In May,
two samples were collected from each plot on one set of plots (n = 6). In July one
sample was collected from each plot (n = 9), and in August three samples were
collected from two sets of plots (n = 18/15). In August, at the fen, two of the pipes at

hummocks were dry, and so the samples were drawn only from one pipe.
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3.4. Other measurements

Air temperatures were measured from inside and outside of the chambers, and peat
temperatures were measured at depths of 5, 15 and 30 c¢cm, using the Eutech Instruments
EcoScan Temp JKT. Water table levels were measured close to the chamber locations.
Unlike the chamber measurements, the water table levels were measured from three
different plots per microsite each month, except on the fen, where in August the pipes

used to measure water table levels were dry at the two of the three hummock plots.
Initially, it was also intended to analyse 83Ccns from the pore water samples collected

in the same manner as the §*3Ccoy from the DIC samples. Unfortunately, 813Cea pore

water samples were too small to be analysed.

4. METHODS

4.1. Methane concentration and flux

4.1.1. Physical methods

CH, concentration samples from closed chamber measurements were analysed with gas

autumn of 2015. The used instrument was an Agilent Gas Chromatograph (model
7890A, Agilent Technologies, USA).

4.1.2 CH, flux calculations
CH, flux for each plot was calculated from the mass balance of CH,4 in the chamber air

and a linear regression of the chamber concentration change with time (e.g. Christensen

et al. 2003a). Used equation was:
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Fopa = Ly h, (Eq. 5)

dat

where Fcps is the flux of CHs (mg mht), C is the CH, concentration in the chamber
(mg m®), tis time (h) and h is the height of the chamber (m) (Pihlatie 2007). At least
three samples per measurement were used to create the linear regression, and all
measurements with coefficient of determination (R?) < 0.8 were left out as poor quality
data (Christensen et al. 2003a).

Pearson correlation and least-squares regression analyses were applied to find
relationships between fluxes and measured environmental parameters (water table and

peat temperature).

4.2, Stable isotope analysis of methane

The 83Ccha samples were analysed at the Department of Geosciences and Geography
of the University of Helsinki using a gas chromatography-based continuous-flow
isotope-ratio mass spectrometry (IRMS). The instrument was a Thermo Scientific Delta
Advantage mass spectrometer complemented by a Gas Bench Il and a PreCon,
automated trace gas pre-concentrator. According to the manufacturer, the external
precision for 8*3Cchs results in natural concentration (1.7 ppm / 100 mL) is 0.5 %o
(PreCon operating manual).

The PreCon had been unused for some time and standard operating procedures for it
were not available. As the PreCon was restored to working order (by a professional) at
the end of the summer 2015, all the 5:*Ccna samples were collected before we had a
verification that the PreCon worked reliably. Hence, alterations to measurement
procedures (chamber enclosure length and vial size) during the growing period were
based on estimates.



4.2.1. Setting up the PreCon

Figure 5 shows the schematic of PreCon. Unlike depicted in the figure, the actual
samples were operated manually with a two line needle injected into a septum sealed
vials for continuous sample transfer. The sample containers with manual valves were

used in a few test runs to see if there was a systematic difference between the two types

of sample containers.

manual manual
valve valve

He Sample container
—

chemical trap

:=

//= combustion oven

GasBench Il

trap 3
(automatic)

trap 1

I \\\-/J (manual) I

trap 2
(automatic)

liquid nitrogen liquid nitrogen

Figure 5. Schematic of PreCon (modified from PreCon operating manual). The sample is carried in helium
flow from the sample container. The ascarite chemical trap withholds water and captures approximately
99.99 % of the gas samples CO2. Trap 1 operates manually and is kept down in the liquid nitrogen the
whole time analyses are made. It captures all CO; that escaped the chemical trap. The combustion oven
(1000-1100°C) oxidizes CH4 to CO2 and H20 with 100 % combustion efficiency. Trap 2 is automatic and
the freeze time can be adjusted from user interface. It freezes all the combusted CO, derived from CHa
and forms a sampling loop with the 6-port Valco valve. The Valco valve switches from the load position to
the injectposition. Trap 3 is also automatic and serves as cryofocuser before the sample is transferred to

/12

GasBench Il which is calibrated to analyse *C/**C rations.
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For the test runs, air samples were collected from the lab air. A total of 69 samples were
analysed in the tests. The first half of the tests were made with individual air samples
collected just prior to the analysis, as the air in the lab gave indicative results to adjust
major parameters. The aim was to establish the optimal parameters for the analysis,
mainly adjusting the CO, reference gas for linearity, and tweaking the sample collection
length from the container, to achieve non-fractioning sample collection. It was
also confirmed that the repetitive samples gave 8°Cchs results within the reported

precision.

The reproducibility of the analyses was tested by leaving a group of 100 mL vials open
for the night so the air inside them balanced with the air in the lab. The vials were then
closed simultaneously and analysed. A few samples were purposely stored for longer
periods to test for possible leakages from the containers. The groups yielded 83Ccpa
values of -45.9 + 0.2 for Group 1, -46.5 + 0.2 for Group 2 and -39.0 + 0.3 for Group 3
(Fig. 6). The reproducibility of the analyses is within the limits indicated for the
instrument. The sample collection time for 100 mL vials was set to 800 s, which
resulted good linearity and non-fractioning sample collection. Collection times under
700 s resulted bad linearity and failed to yield repetitive isotope results. For 10 mL
vials, test runs with atmospheric concentrations of CH; were not reliable due to
inadequate sample size. The sample collection time for field samples in a 10 mL volume

was estimated and set to 500 s to ensure non-fractioning sample collection.

As a part of the operation practice, each analysis session was started with an
individually collected air sample, as the early tests indicated low linearity result for the
first analysis of the day. Even though there was a constant flow of helium in the PreCon
system, this wake-up run ensured more reliable results, since it helped to cleanse the

system from any unwanted particles.
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Figure 6. Box plotof 8*Ccua results for three separate groups ofair samples showing minimum, maximum
and median. These groups were analysed after establishing adequate sample collection time of 800 s for
the 100 mL vials. Group 1 (n = 7) and group 2 (n = 6) showed similar 5C values (approx. -46 %o) than
individually collected samples. Two of the samples in group 2 were analysed after a month of storing.
Group 3 (n = 7) gave unexpected but uniform results. The possible source for the Bc-enriched values
could only be guessed, as after few days the measured 5"C values from the lab air were yet again close
to the global atmospheric mean value.

