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Abstract Fluxes of methane (CH4), nitrous oxide (N2O), and
respired CO2 were measured with an automated chamber
system (SIGMA) over the autumn of 2009 and growing
season of 2010 in an undisturbed peatland with a floating
carpet of mosses in western Poland. The main goal of our
investigation was to deliver estimations of CH4 and N2O
emission rates for this unique peatland type in Central
Europe. CO2 and CH4 fluxes were also measured using a non-
steady-state-flow-through manual chamber systems equipped
with infrared gas analyzers and used to validate and adjust results
obtained with the SIGMA system. The average methane fluxes
for the 2009–2010 (excluding winter) period was 95.4 (±32.4)
mg CH4-C m−2 d−1 resulting in a cumulative CH4 emission of
23.4 (±2.4) g CH4-C m−2 day growing season and 29.2 (±3.2) g
CH4-C m−2 year−1 for the whole of 2010. The average seasonal
N2O fluxes were 13.6 (±28.2) μg N2O-N m−2 d−1. N2O fluxes
were highly variable in time and sign (both uptake and emissions
of N2O were observed during the accumulation periods).
Maximum estimates of the annual emission rates of N2O were
0.004 g N2O-N m−2 year−1. Methane fluxes correlated signifi-
cantly with the air and peat temperatures, but they were not
dependent on water table depth. The N2O fluxes did not demon-
strate a clear response to any environmental variables. Both CH4

and N2O emission rates were in the range of fluxes recorded in
pristine peatlands in other climatic zones.
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Introduction

Nitrous oxide and methane are the most important greenhouse
gases besides carbon dioxide, which are exchanged between
terrestrial ecosystems and the atmosphere. The global warming
potential (GWP) of CH4 and N2O are 25 and 298 higher than
those of carbon dioxide on a 100-year time horizon, respectively
(Forster et al. 2007) due to longer residence in the atmosphere
and higher radiation absorption efficiency.

Peatlands play an important role in the global C and N
cycles, although they cover less than 3 % of the globe’s total
land area (Rydin and Jeglum 2006). In general, pristine
peatlands with high water levels are considered to be a major
source of methane on a global basis (Denman et al. 2007),
whereas emissions of nitrous oxide are generally found to be
negligible from these ecosystems (Martikainen et al. 1993;
Drewer et al. 2010; Lohila et al. 2010). Many peatlands have
been degraded over the last century and have been converted to
managed agro- or forestry-ecosystems. In western European
countries, up to 90 % of peatlands have been altered by
different anthropogenic activities (Joosten and Couwenberg
2001). This often results in the peatlands becoming significant
sources of CO2 and N2O while CH4 emissions become negligi-
ble (e.g. Drösler et al. 2008). Currently, efforts are being under-
taken to restore these ecosystems by rewetting or reflooding
(e.g. Vasander et al. 2003; Couwenberg et al. 2011), which again
should change the greenhouse gas balance significantly (e.g.
Augustin and Joosten 2007; Drösler et al. 2008).

The emission rates of CH4 andN2O frompeatlands are highly
variable at different timescales (e.g. Moore et al. 1990) and
spatial scales (Bubier et al. 1993). These features are in part
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why it is so difficult to measure peatland-scale CH4 and N2O
fluxes with high accuracy and why there are such large un-
certainties in the global estimations of their emission rates.
Methane and N2O flux measurements on wetlands are most
often carried out using manual static chambers (e.g. Moore
et al. 2011) but the application of micrometeorological tech-
niques such as eddy covariance and relaxed eddy accumulation
is becoming more common and is being used to derive year-
round measurements of trace gases at the field scale (Rinne et al.
2007; Kowalska et al. 2013). One of the disadvantages of
chamber measurements is that they are commonly done manu-
ally, thus a frequency of the measurements is rather small and
often not sufficient to capture a number of transient fluxes that
occur within hours and are related to ebullition (Lai 2009). What
ismore,manual chambermeasurements introducemany artifacts
that may influencemeasured fluxes significantly (Davidson et al.
2002; Christiansen et al. 2011; Juszczak 2013). Considering the
above, the automated chambers are usually deployed in order to
do analyses several times per day.

There are many studies on CH4 and N2O emissions from
pristine peatlands of Scandinavia, Canada, Siberia, and tropical
regions (e.g. Martikainen et al. 1993; Moore 1994; Alm et al.
1999;Huttunen et al. 2003;Drewer et al. 2010; Lohila et al. 2010;
Sachs et al. 2010; Moore et al. 2011). However, to our knowl-
edge, there is no information about the long term N2O and CH4

fluxes from pristine fen peatlands under the temperate climate of
western and central Europe. In order to correctly assess the
greenhouse gas fluxes for peatlands in western and central
Europe and how theymay change in the future, there is an urgent
need to quantify greenhouse gases fluxes at the relatively rare
undisturbed peatlands in this region.

The main goal of our investigation was to deliver estimates
of CH4 and N2O emission rates for a pristine fen with a floating
carpet of mosses in western Poland. We hypothesize that emis-
sions of these greenhouse gases will be higher than those
estimated for pristine peatland of the boreal European region
mainly due to higher average temperature and longer growing
season. Fluxes of CH4, N2O, and respired CO2 were measured
with a new automated chamber system and two manual cham-
ber systems in autumn 2009 and during the growing season of
2010. The relationships between measured fluxes and environ-
mental variables driving the emission processes are investigated
and used to develop simple regression models. The models are
used to estimate cumulative emissions of these greenhouse
gases over the growing season and for an entire year.

