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Abstract. The patterned microtopography of subarctic mires
generates a variety of environmental conditions, and car-
bon dioxide (CO2) and methane (CH4) dynamics vary spa-
tially among different plant community types (PCTs). We
studied the CO2 and CH4 exchange between a subarc-
tic fen and the atmosphere at Kaamanen in northern Fin-
land based on flux chamber and eddy covariance measure-
ments in 2017–2018. We observed strong spatial variation
in carbon dynamics between the four main PCTs studied,
which were largely controlled by water table level and dif-
ferences in vegetation composition. The ecosystem respira-
tion (ER) and gross primary productivity (GPP) increased
gradually from the wettest PCT to the drier ones, and both
ER and GPP were larger for all PCTs during the warmer
and drier growing season 2018. We estimated that in 2017
the growing season CO2 balances of the PCTs ranged from
−20 g C m−2 (Trichophorum tussock PCT) to 64 g C m−2

(string margin PCT), while in 2018 all PCTs were small
CO2 sources (10–22 g C m−2). We observed small grow-
ing season CH4 emissions (< 1 g C m−2) from the driest
PCT, while the other three PCTs had significantly larger
emissions (mean 7.9, range 5.6–10.1 g C m−2) during the
two growing seasons. Compared to the annual CO2 balance
(−8.5± 4.0 g C m−2) of the fen in 2017, in 2018 the an-
nual balance (−5.6± 3.7 g C m−2) was affected by an ear-
lier onset of photosynthesis in spring, which increased the
CO2 sink, and a drought event during summer, which de-
creased the sink. The CH4 emissions were also affected
by the drought. The annual CH4 balance of the fen was

7.3± 0.2 g C m−2 in 2017 and 6.2± 0.1 g C m−2 in 2018.
Thus, the carbon balance of the fen was close to zero in both
years. The PCTs that were adapted to drier conditions pro-
vided ecosystem-level resilience to carbon loss due to water
level drawdown.

1 Introduction

Northern mires have sequestered substantial amounts of at-
mospheric carbon (C) since the last glacial period. The
C storage of these peat soils has been estimated to be
415± 150 Pg of C (Hugelius et al., 2020), which adds up to
about 30 % of the global soil C. This C storage has accumu-
lated through the photosynthetic fixation of carbon dioxide
(CO2) by mire vegetation, which in the long term has been
larger than the release of C through plant respiration and peat
decomposition. In the short term, however, the C balance of a
mire can switch from a sink to a source, as the annual C accu-
mulation rate is sensitive to variations in moisture conditions
and temperature (Alm et al., 1999; Bubier et al., 2003; Lin-
droth et al., 2007; Olefeldt et al., 2017) and to the length of
the snow-free period (Aurela et al., 2004; Lund et al., 2012).
Understanding the annual variability in peatland C dynamics
is essential, as the subarctic and arctic regions warm rapidly,
2–3 times as fast as the rest of the world (Masson-Delmotte
et al., 2018). This is projected to result in increased evapo-
transpiration and altered precipitation patterns, affecting in
turn the C balance of mires (Tarnocai, 2006).
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Subarctic mires endure long winters and relatively short
growing seasons and have near-zero mean annual air tem-
peratures. The net response of ecosystem C exchange to an-
nual weather conditions depends on multiple processes and
is thus hard to predict. In particular, the timing of soil thaw
and snowmelt has been shown to impact the growing sea-
son length and consequently the annual net CO2 uptake of
mires, because earlier springs advance the timing of bud
burst (Aurela et al., 2004; Grøndahl et al., 2008). In ad-
dition, warm springs increase microbial activity, ecosystem
respiration (Lafleur et al., 2005) and, where anoxia prevails,
methanogenesis and methane (CH4) emissions to the atmo-
sphere (Kim et al., 1999).