4.2.2 Isotopic analysis of field samples

The Siikaneva samples were analysed using the operation procedures developed during
the test runs. Since the laboratory lacked an industrially produced quality standard to
verify the accuracy of the results, simultaneously collected batches of lab air were used
to monitor reproducibility. Limited by the number of 100 mL vials, three separate
groups of air samples were used as quality standards (Fig. 7). The groups yielded
8'3Ccpa values of -45.1 + 0.2 for Group 1, -45.1 + 0.3 for Group 2 and -43.0 + 0.1 for
Group 3. The variation of the 83Ccus values in the individual groups of the quality

standards remained within the reported precision.
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Figure 7. Box plotof 8"*Ccha results showing minimum, maximum and median for the three groups of air

samples used as a quality standard in the Siikaneva sample analysis. For each group n = 15.

The initial results from the mass spectrometer are given relative to the CO, gas used as
a reference. Since our LIMS (Laboratory information management system) was not
programmed with the required information to report CH, results relative to VPDB, the
conversion from the CO, standard to VPDB was done manually. The isotopic
composition of tank CO, was calculated from previous measurements of a laboratory

carbonate standard with a 523C value of 0.404 %o using Equation 6.

85 _85
8CO2/VPDB — < td /VPDB td/COZ) % 103 (Eq 6)

85t /02 +1000

The 8*3C value of the sample was then calculated from Equation 7.

_ 8 sample/co2 * 8coz/vppB
Ssample vPDB = Ssampiejco2 T Scozvppp T ( 0 (Eg. 7)
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Since the CH,; concentration varied significantly (from 2 ppm to 74 ppm), adjustments
to the flow rate of the CO, reference gas were made prior to every sample analysis.
Partial samples were also drawn from samples with higher CH4 concentration in order
to stay in range of an acceptable linearity. Results with bad linearity were discarded. All
adjustments were estimated based on CH,4 concentration data that was analysed prior to

the isotope samples.
4.2.2 Methane isotope data analysis

The Keeling plot method (e.g. Keeling 1961, Pataki et al. 2003, Sriskantharajah et al.
2012) was used to identify §3Ccpa Source signatures at sites and microsites, by plotting
813C vs. the inverse of the CH4 concentration. The CH4 concentration at the site reflects
the combination of background atmospheric CH; and gas added by the sources, and as
the basis of Keeling plot method is the conservation of mass, the following equations
can be derived (Pataki et al. 2003):

Cqa= ¢ + ¢ (Eq. 8)

§B3C,c, =68Cyc, + 63Cycy, (Eq. 9)

where ¢, is the CH; concentration measured in the chamber, ¢, the background CHy
concentration and ¢s CH,4 concentration added by the source; and 8*3C represents the
carbon isotope ratio of each CH; component. Equation 9 can be expressed in linear form
y =m/x +b:

83C, = ¢,(813C, —813C)) * () + 81°C,, (Eqg. 10)

where the y-intercept is the value of the source signature.

Standard linear regression (least-squares regression or Model | regression) assumes that
that y (here the measured 8'3C) is dependent on x (here the inverse of CHy
concentration) and X is independent and has no errors associated with it. Hence, reduced
major axis regression (a.k.a. standard major axis regression, geometric mean regression

or Model II regression) was applied to the constructed keeling plots, as it assumes that
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both x and y are measured, and both include some error. In the reduced major axis
regression, the slope of the regression line is the geometric mean of the least-squares
regression line of y on x and the least-squares regression line of x on y (e.g. Sokal and
Rohlf 1995). Pearson’s correlation coefficient (R?) was applied to assess the goodness
of the fit.

4.3. DIC analysis

Pore water 3Cpjc samples were analysed from vial head-space using the same isotope
ratio mass spectrometer (Thermo Scientific Delta Advantage, equipped with Gasbench
1) as that used for the 8*3Cchs samples. Analysed together with quality and calibration
standards, the results are presented relative to VPDB. No additional statistical methods
were used to process the DIC data.

4.4. Sources of error and uncertainty

4.4.1. Sampling and storing samples

Much care was taken to minimize errors in field sampling in order to produce accurate
data. Vials and collectors were visibly air tight, minimizing their vulnerability to leaks
that would contaminate or fractionate the samples. The reagents of DIC analysis, in

addition to other vials and collectors, were all of the required purity level.

The storing of isotope samples stretched over intended time span and samples collected
in May were analysed after seven months from collection. Nevertheless, the isotope
results were coherent with the CH,; flux data, and to add to their reliability, the
overpressure injected to the 10 mL vials in sampling was still present in the analysis
phase. The 100 mL vials were never filled with overpressure, but demonstrated the

same coherency in results than the smaller vials.

For the peat temperature measurements, the thermometer in use malfunctioned in July

and some the peat temperatures from both sites were not measured during the chamber
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measurement at the designated plots, but the temperatures were measured within a 24
hour time frame. However, this only should have affected the peat temperatures at the
depth of 5 cm since the temperatures at deeper layers are not so susceptible to short

term variation, and the weather conditions were very similar on consecutive days.

4.4.2. Chamber measurements

Although closed chamber method is widely used in gas flux and isotope measurements,
it has several limitations. Chamber closure can lead to disturbances in the
microenvironment inside the chamber, by changing air pressure, temperature and
diffusion gradient which biases the measured flux compared to ambient conditions
(Davidson et al. 2002). Also, the collars used to seal the chambers from air leaks disturb
the plant communities, as they reach to the root zone, and affect the hydrological flow

in the upper peat layer.

Because the spatial variation in CHs emissions is great at the microsite level,
extrapolating the flux data and the related isotope data to the ecosystem level is hard.
This is especially relevant in this study, as the repetitive August chamber measurements
were conducted at the same set of plots. The inner variability in the August
measurements (Table 1 and 3) highlights these transient changes in flux rates that occur
in the scale of hours. These sudden changes in emissions cannot be measured using the

closed chamber technique conducted with monthly intervals.

4.4.3. Isotope analysis and the Keeling plot method

Analytical results between samples collected in helium flushed vials showed no visible
difference to those collected in vacuumed vials. This was evidenced when creating
partial samples from field samples that were presumed to contain too high CHy4
concentration to direct analysis. The partial samples were all injected to helium flushed
vials whereas field samples were contained in both types of vials. Variation in analysis
results, from the repetitive partial samples, derived only from change in linearity.
However, using partial samples might have resulted in small fractioning effect, since the
partial samples were collected using needles and syringes. Hence, the results of these

partial samples could be slightly more negative than the actual field samples, because
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lighter isotopes move more quickly. It is not clear whether this fractioning effect is
within the precision of the PreCon, as the materials were not sufficient enough to

perform such a thorough testing.

At both sites, using true background values for the atmospheric CH,4 concentration and
isotope composition instead of global means, would likely have resulted in even higher
correlation coefficient values in the Keeling plots. Using the background values
(CHs concentration = 2.06 ppm and 53Cepa = -44.93 %0) of another south boreal
Finnish natural mire (unpubl.data of 1. Forbrich and N.Welti from Dorodnikov et al.

2013), the background values plot much closer to the regression line.