Materials and Methods

Study Site

The Rzecin wetland (POLWET) is a large (87 ha) mesotrophic,
geogenous, terrestrialisation peatland, located in the middle of

the Notecka Primeval Forest in Western Poland (52°45′ N
latitude, 16°18′E longitude, 54m a.s.l.). It is surroundedmostly
by extensively used grasslands and some very small crop fields.
In the middle of the peatland, there is a 70-cm thick floating
carpet of peat-substrate overgrown mostly by mosses underlain
by a free water layer and saturated sediment. The distance
between the peatland surface and the mineral bedrock increases
from 2 m at the periphery to 11 m towards the center of the
peatland. In the eastern part of the peatland, there is a shallow ~
16 ha decaying lake, which has been overgrown by Typha
latifolia L., and Phragmites australis (Cav.) Trin. ex Steud.
The vegetation of the peatland is dominated by: Sphagnum
spp., Dicranum spp., Carex spp., P. australis, T. latifolia,
Oxycoccus palustris Pers., Drosera rotundifolia L., Potentilla
palustris L., Ranunculus acris L. and Menyanthes trifoliata L.
(Chojnicki et al. 2010; Juszczak et al. 2012). The peat substrate
is a Limnic Hemic Floatic Ombric Rheic Histosol (Epidystric)
according to FAO 2006 classification.

Measurements of CH4 and N2O fluxes were carried out at
one microsite located in the middle of the peatland, next to the
wooden boardwalk ca. 400 m long, which connect the eddy
covariance tower and weather station with the edge of the
wetland (Fig. 1). This microsite is dominated by Carex spp.,
Oxycoccus palustris Pers. and Drosera rotundifolia L. with a
nearly continuous cover of Sphagnum teres (Schmp.) Ångstr..
The Leaf Area Index (LAI) of the vascular plants at the site was
1.8 m2 m−2 (Juszczak et al. 2013). Ash content and degree of
peat decomposition at a depth of 20 cm in 2012 was 7.6 % and
13.3 %, respectively (Juszczak et al. 2013). Average C and N
content of the peat at this location did not exceed 420 and
14 mg g−1 of dry peat mass respectively in the peat at 25–
45 cm depth, while the average C:N ratio reach at this depth is
36. Based on random analysis of peat pore water, we found
1 mg NH4

+-N l−1 and <0.01 mg NO3
−-N l−1 (D. Zak, personal

communication 2010). The average wet and dry deposition of
N for the years 2008–2010 did not exceed 4 kg N ha−1 year−1

(unpublished data) and 7.5 kg N ha−1 year−1 (Flechard et al.
2011), respectively. These findings suggest the Rzecin wetland
site is a N limited ecosystem.

Manual and automated flux measurements of CH4, N2O,
and CO2 were carried out at three microsites located only a
few meters from one another (Fig. 1). The automated cham-
bers were established in 2009 near where manual chamber
CH4 and CO2 fluxes were measured since 2005 and 2007,
respectively (Chojnicki et al. 2007; Juszczak et al. 2013).

Flux Measurements

Fluxes of CH4, N2O and additional CO2 (ecosystem respira-
tion, Reco, as the sum of autotrophic and heterotrophic respi-
ration) were measured by means of an automated accumula-
tion chamber system, the System for Inert Gas Monitoring by
Accumulation (SIGMA), according to methodology
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described by Ambus et al. 2010. These chambers were oper-
ated from October 2009 until September 2010, excluding a
14 week winter period.

SIGMA chambers were originally developed to carry out
automated measurements of trace gases fluxes in grassland
ecosystems with short vegetation and they were satisfactorily
validated under such conditions (Ambus et al. 2010).
However, they have not been validated yet under peatland
conditions. In order to validate the SIGMA chambers, addi-
tional measurements of CH4 and CO2 fluxes were made using
two non-steady-state flow-through manual chamber systems
(Livingston and Hutchinson 1995). These measurements were
made every 2–3 weeks from June through the end of October
2010. An additional measurement campaign was carried out
in February 2011 to measure CH4 fluxes in winter.

Automated Chamber

The SIGMA system was developed by Ambus et al. 2010 as
an inexpensive and easy-to-handle alternative to other more
sophisticated and infrastructure-demanding automated sys-
tems. There were three SIGMA systems used at our site as
replicates and all of them were located within a few meters of
one another in a protected area surrounded by a fence. Each
individual chamber system consisted of a stainless steel frame
(1.85×0.78×0.3 m), which was in our case mounted on the
wooden frame placed on the peat surface to counteract a
possible submergence of the thin chamber frame into the peat.
The chamber itself was made from white non-transparent
PVC with dimensions of 0.70×0.70×0.10 m. This relatively
large chamber surface area (4,900 cm2) provided an opportu-
nity to integrate small-scale microtopographical and plant
community variations that is often not possible with smaller
and more typical chamber systems. A white PVC collar was

inserted into the peat at the depth of 15 cm. The chamber was
unvented and there were no fans installed to the chamber
headspace. To facilitate the opening and closing, the chamber
was mounted on sigmoid-shaped bars. To close, the chamber
moved horizontally from the ‘parking’ position followed by a
downward movement to secure the chamber onto the collar.
Silicone tubing attached to lower rim sealed the chamber. A
more detailed technical description of the chamber and its
operation is described by Ambus et al. 2010.