Ecosystem respiration, gross primary production and net
CH4 production in mires depend strongly on water table level
(WTL), which determines the depth of oxic and anoxic lay-
ers in the peat. Microforms with varying WTL, e.g. hum-
mocks and hollows, create different habitats for plant and
microbe communities (Wieder et al., 2006). Peat decompo-
sition is greater in the oxic layer above the WTL (Silvola
et al., 1996), and deeper oxic layers also enhance plant pro-
duction as roots require aeration (Bubier et al., 2003). Con-
sequently, the net CO2 exchange in northern mires not only
varies among different sites (Bubier et al., 1998; Frolking
et al., 1998; Lindroth et al., 2007) and from year to year
(Aurela et al., 2004; Lund et al., 2012) but also among the
microforms and plant communities within a site (Bubier et
al. 1998; Alm et al. 1999; Heikkinen et al., 2004). However,
there does not seem to be a clear universal spatial pattern in
relation to changing moisture conditions (Alm et al., 1999;
Waddington and Roulet, 2000; Laine et al., 2007a; Strack and
Waddington, 2007; Maanavilja et al., 2011; Korrensalo et al.,
2019). In contrast, CH4 emissions are generally larger from
wet than dry plant communities, as they depend on the bal-
ance between microbial production in anoxic conditions and
oxidation above the WTL (Saarnio et al., 1997; Segers, 1998;
Alm et al., 1999; Heikkinen et al., 2004; Wieder et al., 2006;
Laine et al., 2007b), but there is additionally marked small-
scale spatial variation related to nutrient and substrate avail-
ability and plant species composition (Svensson and Ross-
wall, 1984; Kettunen, 2003; Christensen et al., 2004; Dorod-
nikov et al., 2011).

High temperatures with water level drawdown have been
reported to decrease CO2 uptake (Chivers et al., 2009; Mu-
nir et al., 2014) and CH4 emissions (Peltoniemi et al., 2016;
Olefeldt et al., 2017) of mires. During the summer of 2018, a
large-scale heatwave and drought took place in north-western
Europe, including northern Finland (Lehtonen and Pirinen,
2019a, b). Rinne et al. (2020) found that this drought reduced
CO2 uptake and CH4 emissions, as compared to a reference
year, on most of the Fennoscandian mires studied. However,
the magnitude of this effect varied among the mires, as did
the duration and severity of the drought.

In this study, we examine the CO2 and CH4 exchange be-
tween the subarctic Kaamanen fen and the atmosphere dur-

ing two contrasting years (2017 and 2018). The site was in-
cluded in the synthesis of Rinne et al. (2020) that applied
spatially averaged eddy covariance (EC) data. However, the
annual variation in the plant-community-scale C exchange
has not been investigated previously, and it is unknown how
different communities react to water level drawdown during
drought events. Thus, our specific objective is to study the
small-scale CO2 and CH4 flux variation in response to mois-
ture conditions and compare this to the ecosystem-scale re-
sponse. We (1) utilise the EC flux measurement technique to
detect the ecosystem-scale variation in C exchange, (2) study
how C exchange varies spatially and temporally among dif-
ferent plant communities by using manual flux chamber mea-
surements and (3) determine the main environmental factors
controlling the C fluxes by means of a linear mixed-effects
model. We will also put our results in the context of the ear-
lier gas exchange data from this measurement site.

2 Materials and methods

2.1 Study site

The study took place at a patterned mesotrophic fen at
Kaamanen in northern Finland (69◦8.435′ N, 27◦16.189′ E;
155 m a.s.l.). The average annual mean temperature at the
Inari Ivalo weather station, 59 km south of Kaamanen, dur-
ing the 30-year reference period of 1981–2010 was −0.4 ◦C,
and the corresponding mean annual precipitation sum was
472 mm (Pirinen et al., 2012). A major part of the fen is pat-
terned with strings and flarks (or hummocks and hollows, re-
spectively). Hummocks of a few metres’ width surround wet
flarks and form strings, up to a few tens of metres in length
that sprawl through the fen. The strings are elevated from the
water table by 0.3–0.8 m and contain ice lenses that can re-
main frozen until late summer (Aurela et al., 2001). The site
has no permafrost, even though it is located 300 km north of
the Arctic Circle, and the nearest isolated permafrost palsas
are currently about 50 km north of the site. The peat depth
within the study area is 1–2 m (Piilo et al., 2020).

The vegetation within the patterned fen, which is the fo-
cus of our measurements, can be divided into four main
plant community types (PCTs): (1) Ericales–Pleurozium on
the dry string tops (ST), (2) Betula nana–Sphagnum on the
string margins (SM), and (3) Trichophorum tussock (TT) and
(4) flark (F) communities in the wet hollows (Fig. 1, Table 1)
(Maanavilja et al., 2011). The areal coverage of different land
cover types at the site has been estimated with high spatial
resolution remote sensing by Räsänen and Virtanen (2019)
(Table 1). In addition to the low vegetation, a few sporadic
Betula pubescens and Pinus sylvestris trees are growing on
the driest parts of the fen.