Ideally, Model Il regression (in this case the geometric mean regression) should be
applied to data sets containing over 60 samples, as the confidence intervals are large
when data sets are small (Legendre 2013). However, applying Model | regression to the
data set results in up to 3 %o less negative intercept values with much lower correlation,
and thus does not produce as good fit. Pataki et al. (2003) reported a similar bias in the

intercept values between the two regression methods.

5. RESULTS

5.1. Methane flux results
5.1.1. Bog

Throughout the growing period, all samples had positive CH4 flux values. The mean of
the emissions was the highest on hollows (136151 mg m?d™) and the lowest on
hummocks (53-93 mg m2d!). The results of the CH,4 flux measurements are in Table 1
represented by two values; the first values are the results from May to July, and the
values in parenthesis are the results from May to August, also including the non-
repetitive night measurements. Since all the three repetitive daytime measurements in

August were sampled from one set of microsites, the results do not represent the
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microsite types comprehensively and thus are reported separately. The total emission

for the growing period at the measured plots was 108-113 mg md™.

In May, June and July, the emissions rates decreased in the order hollow > high lawn >
high hummock (Table 2 /Appendix 3). On hollows (4.9-8.0 mg m2h!) and high lawns
(4.4-5.4 mg m?h?!) the emissions were significantly greater than those on high
hummocks (2.1-2.8 mg m?hY). In August, the mean CH; flux was highest on the
sampled hummock (7.67 mg m2ht), and the hollow (3.89 mg m2h™) and the high lawn
(3.30 mg m*h!) had much smaller fluxes. The nighttime measurement showed similar
results, but the difference between the flux from the high hummock and the hollow/high

lawn was less than that in the daytime measurements.

Table 1. Mean, standard deviation, minimum and maximum of methane fluxes from different microsites
from May to July, and the total mean flux for the ombrotrophic bog based on sampled plots. The values in
parenthesisinclude measurements from August, which do notrepresentthe microsite types as effectively

as the measurements from Mayto July.

CH, flux (mg m*d™)

Mean SD Min Max n
Microsite
HO 151 (136) 63 (71) 34 (28) 209 (209) 8 (12)
HL 118 (110) 58 (57) 40 (22) 249 (249) 9 (13)
HHU 53 (93) 26 (66) 14 (14) 84 (209) 9 (13)
Total: 108 (113) 27 (35)

n denotes the number of closed chamber measurements that yielded results in flux calculations

During the growing period, the peat temperatures ranged from 11.0 to 18.4 °C
(depth of 5 cm), 9.9 to 17.9 °C (15 cm), and 8.7 to 18.9 °C (30 cm). At each depth, only

limited variation could be observed between microsites (Table 2).

Water table levels at the microsites varied very little during the growing period. The
average water table levels were highest on hollows (+4 cm), intermediate on high lawns
(-10 cm), and lowest on high hummocks (-19 c¢cm) (Table 3). The monthly variations in

water table levels are presented at Figure 8.



30

Table 2. Monthly flux measurements and environmental parameters ateach microsite on the bog: average

flux, average water table position and average peat temperature at different depths. For August, the water

table levels shown here are only from the sampled plots, as they are related to the measured flux.

Month
May

June

July

August

August
night

Microsite

HO
HL
HHU
HO
HL
HHU
HO
HL
HHU
HO
HL
HHU
HO
HL
HHU

Flux WT __ T(C) TCC) TCC)
(mg m?h?) (cm) 5cm 15 cm 30 cm
4.9 2.3 11.3 9.9 9.3
4.4 -11.3 114 9.9 8.8
2.2 -21.3 11.0 9.5 8.7
55 6.7 17.7 15.7 14.6
4.8 -10.7 184 15.9 14.3
15 -22.0 18.0 15.7 14.0
8.0 2.7 154 14.9 15.1
5.5 -9.3 15.6 14.9 14.6
2.9 -18.7 14.6 14.3 14.6
3.9 3.0 14.3 12.9 13.1
3.3 -7.0 14.8 14.8 14.9
1.7 -15.0 14.1 14.3 14.9
5.6 3.0 15.1 16.1 15.1
55 -7.0 14.1 14.3 16.2
7.3 -15.0 18.1 17.9 18.9

Table 3. Mean, standard deviation, minimum and maximum of water table levels at each microsite on the

bog from May to August. Negative values are below and positive above the peat surface.

Water table (cm)

Min Max n
Microsite
HO -1 10 12
HL -14 -7 12
HHU -26 -13 12
Total: 36
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n denotes the number of measurement times
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Figure 8. Monthly changes in water table levels at each microsite on the bog.

5.1.2. Fen

Throughout the growing period, all samples from the hollows and lawns had positive
mean CH; flux values ranging from 52 to 160 mg m?2d™. In July and August, some
hummocks had negative flux rates ranging from -13 to -3 mg md™. The CH,4 emissions
were the highest on hollows and the lowest on hummocks. The mean CH,; fluxes are
represented by two values in Table 4; the first values are the results from May to July,
and the values in parenthesis are the results from May to August, also including the
non-repetitive night measurements. Three chamber measurements from the hummocks
were discarded as poor quality of data, because calculating the flux was impossible.
Without the data from August, the mean CH; flux from Carex lawns is less than the

mean flux from hummocks.



32

Table 4. Mean, standard deviation, minimum and maximum of methane fluxes from different microsites
from May to July, and the total mean flux of the minerotrophic fen. The values in parenthesis include
measurements from August, which do not represent the microsite types as effectively as the

measurements from May to July.

CHy flux (mg m~d™)

Mean SD Min Max n
Microsite
HO 97 (160) 54 (117) 38 (38) 189 (417) 9 (13)
CR 52 (78) 17 (86) 23 (23) 78 (359) 9(13)
HU 67 (58) 149 (126) -3 (-13) 371 (371) 6 (9)
Total: 72 (99) 24 (35)

n denotes the number of closed chamber measurements that yielded results in flux calculations

In May, the highest flux was from the hummocks (7.8 mg m?h?), and the fluxes from
the hollows (2.5 mg m?h?) and Carex lawns (1.4 mg m*h™) were significantly less
(Table 5). From June to August, the mean emission rates decreased in the order of
hollows > Carex lawns > hummocks. The average flux ranged from 3.1 to 13.7 mg
m?h™ on the hollows, from 2.2 to 15.0 mg mh™* on Carex lawns, and from -0.4 t0 5.9

mg m2ht on the hummocks.

During the growing period, the peat temperatures ranged from 6.3 to 26.2 °C (depth of
5cm), 7.6 to 17.4 °C (15 cm), and 10.2 to 15.8 °C (30 cm). At each depth, only limited

variation could be observed between microsites (Table 5).