During a flux measurement, the SIGMA chamber collected
an exact volume of air from the chamber headspace in three
FlexFoil Grab Bags (SKC, Blandford Forum, Dorset, UK) at
10 min, 48 min and 125 min after the closure of the chamber,
after which, the chamber lid lifted off the collar and returned to
its ‘parking’ position. Tubes (inlet and outlet) were installed to
the upper part of the collar in the opposite corners. They were
flushed 10 min before the first sample was taken and 2 min
before the second and third samples. The amount of sample
collected depended on a flow rate (70 ml/min), sample time
(30 s) and could be adjusted by the metering valve. The flow
rate into each bag was controlled by an ultrafine metering valve
(HOKE Mili-Mite, Circor Instr., UK), while a flushing of the
tubes was provided by a micro diaphragm pump at maximum
500 ml/min (KNF Neuberger, Germany). The chamber was
closed three times per day at 9:00 am, 1:00 pm and 6:00 pm
for a total collection of 105 ml of air in each bag. The 3 L bags
allowed the SIGMA chambers to operate for a maximum of
28 days. In our case, the length of the accumulation period varied
from 14 to 28 days, but inmost cases the length of this period did
not exceed 22 days. After this time the bags were exchanged.
The air from filled bagswas evacuated to vacuumed glass bottles
of 100 ml (Schott Duran) and then transported within the five
next days to the Leibniz Centre for Agricultural Landscape
Research (ZALF) laboratory for gas chromatography analyses.

Fig. 1 Location of the Rzecin
peatland and trace gases
measurement microsites
(modified after Juszczak et al.
2013)
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The samples were analyzed within 5 days of delivery. In total,
gas sample storage times did not exceed 38 days. The trace gases
(N2O, CH4, CO2) concentrations were measured by a Shimadzu
GC-14A gas chromatograph equipped with an electron capture
detector for N2O and CO2 and flame ionization detector for CH4

according to Loftfield et al. (1997). The detection limit of the gas
chromatograph for CH4 is < 0.01 μl l−1, for CO2 < 6 μl l−1, and
for N2O 0.003 μl l−1 (Loftfield et al. 1997).

In order to protect the SIGMA chambers against freezing,
the control unit was equipped with a thermostat, which shut off
the system once the air temperature dropped below 5 °C. Thus,
measurements could be made only during warm conditions and
thus limited the number of accumulation periods and did not
allow for winter measurements. There were in total 11 accu-
mulation periods, four in 2009 and seven in 2010. In 2009, the
measurements began on 1st of October and finished the 11th of
December (71 days). In 2010, measurements were carried out
between 25th of March and 9th of September (168 days).

Manual Chambers

Manual chamber measurements took place at sites 7 m east of
the SIGMA chambers (Fig. 1). CH4 flux measurements were
carried out with the round chamber system no. 16 described by
Pihlatie et al. (2013) and by Christiansen et al. (2011). The
chamber was made from opaque white PVC and has the shape
of a truncated cone 0.41m in height with a 0.21m2 surface area
and 0.065 m3 volume. The chamber was sealed to the collar
using a water-filled groove. Five PVC collars were installed in
2005 (Fig. 1) and inserted 10 cm into the peat. The chamber
headspace was mixed by one fan installed horizontally at 3/4
height of the chamber. This was a standard 1.2W computer fan
with 3,000 spins min−1. The change in headspace CH4 concen-
tration over a 15 min closure period was measured by a fast
methane gas analyser (DLT-100, Los Gatos Research, Inc,
USA). The internal pump of the analyser was used for pumping
the air from the chamber headspace to the analyser cell and
back at a flow rate of 0.3 L min−1. The CH4 concentration
changes were recorded at 1 Hz. There were five measurement
campaigns in 2010 and one in February 2011. During each
campaign, measurements were repeated two times at five col-
lars resulting in 60 flux measurements for this analysis.

CO2 fluxes were measured on-site with a non-transparent
rectangular chamber (a non-steady-state flow-through chamber
system according to Livingston and Hutchinson 1995) equipped
with an infrared CO2 analyzer using the methodology described
in Juszczak et al. 2012, 2013. The chamber (77 cm×77 cm×50-
cm) was made from 3 mm thick white (non-transparent) PVC to
ensure dark conditions and had a total volume of 0.3 m3. The
chamber was equippedwith two small fans (1.2W) to effectively
mix the air in the chamber headspace during measurements. The
chamber was fixed onto the collars by two elastic belts
connecting the top of the chamber and the base of the frame. A

rubber gasket at the base of the chamber ensured an airtight seal.
Air was circulated at approximately 2.5 L min−1 between the
chamber and a portable control box containing an infrared gas
analyzer (LI-820, LICOR, USA), which measured CO2 concen-
tration in the air connected to a bypass flowing at 0.6 L min−1.
During a single flux measurement, the chamber remained in
place between 150 s in summer to 240 s in winter. The concen-
tration and air and peat temperature readings were recorded at 5-
second intervals on a data logger (CR-1000, Campbell Sci.,
USA) installed in a portable control box. Measurement cam-
paigns were carried out once per month in the years overlapping
the SIGMA chamber operation.

Flux Calculations

In the case of the SIGMA chambers it was assumed that the
target gas concentration measured at three sampling bags
revealed the average concentration of chamber headspace
at three successive time-steps aggregated over multiple cy-
cles (after Ambus et al. 2010). Based on the measured
average concentrations, the average trace gas fluxes over
multiple chamber enclosure cycles were calculated by using
the simple linear approach (Eq. 1).