A stream flows through the fen from north to south, but
there is also nearly continuous surface water flow across the
peatland along the elevation gradient. The fen is flooded dur-
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ing the spring thaw, but the magnitude of flooding varies an-
nually. The string tops, however, are separated from the water
table of rest of the fen (Fig. 1) and therefore mainly receive
nutrients from precipitation instead of the lateral inflow.

The C exchange of the fen has been studied extensively
during the past few decades (Aurela et al., 1998, 2001, 2002,
2004; Hargreaves et al., 2001; Laurila et al., 2001; Heikkinen
et al., 2002; Maanavilja et al., 2011; Kross et al., 2016; Rinne
et al., 2020; Piilo et al., 2020). The ecosystem–atmosphere
CO2 exchange has been measured with the EC technique
continuously since 1997 and CH4 exchange since 2010. On
average, the fen has been estimated to be a small (approx-
imately −15 g C m−2 yr−1) atmospheric C sink during the
measurement periods 1997–2002 and 2011–2016 (Aurela et
al., 2004, and unpublished data), but the C exchange varies
among the microforms: the driest plant communities act as
the weakest net CO2 sink (Heikkinen et al., 2002; Maanav-
ilja et al., 2011) and CH4 source (Heikkinen et al., 2002).

2.2 Flux measurements

2.2.1 Chamber measurements

A total of 17 chamber flux measurement plots were chosen to
represent the four PCTs: five plots for the SM communities
and four plots each for the ST, TT and F communities. Eight
of the 17 aluminium collars (60 cm× 60 cm) were installed
during the first days of June 2017, during the soil thawing, to
accompany the collars that were already installed previously
in 2006. The overall vegetation condition and species com-
position inside the old collars were checked to match the new
study plots. The collars were positioned within 50 m from the
instrument booth (marked with a star in Fig. 1).

The CO2 and CH4 fluxes between the ecosystem and at-
mosphere were measured with manual flux chambers bi-
weekly during the growing seasons of 2017 and 2018: six
times between 12 June and 11 October 2017, and seven times
between 31 May and 4 September 2018. All chamber mea-
surements were conducted between 09:00 and 16:00 local
standard time.

The measurements were conducted with a transpar-
ent polycarbonate chamber (width× depth× height of
60 cm× 60 cm× 30 cm in 2017 and 60 cm× 60 cm× 40 cm
in 2018). The chamber was connected with a 50 m long in-
let tube (Teflon, inside diameter 3.1 mm) to a closed-path in-
frared gas analyser (Picarro G2401, Picarro Inc, USA) to de-
tect the changes in CO2, CH4 and H2O mixing ratios in its
airspace. The chamber air was mixed with a battery-driven
fan. The chamber closure time for each measurement was
2 min. Air temperature inside the chamber and soil tem-
perature at the 10 cm depth was measured at each plot on
the chamber flux measurement days with IKES Pt100 sen-
sors. Soil moisture was measured at the plots with a ML3
ThetaProbe sensor (Delta-T Devices Ltd., England) simulta-
neously with the chamber flux measurements. Photosynthetic

photon flux density (PPFD) was measured during the cham-
ber closures with PQS1 PAR Quantum sensor (Kipp&Zonen,
Delft, the Netherlands) on top of the chamber.

The flux was determined by measuring the CO2 and CH4
mixing ratio change within the chamber, first in ambient
light, then in one or two reduced light conditions and lastly
in complete darkness; the amount of incoming solar radiation
was reduced by 40 %–50 %, 75 %–90 % and 100 %, respec-
tively. The chamber was lifted off the collar between the mea-
surements to restore the ambient gas concentration inside the
chamber. Due to a small lag, until the data can be accepted
for CO2 and CH4 flux calculation, only the data from the fi-
nal 1.5 min of the 2 min closure time were used.

The CO2 and CH4 fluxes were calculated as

Fx =
p×Mx ×V

R× T ×A
×

dcx
dt
, (1)

where p is atmospheric pressure, Mx is the molecular mass
of CO2 (44.01 g mol−1) or CH4 (16.04 g mol−1),R is the uni-
versal gas constant (8.314 J mol−1 K−1), T is the mean air
temperature during chamber closure, V is the chamber vol-
ume, A is the chamber base area, and dcx

dt is the mean CO2
or CH4 mixing ratio change in time calculated with linear re-
gression based on ordinary least squares. The mixing ratio is
expressed with respect to dry air, so no correction for water
vapour dilution was necessary. A micrometeorological sign
convention was used: a positive flux indicates a flux from the
ecosystem to the atmosphere (emission), and a negative flux
indicates a flux from the atmosphere into the ecosystem (up-
take).