Water table levels at the microsites varied very little during the growing period. The
average water table levels were highest on hollows (-10 cm), intermediate on high
lawns (-12 cm), and lowest on high hummocks (-29 cm) (Table 6). Measured water
table levels from the hollows and Carex lawns owverlap each other, because the
microsite’s differentiation is mainly derived from dominating plant communities.  The

monthly variations in water table levels are presented in Figure 9.
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Table 5. Monthly flux measurements and environmental parameters ateach microsite on the fen: average

flux, average water table position and average peat temperature atdifferent depths. For August, the water

table levels shown here are only from the sampled plots, as they are related to the measured flux.

Month
May

June

July

August

August
night

Flux WT __ T(°C) TCC) TCC)
(mg m?h?) (cm) 5cm 15 cm 30 cm

Microsite
HO 2.5 -9.3 12.4 11.3 10.2
CR 14 -12.3 13.0 12.1 10.6
HU 7.8 -27.0 14.0 12.8 11.9
HO 3.1 -9.0 17.0 16.4 14.4
CR 2.6 -12.7 16.6 16.6 14.7
HU 0.9 -26.0 17.6 15.7 15.5
HO 6.9 =17 19.6 174 154
CR 2.2 -10.0 19.2 17.4 154
HU 0.1 -25.3 19.3 17.4 15.8
HO 12.2 -13.0 19.5 15.3 15.6
CR 3.0 -14.0 18.2 15.0 14.5
HU -0.4 -37.0 26.2 155 145
HO 13.7 -13.0 13.1 15.4 14.8
CR 15.0 -14.0 6.3 7.6 154
HU 5.9 -37.0 10.0 10.7 10.3
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Table 6. Mean, standard deviation, minimum and maximum of water table levels at each microsite from

May to August at the fen. Negative water table levels are below the peat surface.

Water table (cm)

Mean SD Min Max n
Microsite
HO -10 3 -13 -6 10
CR -12 3 -16 -7 10
HU -29 7 -37 -18 8
Total: 29

n denotes the number of measurement times

Water table (cm)
AR
()]

20 -

25 -

30 -

-35 -
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Figure 9. Monthly changes in water table levels at each microsite on the fen.
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5.2. Isotope results of emitted methane

5.2.1 Bog

The 8*3Ccna results of the emitted methane ranged from -71.5 to -52.2 %o (Table 7).
During the growing period, the mean &3Ccns Source signatures from CH, emissions
were more negative at the hollows (-67.4 %) and high lawns (-66.4 %) than at the
hummocks (-63.4 %o), and the mean source signature for the site was -66.0 %o. The
correlation coefficient was the lowest at high hummocks with R> = 0.59, and the highest
at high lawns with R?> = 0.79. The Keeling plots showing the source signature at each
microsite from May to August, are presented in Figure 10. The used background values
of CH,; concentration and &°Ccus are the global means (ccis = 1.8 ppm and
83Ccha = -47.4 %o). The Keeling plot for the site is at Appendix 2.

Table 7. Mean 5*C source signature of each microsite from May to Augustat the bog. Source signature is
the interceptof y-axis in the Keeling plotgeometric mean regression. The uncertainty is the standard error
in the intercept. R?is the correlation coefficient between CH4 concentration and 5*C.

8-°C source signature

31°C (%o) + (%o) R* range (%o) n
Microsite
HO -67.4 11 0.76 -70.6 t0 -55.2 23
HL -66.4 0.8 0.79 -71.51t0 -57.6 22
HHU -63.4 15 0.59 -69.2 t0 -52.2 23
tot: -66.0 0.7 0.70 68

n denotes the number of successful §7°C analysis
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Figure 10. Keeling plots showing the mean source signature (y-axis intercept) of CH4 on each microsite

from May to August at the bog. Filled circles represents the background values.
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The monthly variations in mean &3C source signatures at the site were from -67.7 to
-62.6 %o being most negative in July (Table 8a). The correlation coefficient was lowest
(R? = 0.6) in August, though all the samples were drawn from the same set of plots. The
highest correlation was in May (R*> = 0.82), not including the non-repetitive night
samples. Table 8b shows the 53C source signature for each microsite from May to
August. At all microsites, the 5*3C was most negative in July and least negative in May.
In August, only hummock showed diurnal variation beyond margin of error, but is

based on one sample only and thus not reliable.

Table 8. a) Mean 5%C source signature of ombrotrophic bog from May to August. Source signature is the
intercept of y-axis in the Keeling plot linear regression. The uncertainty is the standard error in the
intercept. R?is the correlation coefficientbetween CHa concentration and 3*°C. b) 8**C source signature of

each microsite from May to August.

a) Source signature per month

57°C (%o) + (%o) R* range (%o) n
Month
May -62.6 1.1 0.82 -64.1 to -53.2 15
June -66.0 1.3 0.75 -71.0t0 -53.5 18
July -67.7 1.7 0.74 -71.51t0-54.2 13
August -64.6 1.6 0.63 -69.6 to -52.2 17
August night -67.5 1.3 0.95 -69.7 t0 -62.3 5
tot: -66.0 0.7 0.70 69
b) Source signature per month per microsite
Microsite HO HL HHU
Month 37°C (%) *+ (%o) 31°C (%) =+ (%o) 37°C (%o) * (%o)
May -62.1 1.2 -63.9 0.5 -58.9 1.8
June -67.0 1.9 -67.2 1.4 -59.2 1.1
July -70.0 0.7 -67.0 2.5 -64.6 3.4
August -64.6 2.6 -65.7 1.9 -61.7 2.7
August night -69.4 1.7 -64.5 0.7 -68.9 -

n denotes the number of successful §*°C analysis
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5.2.2. Fen

During the growing period, the mean 8*3Ccps Source signature was more negative at the
hollows (-64.5 %o) and Carex lawns (-64.1%o) than at the hummocks (-62.9 %), though
the difference is within the margin of error (Table 9). The mean source signature of the
site was -63.2 %o. The correlation coefficient of the Keeling plot varied from 0.7 to 0.8.
The Keeling plots showing the source signature at each microsite from May to August
are presented in Figure 11, and the used background values of CH,; concentration and
8*3Ccna are the global means (Ccns = 1.8 ppm and 8*3Ccps = -47.4 %o). The Keeling plot
for the site is at Appendix 2.

Table 9. Mean 5*C source signature on each microsite from May to August at the fen. Source signhature is
the intercept of y-axis in the Keeling plot linear regression. The uncertainty is the standard error in the
intercept. R?is the correlation coefficient between CH4 concentration and 5C.