The trace gas fluxes determined in the manual chambers
were calculated with the linear method based on the gas
concentration change in the chamber headspace over closure
time. The CH4 fluxes were determined based on the first 3–
6 min, while CO2 fluxes were determined using the first
minute of data, when the gas concentration changes are
greatest and are assumed to be least disturbed by the chamber
deployment. When there were initial disturbances of the gas
concentration, as described by Christiansen et al. (2011), this
data was excluded and the fluxes were calculated based on
the steepest part of the regression curve showing the gas
concentration development over time. Trace gas fluxes were
calculated from:

FCO2�C;CH4�C;N2O�N ¼ M ⋅P⋅V ⋅δv
R⋅T ⋅t⋅A

ð1Þ

where FCO2-C, CH4-C, N2O-N are the CO2, CH4, and N2O fluxes [g
CO2-C m−2 day−1, μg·CH4-C·m

−2·h−1, μg·N2O-N m−2·h−1 ],
M is the molar mass [g·mol−1] of the gas, P is the atmospheric
pressure [Pa], δv represents trace gases concentration changes in
the chamber headspace over the closure time [ppm(v)], V is the
total volume of the chamber headspace and the collar [m3], R is
the gas constant [m3·Pa·K−1·mol−1], T is the air temperature in
the chamber [K], t is the closure time [h] and A is the chamber
area [m2], respectively.

Validation of the SIGMA Chambers

The SIGMA chamber fluxes were validated using the two
manual dynamic flow-through chamber systems described

898 Wetlands (2013) 33:895–907



above for the measurement of CH4 and CO2. We calculated
average and cumulative CH4 and CO2 fluxes to match
the 2009–2010 SIGMA accumulation periods. A linear
relationship between manual CH4 flux measurements and
5 cm peat temperature (with the smallest RMSE) was
used to calculate daily CH4 emissions. For CO2 fluxes,
the Lloyd and Taylor (1994) respiration model was
parameterized for each individual CO2 measurement
campaign (Michalak-Galczewska 2011). Using these
model parameters we simulated 30 min Reco and used
these to calculate the average and cumulative Reco

fluxes for the periods when the SIGMA chambers were
operated.

Measurements of Site-Specific Environmental Variables

Air and peat temperatures (T) as well as water table depth
(WTD) were recorded as 30 min averages on the weather
station located ca. 100 m north from the chamber mea-
surement site. Manual measurements of WTD, pH and
electrical conductivity (EC) were carried out every 3–4-
weeks in wells installed at the CO2 chamber microsite
(after Michalak-Galczewska 2011) located a few meters
east from the site where the SIGMA chambers were
located. In all cases WTD was measured relative to the
peat surface. The variations in surface elevation were not mea-
sured. pH and EC were measured with the pH/conductometer
(CPC-411, Elmetron, Poland). Based on manually and auto-
matically measuredWTD levels, we simulate the collar specific
daily WTD. These values were then used to calculate the
average WTD for the SIGMA accumulation periods.

Regression Models

In order to identify statistically significant explanatory vari-
ables for the measured CH4 and N2O fluxes we developed a
Pearson correlation matrix using all measured ancillary data
for the 11 averaging periods. For the CH4 fluxes, 6 daily
average fluxes (from 2 replicate measurements/day) deter-
mined with the manual chamber in 2010–2011 were com-
bined with the SIGMA fluxes and analyzed as one dataset
(n=17). Additionally, we did the same analysis separately for
the CH4 fluxes measured by manual chambers (using each
flux measurement separately such that n=6 dates × 2
replicates=12). For those variables that have the highest
explanatory power we developed linear and exponential
regression models in the stepwise procedure. The start point
was a simple linear regression:

F ¼ c0 þ c1⋅x1 ð2Þ
and then we added other significantly correlated variables in
a stepwise procedure:

F ¼ c0 þ c1⋅x1 þ……þ cn⋅xn ð3Þ
The significance of the model parameters was verified at

each step, and only those which were significant (α<0.05)
were left in the model. An exponential regression model was
also developed:

F ¼ c0⋅exp C1⋅X 1ð Þ ð4Þ

In addition to coefficients of variation, goodness-of-fit
parameters normalized root mean square error (NRMSE)
and root mean square error (RMSE) were calculated to assess
the regressions.

Cumulative CH4 fluxes were calculated over the autumn
2009, growing season 2010 (25 March – 31 October) and
for the whole of 2010 by integrating the modeled daily flux
time series. Two estimates of the cumulative fluxes were
calculated with one estimate based on the regressions de-
termined for the combined SIGMA and manual chamber
dataset and the other based on only the manual chamber
dataset. The uncertainty of the cumulative fluxes was
assessed by error propagation using the NRMSE of the
regression models.

Results

Weather Characteristics

As expected, average air and peat temperatures were substan-
tially warmer during the growing season than in the autumn
period (Table 1). Although averageWTD did not differ between
these two periods there was much more temporal variability
during the growing season than in the autumn (Fig. 2). During
the entire measurement period, WTD remained within ~ 8 cm
of the surface except for a period during July 2010 at the end of
a 2 month dry spell when air temperatures also peaked (Fig. 2).
pH remained relatively constant through the measurement pe-
riod varying only from 5.9 to 6.7 (Table 1). There were greater
temporal variations in electrical conductivity (EC) with the
autumn period having nearly twice the EC as the 2010 growing
season.

Validation and Correction of the SIGMA Flux Data

The average accumulation period-specific CO2 and CH4

fluxes measured with the SIGMA chambers were compared
with average fluxes based on regressions between temperature
and fluxes measured with the manual chamber system. Both
the SIGMA average Reco and CH4 fluxes were lower by 40–
46 % than the fluxes based on the manual chamber measure-
ments (Fig. 3). The reference respiration (Rref) estimated from
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the regressions between CO2 effluxes and peat temperature
based on the Lloyd and Taylor (1994) respirationmodel is also
underestimated by 34 % (Fig. 4). Considering these differ-
ences we calculated a correction factor of 1.67 for the SIGMA
CH4 fluxes by dividing the average CH4 flux based on the
manual chamber measurements (86.3 mg CH4-C·m

−2·d−1) by
the average CH4 effluxes measured with SIGMA chambers
(51.8 mg CH4-C·m

−2·d−1). We assumed that the rate of N2O
fluxes underestimation would be the same and the same
correction factor was applied for these fluxes. All the flux
data from the SIGMA chambers are presented with these
corrections from this point on.

Fluxes of Trace Gases and Their Relationships
with Environmental Variables

The average corrected SIGMA system CH4 fluxes were 69.5
(±13.9) mg CH4-C·m−2·d−1 and 104.1 (±32.5) mg CH4-
C·m−2·d−1 in the autumn 2009 and growing season of
2010, respectively. The highest CH4 fluxes were measured
in the warmest period between 28th of July and 18th of

August 2010, which followed the heavy rainfall near the
end of July (Figs. 2a and 5a). The average CH4 effluxes in
this period was 164 (±25.4) mg CH4-C·m−2·d−1 (Fig. 5b).
The lowest fluxes were measured in February 2011 when
emissions dropped to 13.5 (±10.2) mg CH4-C·m−2·d−1.

Average CH4 fluxes were positively correlated with air and
5 cm peat temperatures and both relationships were significant
(p<0.05 if all average fluxes are considered and p<0.001 if
only fluxes measured by manual chambers are considered)
(Table 2). The correlation between CH4 fluxes and pH was
negative and was also significant at p<0.05 and p<0.001, for
the combined CH4 flux dataset and for the manually measured
CH4 fluxes, respectively. Although we did not find a signifi-
cant relationship between CH4 fluxes from the SIGMA sys-
tem and WTD, this relationship was significant for the manu-
ally measured CH4 fluxes (p<0.001).

The average N2O fluxes over the measurement period were
variable with both positive and negative fluxes however all were
very small and close to the detection limits of the gas chromato-
graph. Average corrected N2O fluxes were 6.37 (±26.67) μg
N2O-N·m−2·d−1 and 17.76 (±30.26) μg N2O-N·m−2·d−1 for the

Table 1 Average, minimum and maximum values of air and peat
temperatures, total precipitation at the main weather station as well as
water table depth, pH and electrical conductivity at the SIGMA

microsite for autumn 2009 (1 October 2009 – 11 December 2009), the
2010 growing season (25March – 31 October), and the full year in 2010

Autumn 2009 Growing Season 2010 2010
Average (min, max) Average (min, max) Average (min, max)

Air temperature (Ta, °C) 5.6 (−0.5; 15.2) 12.8 (0.3; 25.7) 6.8 (−18.7; 25.7)

Peat temperature at the 5 cm depth (ST5, °C) 6.4 (3.6; 11.4) 11.3 (3.2; 17.7) 7.7 (−0.4; 17.8)

Water table depth (WTD, cm) −6.0 (−9.5; −3.6) −5.6 (−15.9; −1.0) −4.0 (−15.9; 3.6)

Average pHa 6.5 (6.4; 6.6) 6.2 (5.9; 6.7) 6.2 (5.9; 6.7)

Average electrical conductivity (EC, μS cm−1)a 337 (329; 347) 176 (110; 229) 176 (110; 229)

Total precipitation (P, mm) 142.4 644.0 997.4

a pH and electrical conductivity from Michalak-Galczewska (2011)
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2009 autumn period and the 2010 growing season, respectively.
No significant relationships between N2O fluxes and

environmental variables were found (Table 2) and therefore no
further analyses were carried out.

Regression Models and Cumulative Trace Gas Fluxes

Based on the results in Table 2, simple linear and exponential
regression models for the SIGMA CH4 fluxes were devel-
oped using air temperature as the predictor variable
(Table 3). For the manually measured CH4 flux dataset, air
and peat temperature and WTD were significantly correlated
with CH4 flux (Table 2) and the stepwise regression model
(Eq. 3) was investigated. However, the simple linear model
with only air temperature as a predictor variable resulted in
the highest explanatory power, the smallest error and the
smallest uncertainty of the estimated cumulative CH4 fluxes.

The cumulative CH4 fluxes estimated from these various
models ranges from 4.4 to 6.8g CH4-C m−2, from 21.6 to
27.4g CH4-C m−2, and from 25.4 to 33.5g CH4-C m−2 for
the autumn of 2009, the 2010 growing season and through all
of 2010, respectively (Table 4). For the 3 weeks of June 2010
when the SIGMA chamber was not working correctly, we
used the average CH4 flux (118.45 mg CH4-C·m−2·d−1)

Fig. 3 Relationship between
the average and cumulative CH4

and CO2 fluxes measured by
SIGMA chambers vs. average
fluxes calculated based on
manual chamber measurements
carried out in 2010

Fig. 4 The average Reco fluxes and peat temperature at 5 cm depth
specific for each SIGMA accumulation period. Gray circles refer to the
average Reco fluxes measured by the SIGMA chambers, while black
triangles refer to fluxes modeled based on the manual chamber mea-
surements. The associated Lloyd and Taylor (1994) exponential func-
tion is shown for SIGMA (dashed gray line) and manual (black solid
line) chamber fluxes. Differences between Lloyd and Taylor (1994)
respiration model parameters: Rref – reference respiration at 10 °C; Eo –
activation energy, are shown on the graph
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computed using the linear regression model in order to
calculate the seasonal and annual flux.