8"°C source signature

51°C (%o) + (%o) R° range (%o) n
Microsite
HO -64.5 1.0 0.76 -69.6t0-51.1 23
CR -64.1 1.6 0.66 -70.0t0-48.1 23
HU -62.9 1.8 0.78 -66.4t0-44.8 22
tot: -63.2 0.8 0.77 68

n denotes the number of successful §°C analysis
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Figure 11. Keeling plots showing the mean source signature (y-axis intercept) of CH4 at each microsite

from May to August. Filled circles represents the background values.
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The monthly variations in the mean §'3C source signatures at the site ranged from -67.6
to -60.13 %o (Table 10a). The correlation coefficient was the lowest (R> = 0.6) in
August, owing to the very low correlation at the hummocks (R* = 0.15) (Appendix 3),
because the CH,; concentration levels in the some chambers did not change distinctively
from the atmospheric background level. All results from hummocks are still included,
though differentiating source signature from ambient atmospheric 5*Ccua could be
impossible, in cases of very low flux rate (Dorodnikov et al. 2012). Table 10b shows the

813C source signature for each microsite from May to August.

Table 10. a) Mean 5"C source signature ofthe minerotrophic fen from Mayto August. Source signature is
the intercept of y-axis in the Keeling plot linear regression. The uncertainty is the standard error in the
intercept. R?is the correlation coefficientbetween CHa concentration and 3*°C. b) 8**C source signature of

each microsite from May to August.

a) Source signature per month

57°C (%o) * (%o) R? range (%o) n
Month
May -61.3 1.6 0.77 -66.4 t0 -48.9 14
June -63.8 1.0 0.88 -67.0t0 -49.5 18
July -65.7 1.0 0.97 -69.6 to -44.8 14
August -60.1 1.8 0.61 -62.310-45.5 16
August night -67.6 1.0 0.96 -70.0 to -64.0 6
tot: -63.2 0.8 0.77 68
b) Source signature per month per microsite
Microsite HO CR HU
Month 31°C (%o) = (%o) 87°C (%0) * (%o) 57°C (%0)  * (%o)
May -60.3 2.4 -59.8 2.1 -64.8 4.1
June -64.8 1.3 -63.1 1.7 -58.8 2.1
July -68.3 1.7 -63.4 0.9 -61.9 4.8
August -61.3 0.8 -55.1 2.2 -60.2 7.9
August night -65.9 1.5 -69.9 0.9 -66.8 1.2

n denotes the number of successful §-°C analysis
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5.3 The isotopes of DIC
5.3.1 Bog

The pore water 53Cpic samples collected at the depth of 50 cm varied during the
growing period (Table 11), and ranged from -4.1 to 3.6 %o. In May the mean 8*3Cp,c
was from -4.1 to 1.8 %o, in July from -0.7 to 1.7 %o, and in August from -1.1 to 3.0 %eo.
At hollows, 8"*Cpc values were positive each month ranging from 0.6 to 3.0 %o. At the
hummocks, 8*3C values were always negative ranging from -4.1 to -0.7 %o. The mean
813Cpc for the site ranged from -1.5 %o in May to 1.3 %o in August.

Table 11. Mean, standard deviation, minimum and maximum of8¥Cpic from differentmicrosites and per

site,in May, July and August at the bog.

8"°Cpic per month per microsite

Microsite Mean (%o) SD Min (%o) Max (%o) n
May
HO 1.8 0.0 1.7 1.8 2
HL -2.2 0.0 -2.2 -2.2 2
HHU -4.1 0.0 -4.1 -4.1 2
tot: -15 6
July
HO 0.6 0.6 0.2 1.2 3
HL 1.7 0.0 1.7 1.7 3
HHU -0.7 0.2 -0.9 -0.4 3
tot: 0.5 9
August
HO 3.0 0.5 2.4 3.6 6
HL 2.0 0.3 1.6 2.4 6
HHU -1.1 0.7 -1.8 -04 6

tot: 1.3 18
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5.3.2. Fen

The pore water §23Cp,c samples collected at the depth of 50 cm varied greatly during the
growing period, and all the values were negative (Table 12). In May the mean 63Cpc
was from -18.5 t0 -4.5 %o, in July from -9.9 to -3.9 %o, and in August from -7.9 to -0.4
%o. Each month, the 8*C was the most negative at different microsite. The monthly
mean for the site was the most negative in May (-12.6 %o) and the least negative in
August (-3.7 %o).

Table 12. Mean, standard deviation, minimum and maximum of 8*Cpc from differentmicrosites and per

site,in May, July and August at the fen.

8"°Cpic per month per microsite

Microsite Mean (%o) SD Min (%) Max (%o) n
May

HO -18.5 0.2 -18.7 -18.4 2

CR -14.8 0.6 -15.2 -14.4 2

HU -4.5 0.1 -4.6 -4.4 2

tot: -12.6 6

July

HO -3.9 1.6 -6.0 -3.0 3

CR -7.0 0.9 -10.0 -7.4 3

HU -9.9 0.4 -10.1 -2.9 3

tot: -6.9 9
August

HO -0.4 0.2 -0.8 -0.1 6

CR -7.9 0.3 -8.2 -7.5 6

HU -1.8 0.1 -1.9 -1.7 3

tot: -3.7 15
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6. DISCUSSION

6.1. Effect of microtopography on methane emissions

6.1.1. Bog

On the bog, all microsites acted as sources of atmospheric methane during the growing
period. The average rate of emitted CH, was affected by microtopography, as the
highest flux was from water-saturated hollows, and the lowest flux was from elevated
hummocks (Table 1). All sampled microsite types showed temporal and spatial

variation.

At each microsite, the water table levels had distinctive values which varied only little
on a monthly scale (Fig. 8). Despite the site’s pronounced microtopography, the
monthly mean CH, emissions do not show correlation to the average water table
position (Fig. 12). Even without the less presentative August measurements, the flux
rates from hollows and lawns are too concurrent to show correlation with water table
levels, though high hummocks then display significantly lower flux rates compared to
hollows and high lawns (Fig. 13). This indicates that the water table position, and
therefore the thickness of the oxidation zone, is not a controlling factor to the large scale
summer time CH; emission at the site, though it can override other factors by

contributing to the smaller scale variations especially at elevated hummocks.

Many other studies have shown the water table position to be the main controlling
factor of CH; emissions at northern peatlands (e.g. Bubier et al. 1995, MacDonald
et al. 1998, Dorodnikov et al. 2013). However, Christensen et al. (2003a) identify water
table position around or above -10 cm to be sort of a threshold, as other processes take

over the control on larger scale variability at these relatively wetter sites.
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Figure 12. The monthly CH4 fluxes of each microsite atthe bog relative to the average watertable position.

The water table level rose from July to August, though August 2015 received so little
precipitation compared to a 30-yr monthly average (Fig. 3 and 8). As the bog is not
connected to the surrounding groundwater system, the water table levels are
independent from changes in groundwater levels which are affected by the amount of
rainfall in the catchment area. It is also noteworthy that the water table position does not
change in concert with between the microsites, as June displays the maximum and
August the minimum of differences between measured water table levels. A monthly
interval in measurements is not sufficient to make conclusions about the driving
mechanism behind this pattern if there is such. Uljas (2015) reported water table
position data from the same measurement site from the growing periods of 2012 and
2013. The data showed significant (approx. + 4 cm) variation on a shorter time scale at

each microsite, but the changes were concurrent with one another.