The cumulative N2O fluxes were calculated based on the
average corrected N2O fluxes aggregated for each accumu-
lation period (n=11) and were 0.5 and 3.5mg N2O-N m−2 for
the autumn of 2009 and the 2010 growing season, respec-
tively. For the period between 9th to 30th of June 2010, when
SIGMA chambers did not operate properly, N2O flux was
calculate as the average of fluxes measured in the periods
before and after to calculate seasonal cumulative N2O flux. If
we assume, after Alm et al. (1999) that the wintertime fluxes
of N2O on undisturbed peatlands are close to zero, than the
yearly accumulated N2O fluxes at our site does not exceed
41 g N2O-N·ha−1·year−1.

Discussion

Applicability of SIGMA System for Automated
Measurements of CH4 and N2O Fluxes

We found the SIGMA system to be a low-cost option for
producing estimates of trace gas fluxes from our remote
peatland site. However, our results suggest this system (with

our setup) may substantially underestimate actual fluxes and
with 2–3 weeks accumulation periods, short-term variations
in fluxes and their controls (e.g. due to rapid changes in
environmental conditions e.g. thawing, rain events, drought
periods, etc.) are not detectable. In addition, the SIGMA
system is not suitable for wintertime measurements. Thus,
to get reliable annual flux estimates for the site, these sys-
tems would need to be supported by the other measuring
techniques that could operate whole over the year.

Our determination that the SIGMA system underestimated
CO2 and CH4 emissions by about 40 % is within the range of
underestimation for CH4 fluxes measured using many static
chamber systems in a laboratory study by Pihlatie et al. (2013).
On average, the chamber systems in that study underestimated
fluxes by 33 % when a linear flux calculation was used. The
underestimation rate was greater for chambers with heights less
than 0.22 cm. In our study, the SIGMA chamber (height=10-
cm) was considerably shorter than our manual chambers used
to measure CH4 and CO2 fluxes (height=0.41 m and 0.50 m,
respectively). What is more, the closure time was much longer
in SIGMA chambers than in manual one, hence with the
125 min closure time and non-linear development of gases
concentration in the chamber headspace, the linearly calculated
fluxesmay be underestimated. Consequently, it is quite possible
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individual SIGMA
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that some of the discrepancy between the SIGMA fluxes and
manual fluxes might be related to these technical differences
although it is important to note that themanual chambermethod
may also underestimate the actual flux. However, differences
between the two systems may also be related to the small
number of discreet measurements made with the manual

chamber system and the method used to temporally scale these
to daily estimates of CO2 and CH4 fluxes. Ambus et al. (2010)
tested the SIGMA chambers under field conditions at different
sites (grassland and cropland) and compared them with con-
ventional autochambers, where the chamber was closed several
times per day. They found no consistent difference between

Table 2 Matrix with Pearson correlation coefficients for CH4 (mg
CH4-C·m

−2·d−1) and N2O fluxes (μg N2O-N·m−2·d−1) and measured
ancillary data. All average methane fluxes from both automated (n=11
periods) and manual measurements (n=6 days) were considered in this

analysis. Values in brackets correspond to the Pearson correlations
coefficients for CH4 fluxes measured by manual chambers in 2010–
2011 with corresponding environmental variables (n=12)

FCH4 Ta ST5 WTD P pH EC

FCH4 1.00 0.58a 0.57a −0.44 0.16 −0.69a −0.59

(0.97b) (0.93b) (−0.87b) (−) (−0.96b) (0.01)

Ta 1.00 0.95b −0.50 0.58 −0.74a −0.84b

ST5 1.00 −0.52 0.59 −0.68a −0.75a

WTD 1.00 −0.46 −0.19 −0.08

P 1.00 −0.02 −0.28

pH 1.00 0.71a

EC 1.00

FN2O Ta ST5 WTD P pH EC

FN2O 1.00 0.43 0.30 −0.38 0.41 −0.01 0.07

Ta 1.00 0.95b −0.50 0.58 −0.74a −0.84b

ST5 1.00 −0.52 0.59 −0.68a −0.75a

WTD 1.00 −0.46 −0.19 −0.08

P 1.00 −0.02 −0.28

pH 1.00 0.71a

EC 1.00

FCH4 average corrected methane flux (mgCH4-C·m
−2 ·d−1 ), FN2O average corrected nitrous oxide flux (μgN2O-N·m−2 ·d−1 ), Ta average air

temperature (°C), ST5 average peat temperature at the 5 cm depth (°C), WTD average water table depth (cm), P average sum of precipitation
(mm), EC electrical conductivity (μS ·cm−1 )
a Correlation was significant at the α=0.05 level
bα=0.001

Table 3 Results of the linear and exponential regressions used for CH4 flux modeling. C1 represents the coefficient associated with air temperature
and C2 is associated with water table depth

Eq. Parameter Value Error t-value P>‖ t ‖ LCIa UCI R2 RMSE NRMSE (%)

Based on combined average corrected CH4 flux dataset (SIGMA + manual measurements)

2. Co (mg C·m−2·d−1) 54.7 14.7 3.7 0.002 23.3 86.2 0.33 29.3 20.0
C1 (°C

−1) 3.8 1.4 2.7 0.015 0.8 6.7

4. Co (mg C·m−2·d−1) 62.7 11.9 5.2 <0.001 37.2 88.1 0.30 30.0 20.4
C1 (°C

−1) 0.04 0.01 2.5 0.026 0.004 0.07

Based only on manually measured fluxes

2. Co (mg C·m−2·d−1) 30.6 7.34 4.2 <0.001 14.3 47.0 0.94 10.2 6.9
C1 (°C

−1) 5.3 0.43 12.4 <0.001 4.4 6.3

3. Co (mg C·m−2·d−1) 44.7 8.06 5.5 <0.001 26.5 62.98 0.92 11.8 7.9
C1 (°C

−1) 4.3 1.04 4.1 <0.001 1.9 6.7

C2 (cm) −4.4 1.92 −2.3 0.048 −8.7 −0.1

4. Co (mg C·m−2·d−1) 49.9 6.88 7.3 <0.001 34.6 65.3 0.88 14.0 9.5
C1 (°C

−1) 0.05 0.01 7.2 <0.001 0.03 0.06

a LCI lower confidence interval, UCI upper confidence interval
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those two systems. Depending on the site, the N2O fluxes were
under- or overestimated in relation to fluxes measured by the
conventional autochamber.When these two systems were com-
pared simultaneously, the N2O fluxes agreed within ±12 %.

Environmental Controls of Fluxes

The relationship between CH4 and N2O fluxes and environ-
mental variables is very complex (e.g. Le Mer and Roger
2001; Lai 2009; Drewer et al. 2010; Bell et al. 2012; Rees et
al. 2013). At our site, the single parameter with the highest
explanatory power for the observed N2O and CH4 fluxes was
air temperature although it was not significant for N2O
fluxes. Microbial processes drive the production of both
gases in peat and the rates of microbial activity are controlled
by temperature (e.g. Dunfield et al. 1993; Crill et al. 1994).
Lohila et al. (2010) found air temperature was the best
predictor of N2O fluxes measured by an automated chamber
system in an N-limited boreal fen. Methane fluxes have been
found to relate to variations in air temperature (e.g. Treat
et al. 2007) or surface temperature (e.g. Hargreaves et al.
2001; Sachs et al. 2010) or peat temperature at different
depths (e.g. Huttunen et al. 2003) in other peatlands. In
addition to enhancing microbial-mediated CH4 production,
increasing temperature may enhance CH4 transport from
peatlands by promoting ebullition and plant-mediated trans-
port (Lai 2009).

Beside temperature many authors have indicated that WTD
is a good estimator for seasonal CH4 and N2O emissions from
peatlands. In our study, average N2O fluxes were not signifi-
cantly correlated to WTD. This is in contrast to other studies
that have found a decrease in N2O emissions when WTD was
closer to the peat surface as the main product of microbially-
mediated denitrification may be N2 instead of N2O in peatland
under anoxic conditions (Well et al. 2003; Rückauf et al. 2004;
Lohila et al. 2010). The negative N2O fluxes observed at our
site under relatively wet conditions (WTD did not drop below
15.6 cm from the surface) indicate that N2O can be taken up
from the atmosphere, induced by the N-limited situation of our
wetland. Other researchers have already indicated that under
such conditions, denitrification may be responsible for N2O

uptake from the atmosphere in peatlands (Chapuis-Lardy et al.
2007; Lohila et al. 2010; Kolb and Horn 2012). On the other
hand, it is well known that rapid waterlogging of the peat due to
a precipitation event, particularly after 2–3 weeks of dry con-
ditions may promote subsurface N2O production and increase
emissions of N2O within several hours of the event (Jǿrgensen
and Elberling 2012). Unfortunately, our measurement system
was not able to detect such phenomena. Small N2O fluxes and
relatively large spatial variations for each averaging period
made it difficult to clearly identify significant environmental
controls on N2O fluxes.

The relationship between CH4 fluxes and WTD at our
wetland was also not as clear as in other studies. Most re-
searchers found increasing CH4 emissions with rising WTD
(e.g. Huttunen et al. 2003; Sachs et al. 2010). In our study,
WTD was significantly negatively correlated with the CH4

fluxes derived from the manual chamber measurements but
insignificantly correlated to the combined SIGMA and man-
ual chamber dataset. Others have suggested this result may
be explained in part by small variations in WTD over the
measurement period (Shannon and White 1994). At our
peatland, the floating peat mat is expected to move as WTD
varies and may explain the relatively small range in growing
season WTD (~16 cm) despite nearly 6 weeks with little
rainfall in June and July 2010. Nevertheless, in a situation
such as ours where WTD drops as air and peat temperatures
increase, enhanced CH4 production rates and ebullition are
likely caused by higher peat temperatures and reduced hy-
drostatic pressure (Moore et al. 1990; Treat et al. 2007). In
our study, this effect appears to be more pronounced than any
increase in CH4 oxidation rates as the peat becomes more
aerated (Bubier 1995; Sundh et al. 1995). The relationship
between CH4 fluxes and WTD may be also complicated by
lagged responses to varyingWTD. For example, Suyker et al.
(1996) reported a rise in CH4 emissions after a sharp increase
in WTD but with a 12 day lag. As with the N2O fluxes, the
large integrating times may also mask both immediate or
lagged WTD responses.

The relationship between CH4 fluxes and WTD is further
complicated by the presence of vegetation with aerenchymous
tissue (Whalen 2005). In the case of this study WTD did not

Table 4 Cumulative CH4 fluxes
(g CH4-C·m−2) calculated based
on the developed regression
models. Uncertainties of these
estimated fluxes expressed as
NRMSE are presented in Table 3

Eq. Autumn 2009 Growing Season 2010 2010

Based on combined average corrected CH4 fluxes dataset (SIGMA + manual measurements)

2. 5.6 22.7 29.4

4. 5.7 23.7 32.1

Based only on manually measured fluxes

2. 4.4 21.8 25.4

3. 6.8 27.4 33.5

4. 4.8 21.6 28.2

Average (SD) 5.4 (0.9) 23.4 (2.4) 29.7 (3.2)
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drop below −16 cm over the whole measuring period, thus the
rooting systems of sedges, which are reported to grow down
even to 230 cm (Saarinen 1996), can effectively transport
methane from depth to the atmosphere, even during the driest
periods. Hence, this transport mechanism may bypass the
aerobic peat where CH4 can be oxidized and maintain or
enhance CH4 emissions even during the periods with lowest
WTD. In the case of our peatland, the presence of Carex sp.
may be another reason for higher CH4 emissions as WTD
decreased.