Figure 13 displays the monthly variation in the CH, fluxes, and the peat temperatures at
the depths of 5, 15 and 30 cm. At the depth of 30 cm, the temperatures are least

susceptible to diurnal air temperature variations and follow the changes of the average
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monthly air temperatures (Fig. 2). At none of the microsites, the CH, fluxes show direct
correlation to the peat temperatures, though the mean CH4 flux rate and temperature
both rose till high summer. On a monthly scale, the hollows and the high lawns showed
growing trend in CH; emissions from May to July, and the emissions from the
hummocks were significantly lower. This changed in August as the highest emission
was at the hummock, and emissions at hollow and lawn dropped to their lowest values
during the measurement period. Aside not being as representable as other months, the
August emissions at hollow and lawn could result from changes in net ecosystem
production (NEP) and labile substrate availability owing to the growing period
evolutions in plant communities. Uljas (2015) reported NEP results from the same study
site, which show a declining trend towards the end of the growing period, as the
vegetation start to senesce and the plant productivity goes down. At hummocks, it is
possible that the growth and development of vascular plants towards end-of-season is

responsible of increase in their CH4 emissions (Heikkinen et al. 2002).
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Figure 13. Monthly variation in CHa4 flux at each microsite ofthe bog, and peat temperature changes atthe

depths of 5, 15 and 30 cm. Results from Augustnighttime measurements are included with dashed lines.
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In August, the nighttime emissions were clearly higher at hollow and lawn than during
the day. This is most likely due to the complex role of plants in the production and
transport of CH, in the peat. E.g. the lack of photosynthesis in upper biomass during
nighttime combined to anaerobic plant respiration typical to certain vegetation
communities that produces methane (Clymo 1984).

6.1.2. Fen

On the fen, the microtopography is less pronounced than at the bog. During the growing
period, the highest emissions were from hollows and the lowest from hummocks
(including the August results) and the site acted as a source of atmospheric methane.
The flux was negative at one plot of hummocks in July and at each hummock sampled
in August, and these plots acted as sinks of methane. Observed flux rates are consistent
with other studies (e.g. Moore and Knowles 1990, Rinne et al. 2007, Riutta et al. 2007).
Riutta et al. conducted chamber measurements at the same site and observed similar
fluxes from all microsites. However, their study had three different types of lawns
(Carex rostrate, C. lasiocarpa and Eriophorum vaginatum) from which Carex
lasiocarpa demonstrated almost as high a flux as that at hollows, indicating large

variations between different types of lawn surfaces.

The difference between water table position at the hollows and Carex lawns is only few
centimeters, as the microsite types are mostly differentiated by the dominating
vegetation. Water table levels did not show correlation with the CH,4 flux rates, probably
because the variation in the monthly flux rates was significant (Fig. 14). From May to
July, changes in the mean water table levels were very small. In August, the water table
levels reflected the areas low precipitation, especially at the hummocks (Fig. 9). All the
monthly changes were aligned with one another, as the changes in water table levels
were consistent within the microsites. This indicates that the water table levels were

independent from vegetation type at each microsite.
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Figure 14. The monthly CH4 fluxes of each microsite atthe fen relative to the average water table position.

Figure 15 displays monthly changes in the CH,; fluxes, and the peat temperatures at the
depths of 5, 15 and 30 cm. At all microsites, the peat temperatures at the depth of 5 cm
were measured above water table level, and thus very susceptible to diurnal temperature
variations. Only emissions at the hollows showed dependence on the peat temperature at
the depth of 5 c¢cm, whereas the mean emissions from the Carex lawns and hummocks
had more narrow scale variation. In May, the hummocks are an exception, as the mean
emission is much higher than encountered in other months. However, the mean was
derived from two chamber measurements which displayed highly different CH4 fluxes,
0.1 and 15.4 mg m?h™* (Appendix 3). The higher flux is most likely due to ebullition,
which is unaffected by the methanotrophs’ oxidation. Rinne et al. (2007) found no
dependence between CH,; emissions and peat temperature, during the high and late
summer at the Siikaneva fen, possibly owing to the limited substrate availability
(Chasar et al. 2000a).
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In August, there was a huge difference in daytime and nighttime emissions, especially at
Carex lawn and hummock. This was most likely due to the relatively large temporal
variation in the emissions recorded at the site. In the eddy covariance measurements,
systematic diurnal variation was not found from the CH,; emissions (Rinne et al. 2007).
However, Mikkeld et al. (1995) reported from another boreal mire site a significant
diurnal variation in CH4 emissions during periods of high variation in solar radiation
and peat temperature. They measured nighttime emissions to be 2-3 times higher than
daytime emissions at drier plant communities, likely owing to the inhibition of CH,4
oxidation in the aerobic zone and the changes in substrate availability in the anaerobic

zone. In their study, a similar trend was not found at wetter sites.
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Figure 15. Monthly variationin CH4 flux at each microsite ofthe fen, and peat temperature changes atthe

depths of 5, 15 and 30 cm. Results from nighttime measurements are included with dashed lines.
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6.2.3. Source of methane, sink of carbon

The total summertime emission from the bog was on average 110 mg m2d™* (Table 1).
In general, bogs have been reported to have lower emissions than fens (Brown 1998). In
Siikaneva, the summertime emissions showed an opposite trend, as at the fen the total
summertime emission was on average 85 mg m2d* (Table 4). This is consistent with
eddy covariance measurements made at the same site by Rinne et al. (2007). They
reported a summertime mean emission of 84 mg m2d. The higher emissions from the
bog can be the result from high spatial variation between and within peatland
ecosystems, as only three different (most microtopographically apart) microsites were
selected to this study instead of all seven microsite types available at the site. According
to Nykanen et al. (1998), the peatlands in southern and middle boreal Finland depict
higher CH4 emissions than the northern peatlands in general, possible related to higher
mean temperatures in northern Europe owing to the Gulf Stream.

Combining the flux data of this study to net carbo exchange (NEE) values of other
studies (Aurela et al. 2007, Riutta et al. 2007, Uljas 2015) it seems that both the
Siikaneva bog and fen are sinks of carbon during the growing period, as both sites act
mainly as sinks of CO, and the emission levels of CH, release less carbon than what is
accumulated. It is still unclear, if the Siikaneva mire complex is a carbon sink
throughout the year, because comprehensive all year CH4 emission data have not been
published yet. The fen is a source of CH, throughout the year with an annual emission
of 126 g m? (Rinne et al. 2007), and the annual uptake of CO, is approx.
200 g m? (Aurela et al. 2007). Typically, Finnish mires are sinks of carbon (Minkkinen
et al. 2002) at the current climate state, but a big open question is what happens when
the climate changes. Identifying large (ecosystem) scale controlling factors on CHy
emissions is hard. Christensen et al. (2003a) reported that temperature and microbial
substrate availability would best explain the large scale variations in the annual mean
CH, emissions, and Nyké&nen et al. (1998) observed that if the northern climate would
be drying, lowering water table levels would have reducing impact on CH4 emissions at
natural mires sites. However, changing climate would cause changes in vegetation
communities at an ecosystem scale, and different types of plant communities contribute

to carbon balance in various ways (Riutta etal. 2007).
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6.3. Isotopic evidence on methane production, transport and oxidation

All the isotope results of this study were in line with the average 5*°C value of the
biogenic methane emitted from northern peatlands. As expected in the study hypothesis
and shown in Figure 16, at the bog the CH4 emitted from the hollows and lawns showed
more negative 8'3C values than those from the elevated hummocks. This can be
understood, as the key zone to methanogenesis is in the shallow depths of the water
saturated layers of peat and there is less exposure to methane-oxidizing bacteria
(Whiticar 1999). At the fen, the difference variation of 5'3C between microsites was less
systematic than at the bog (Figure 17). This was most likely due to higher plant
productivity and different vegetation composition (more arenchymous vascular plants)
at the fen compared to that at the bog. Dorodnikov et al. (2013) reported insignificant
differences between 8*3C of emitted CH4 from hollows and lawns at another boreal mire
site in Finland. However, their study did not include the 8'3C of emitted CH, from
hummocks due to the low flux rates, which made differentiating the source signature
from ambient the atmospheric CH, concentration unreliable.

In general, higher flux rates lead to signatures more depleted in **C (Appendix 1).
However, this is controversial to many other studies (e.g. Chanton et al. 1995, Bellisario
et al. 1999, Hornibrook and Bowes 2007), as they observed enriched ‘3C source
signatures produced (likely via acetate fermentation pathway) at sites with high CHy
fluxes owing to the abundance of organic material prompting CH4; emissions. This
indicates that the differences in vegetation communities (and thus in microtopography)
have an impact on CH, emissions without altering the 53C values of the flux, as most
of the emitted methane is diffused through aerenchymatous tissue (Bowes and
Hornibrook 2006). However, it is noteworthy that these other studies all encountered
higher flux rates emitted from fens, and they all were conducted at sites located in other

parts of northern peatlands than boreal Scandinavia.
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Figure 16. Monthly changes inisotopic composition of emitted CHsand pore water DIC at the bog.
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At both sites, variations in 83C at a monthly scale followed same pattern, as almost
every microsite had the most negative 8*°C in July. The observed variation in 5**C does
correlate with alleged plant productivity during the growing period. Bellisario et al.
(1999) did not observe any seasonal trend in 8'°C values. However, their isotope

samples were from the pore water and not from emission.

Part of the study hypothesis was that the methane production pathway would be
different at the bog than at the fen, as the fen is more nutrient rich and should have more
acetoclastic fermentation. Hence, it was expected that the isotope values would be more
negative at the bog than at the fen. Results were consistent with the study hypothesis,
and this indicates that the level of acetate fermentation is higher at the fen than at the
bog. The average difference in 8*3C between the sites was around 3 %o, which is much
less than in other studies that compare the isotope composition of CH; from
ombrotrophic bogs and minerotrophic fens. This is most likely due to the higher fluxes
observed from the bog than from the fen. Also, the methane production pathways are
driven by pH by inhibiting acetate utilization (Chanton et al. 2005) and the fen is quite
acidic compared to pH range of fens in general, and there is no significant pH difference
between the sites. Hornibrook (2009) gathered extensive data from several studies to his
review and observed a significant depletion of 3C in the CH4 emission isotopes values
collected from bogs (-749 <+ 98 %) compared to those from fens
(-64.8 £ 4.0 %o). The review included samples collected from emission and pore water,
and pore water samples showed an opposite trend compared to emissions, as more

enriched 8'°C values were observed from bogs.

Without the pore water samples of CH, from the study sites, it is unconvincing to draw
conclusions of the CH, production pathways, as the concentration and the isotopic
composition of CH; changes in the vertical peat profile. As oxidation and acetate
fermentation is largest in the upper part of the peat profile, pore water samples collected
from this depth show significant increase in the &'°C values compared to those
measured from emissions (Chanton et al. 2005, Dorodnikov et al. 2013). Dorodnikov et
al. observed that the isotopic composition of CH, in emission did not show significant
difference to 8*°C values at the depth of 1 m and deeper depths. This however does not
conclusively mean that the at the deeper layers CH4 production is more driven by the
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CO, reduction pathway, as the enrichment in the upper peat layer could be the result

either from oxidation or acetate fermentation.

6.4. DIC as an additional tool to identify CH,4 production pathways

At the pH range of the Siikaneva bog and fen, the major DIC species is dissolved CO,
(Clark and Fritz 1997). DIC and DOC (dissolved organic carbon) are important
components to determine the total C budget of the peatland ecosystem, as GHG
(greenhouse gas) does not include them, and the GHG can differ substantially from the
total C budget (Drewer et al. 2010). As the methane production pathway has an effect
on the isotopic composition of CHy, it also affects the evolution of DIC. An increase in
8"3Ccha leads to a decrease in 8**Cpyc (Clark and Fritz 1997) and it is shown in Figures
16 and 17. The enrichment effect is not uniform and gives both methane production
pathways distinctive fractioning factors between the two carbon compounds. For CO,
reduction the fractioning factor a**Ccna.coz is empirically shown to be less than 0.935
and to acetate fermentation usually over 0.95 (Whiticar et al. 1986, Lansdown et al.
1992, Clark and Fritz 1997). Fractioning factors in between usually indicate combined
production pathways.

Table 13 shows the fractioning factors o*Ccpa.coz for each microsite per month. At the
most microsites, ruling production pathway cannot be clearly identified. However, the
bog shows more tendencies to CO, reduction and the fen to acetate fermentation. Since
this study did not contain pore water samples of 8*Ccnas from the same depth than the
DIC samples were collected, the data cannot be used to identify methane production
pathways with certainty by calculating fractioning factors. Nevertheless, some
interpretation can still be made, as other studies indicate that the emitted methane has
similar isotopic composition than CH, at the depth of 1 m (Dorodnikov et al. 2013) and
the isotopic composition of DIC does not change significantly between 0.5-1.0 m
(Chasar etal. 2000Db).
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Table 13. Fractioning factors a”*Cchacoz to determine methane production pathways at each sampled

microsite.
a°Cca-coz/ Bog a°Ccpa-coz/ Fen
HO HL HHU HO CR HHU
May 0.94 0.94 0.94 May 0.96 0.95 0.94
July 0.93 0.93 0.93 July 0.94 0.94 0.95
August 0.94 0.93 0.94 August 0.94 0.95 0.94

83Cpic is significantly more negative at the fen than at the bog owing to the differences
in nutrient status, pH, vegetation, and thus higher amount of acetate fermentation. In
May, the 8*3Cp)c from hollows and Carex lawns was close to the isotopic composition
of groundwater and precipitation in Finland (Kortelainen 2007), indicating that there
was less methanogenesis in the Dbeginning of the growing period. The difference
between microsites is widest at early in the growing season and narrows down towards
end of the season, and the monthly variation at the fen is more drastic than at the bog.
Chasar et al. (2000b) reported same magnitude difference between bog and fen, at the
depth of 0.5 m, at Minnesota peatland in July that this data showed in May.