Comparison with Other Sites

Methane

The average corrected CH4 fluxes calculated for the 2009–2010
(excluding winter) measurement period at our site was 95.4
(±32.4) mg CH4-C·m

−2·d−1. This corresponds well to the
average daily CH4 emissions (93 mgCH4-C·m

−2·d−1) from a
number of peatlands of the southern and middle boreal zones of
Finland where the average WTD level was −10 cm (Nykänen
et al. 1998; Huttunen et al. 2003) but it is more than two times
higher than the average annual CH4 fluxes estimated by Cao
et al. (1998) for high-latitude (50–60°N) peatlands (38.25 mg
CH4-C·m

−2·d−1) based on process-based modeling.
The total cumulative CH4 fluxes at our site reached 19.1

(±1.9) g CH4-C·m
−2·year−1 for the growing season and 29.2

(±3.2) g CH4-C·m
−2·year−1 for 2010 and fell within the range of

the average CH4 emissions (0.09 to 36 g CH4-C·m
−2·year−1)

estimated for 45 natural minerotrophic peatlands (36 from
Europe) by Saarnio et al. (2009). However, our rates are more
than 40 % greater than those estimated for European and Asian
minerotrophic natural peatlands where average emissions were
12.5 g CH4-C·m

−2·year−1 and 16 g CH4-C·m
−2·year−1 for the

growing season and the whole year, respectively (Huttunen et al.
2003).

Methane emission rates are recognized to have great spatial
heterogeneity as they are highly dependent on plant community
types. For example, Drösler (2005) found very high spatial
variability in CH4 fluxes among different vegetation microsites
of the “Kendlmühlfilze”, a natural temperate bog peatland in
southern Bavaria, Germany where average cumulative annual
CH4 fluxes varied from 5.4 to 38.2 g CH4-C·m

−2·year−1. At our
peatland there are also more than 30 plant communities
(Juszczak et al. 2013) but our measurements were carried out
at a microsite located in the middle of the peatland, which is
dominated by Carex spp., Oxycoccus palustris Pers. and
Sphagnum teres (Schmp.) Ångstr. Therefore, a realistic compar-
ison of CH4 source strength of our peatland as a whole with that
of other sites would require comprehensive measurements of the
other plant communities best achieved by using a combination of
eddy covariance and different chamber techniques.

Nitrous Oxide

The average seasonal corrected nitrous oxide flux calculated for
the overall measuring period of 2009–2010 (excluding winter
period) reach 13.6±28.2μg N2O-N·m−2·d−1 and was within the
range of the average annual fluxes estimated by Lohila et al.
(2010) for Lompolojänkkä peatland in Finland (from0 to 288μg
N2O-N·m−2·d−1). Overall, N2O fluxes estimated for boreal
peatlands in Finland, which cover different nutrient status, varied
from −19.2 to 127 μg N2O-N·m−2·d−1 (Regina et al. 1996). If
we assume, after Alm et al. (1999) that the wintertime fluxes of
N2O on virgin peatlands are close to zero, than the yearly
accumulated N2O fluxes at our site does not exceed 41 g N2O-
N·ha·year−1. This value is very close to Martikainen et al.
(1993) estimations. According to this review study, the average
yearly N2O emission rates does not exceed 40 g N2O-
N·ha·year−1 at the minerotrophic virgin peatland sites. This
value is negligible, if we compare it to the N2O fluxes from
drained peatlands, where the yearly emission rates can reach
even 14 kg N2O-N·ha·year−1 (e.g. Augustin et al. 1998).
Although relatively few data are available on the N2O flux from
pristine peatlands, studies show very similar low emissions (e.g.
Martikainen et al. 1993; Regina et al. 1996). N2O fluxes from
ombrotrophic (nutrient-poor) bogs are generally much smaller
(often negligible) than thosemeasured inminerotrophic nutrient-
reach fens (e.g. Regina et al. 1996). For example, in the Hudson
Bay lowland the annual flux rate ranged from −2.4 g N2O-
N·ha·year−1 in a treed bog to 50.3 g N2O-N·ha·year−1 in an
open fen (Schiller and Hastie 1994).

Conclusions

In this study we hypothesized that emissions of CH4 and
N2O at the pristine Rzecin peatland in central Europe would
be higher than those from pristine boreal peatlands in Europe
and Canada mainly due to higher average temperature and a
longer growing season. However, the Rzecin N2O fluxes
were very low and were similar to those measured at pristine
peatlands in boreal regions. There was large variation in CH4

emissions among our chamber sites suggesting that a more
accurate estimate of CH4 from the Rzecin peatland would
require additional chamber measurements within the other
dominant vegetation types and ideally be supported by
ecosystem-scale measurements using the eddy covariance
approach for example.

However, methane emissions did correlate well with tem-
perature and were larger than at some boreal peatlands presum-
ably due to the warmer climate and longer growing season in
Poland. Larger CH4 emissionswere also likely supported by the
presence of sedges acting as conduits and the adjustment of a
floating moss carpet to variations in WTD. Nevertheless, our
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values still fell within the very broad range of fluxes observed
for northern pristine peatlands.
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