At the bog the mean DIC values showed enrichment of approx. 3 %o during the growing
period and at the fen the enrichment was approx. 9 %.. Enrichment during the growing
period can be explained with development of vascular plants, as growing plant
production favours lighter isotopes and heavier isotopes are dissolved to pore water in
greater portion. The higher variation at the fen could be derived from low substrate
availability in high and late summer, supporting the independence of CH; emissions
from peat temperature.

At both sites, the DIC values showed also a significant variation between microsites. At
the bog, the trend of most negative 6*3C values at hummocks is obvious, which is
derived from the level of CH; oxidations as it shows as depletion in 5Cpic values
(Barker and Fritz 1981). At the fen, DIC shows less dependency on microtopography,
as each month a different microsite depicts most negative value. The mean DIC values

from microsites shows most enriched §*3C from hummocks, which is opposite to the
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bog, owing to the emphasized role of produced CH,; gas bypassing oxidation via

vascular plants.

7. CONCLUSION

The results from the Siikaneva bog and fen indicate complex interactions in methane
production, transport and oxidation, resulting in high spatial and temporal variations
both within and between peatland ecosystems. With this in mind, the following

concluding remarks can be drawn.

At Siikaneva, the bog and the fen act mainly as sources of atmospheric methane during
the growing period. Only the hummocks on the fen (at the end of the summer) display
high enough oxidation to act as sinks of atmospheric methane. Total summertime CHy
emissions were measured to be marginally greater for the bog than those for the fen, in

contrast to general observations.

Different microsite types affect CH, emission rates and have separable effects on the
isotope composition of carbon in the emitted CH, and pore water DIC. For the flux,
hummocks display lower rates than hollows, but lawns are not distinguished clearly
from the other microsites. The differences between microsites are more concordant with
microtopography on the bog than on the fen. Hence, microtopography only seems to
function as an indicator of flux within a more homogenous ecosystem and prefers
distinctive variation in elevation. CH; emissions do not show large scale correlation

with water table position or peat temperature.

The isotopic composition of emitted methane is more negative at the bog than at the fen.
However, the difference in the 5'3Ccns values between the bog and the fen is more
subtle and less indicative than anticipated in the hypothesis. On the bog,
microtopography affects the isotopic composition of emitted CH, and pore water DIC,
as hummocks have more enriched *Ccns and depleted **Cpyc values than hollows and
lawns. On the fen, 8Cchs and & 3Cpic values are less systematically affected by
microtopography. The mean of **Cp,c enriched towards the end of the summer, and the
enrichment was more pronounced on the fen, likely due to the increased rate of
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methanogenesis via acetate fermentation pathway. Methane production pathway is not
unambiguous, as methane is produced via two pathways, but the results suggest that the

bog has more CO, reduction than the fen.

The 83Ccus values from the emissions alone are not sufficient to identify the
methanogenic pathway of CH,; production with certainty. In order to draw conclusions
of production pathways, pore water isotope samples for 5:3Cpic and 8'3Ccpg analyses
should be drawn from multiple depths to demonstrate the vertical changes in isotope
composition at different layers of peat, and to distinguish seasonal patterns at different

microsites.
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Appendix 1. Average fluxes in relation to average 5"Ccha values at both sites.
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Appendix 2. The Keeling plots for both sites depicting all isotope results. On the bog, the average source

signature (intercept) is -66.0 + 0.7 %o (R2 = 0.70). On the fen, the average source signature is -63.2 +
0.8 %0 (R* = 0.77).
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Appendix 3. The Keeling plotsource signatures and flux measurements from each microsite. Isotope
source signature is the interceptof y-axis in the Keeling plotlinearregression. The uncertainty is the
standard errorin the intercept. R? is the correlation coefficientbetween CHa4concentration and 5C.

Bog Source signature Flux measurements
s3C SEx R®’ n Mean SD Min Max n
Month Microsite (%o) (%o) (mg m*h™) (mg m?h™)
May HO -62.07 121 093 6 4.9 50 14 85 2
HL -63.89 049 099 4 4.4 15 31 6.0 3
HHU -58.87 1.78 083 5 2.2 13 07 31 3
June HO -67.04 192 0.88 6 55 18 34 68 3
HL -67.24 139 093 6 4.8 06 43 54 3
HHU -59.16 110 0.90 6 15 12 06 28 3
July HO -69.99 0.70 0.99 4 8.0 11 67 87 3
HL -66.96 252 090 4 55 44 17 104 3
HHU -64.62 343 072 5 2.9 06 23 35 3
August HO -64.56 255 082 5 3.9 42 12 87 3
HL -65.70 1.85 0.87 6 3.3 26 09 61 3
HHU -61.73 273 071 6 7.7 11 66 87 3
August night HO -69.44 1.73 099 2 5.6 - - - 1
HL -64.51 0.68 1.00 2 55 - - -1
HHU -68.90 - -1 7.3 - - - 1
Fen Source signatures per month Flux measurements
8%C  SE+ R® n Mean SD Min Max n
Month Microsite (%o) (%o) (mg m*h™) (mg m?h™)
May HO -60.32 237 081 5 2.2 08 16 30 3
CR -59.78 207 084 5 14 04 1.0 1.7 3
HU -64.79 4,08 087 4 7.8 109 01 154 2
June HO -64.83 125 0.93 6 31 06 24 34 3
CR -63.14 1.70 0.87 6 2.6 07 19 32 3
HU -58.84 207 083 6 0.9 - - -1
July HO -65.75 468 071 4 6.9 11 58 79 3
CR -63.39 094 098 4 2.2 02 20 24 3
HU -61.89 478 072 6 0.1 02 -01 03 3
August HO -61.26 0.78 0.95 6 12.2 45 94 174 3
CR -55.12 220 054 6 3.0 00 29 30 3
HU -60.17 789 015 4 -0.4 02 -05 -03 2
August night HO -65.92 152 099 2 13.7 - - -1
CR -69.90 0.87 100 2 15.0 - - -1
HU -66.77 1.15 099 2 5.9 - - - 1