For estimating the PCT-specific CH4 flux time series from
the chamber measurements, a mean flux was calculated for
each of the 17 chamber plots from the two to four cham-
ber closures that were conducted during each measurement
day. The measurement data were screened to ensure that
they were unaffected by CH4 ebullition events and distur-
bances induced by a closing chamber. The criteria for dis-
carding measurements were as follows: CH4 mixing ratio
was > 5 ppm at the start of the closure, or the normalised
root mean square error of the linear regression fit was> 0.02,
or there was an obvious non-linearity in the time series. The
number of rejected/total data for each PCT was 27/148 (F),
4/150 (TT), 41/188 (SM) and 4/147 (ST).

2.2.2 Eddy covariance measurements

The EC measurements were conducted on a tower 5 m above
the mean fen surface. The EC system consisted of a three-
dimensional anemometer (USA-1, METEK Meteorologische
Messtechnik GmbH, Germany), a closed-path infrared gas
analyser for CO2 and H2O mixing ratios (LI-7000, LI-COR
Biosciences, USA) and a laser-based gas analyser for CH4
mixing ratio (RMT-200, Los Gatos Research, USA). The
heated 6 m inlet tubes for the gas analysers were mounted
0.3 m below the centre of the anemometer sound paths. The
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Table 1. Vegetation composition of the four main fen plant communities and their areal coverage inside a 200 m radius around the eddy
covariance tower.

Plant community type Dominant species Coverage [%]

String top (ST) Vaccinium spp., Empetrum nigrum,
Lichens, Pleurozium schreberi,
Rubus chamaemorus

15

String margin (SM) Carex spp., Eriophorum vaginatum,
Sphagnum warnstorfii, Betula nana

13

Trichophorum tussock (TT) Trichophorum cespitosum,
Campylium stellatum

9

Flark (F) Scorpidium scorpioides,
Carex limosa

34

Figure 1. The four dominant plant communities (Table 1) within the main eddy covariance source area and the other land cover types at the
Kaamanen site. The land cover map is centred at the EC tower. The schematic cross section of the fen microtopography shows the average
position of the studied plant community types (based on Maanavilja et al., 2011).

inner tube diameter and the flow rate were 3.1 mm and
6 L min−1, and 8 mm and 15 L min−1 for the LI-7000 and
RMT-200, respectively.

The EC data were sampled at 10 Hz, and standard methods
were used to calculate half-hourly turbulent fluxes (Aubi-
net et al., 2012). Block averaging and a double rotation of
the coordinate system were applied first (McMillen, 1988).
Water vapour fluctuations affecting CO2 mixing ratios were
compensated for (Webb et al., 1980), but a similar proce-
dure was not necessary for temperature (Rannik et al., 1997).
Flux losses due to high-frequency signal attenuation were
corrected for using methods detailed by Moore (1986) and
Tuovinen et al. (1998).

The half-hourly averaged data were screened, and the data
were accepted on the basis of the following criteria: relative

stationarity < 100 % (Foken and Wichura, 1996), number of
recorded data per 30 min> 17 400, number of signal spikes
per 30 min< 360, mean CO2 mixing ratio of 340–550 ppm.
A western wind direction sector (260◦–315◦), within which
the ecosystem changed from fen to pine forest at a distance
of 100 m, was excluded. In addition, periods of insufficient
turbulence were discarded with the friction velocity limit of
0.1 m s−1.

2.2.3 Abiotic and biotic environmental measurements

Additional meteorological variables measured close to the
EC tower included air temperature and humidity at 3 m
height (Vaisala HMP 230), global and reflected radiation
(Kipp&Zonen CM7), and downward and upward photo-

Biogeosciences, 18, 873–896, 2021 https://doi.org/10.5194/bg-18-873-2021



L. Heiskanen et al.: Carbon dioxide and methane exchange 877

synthetic photon �ux density (Kipp&Zonen PQS 1). Water
vapour pressure de�cit (VPD) was calculated from air tem-
perature and relative humidity according to Jones (2013).
Soil temperature pro�les were measured in both a string (at
� 10,� 30,� 50,� 75 and� 105 cm) and a �ark (at� 10,� 30
and� 50 cm) (IKES Pt100 sensors). The data were collected
continuously by data loggers as 30 min averages. A soil tem-
perature time series was generated for each chamber plot by
adopting the� 10 cm �ark temperatures for F, TT and SM
and the� 10 and� 30 cm string temperatures for ST, and ad-
justing them to match the plot-speci�c soil temperatures on
the chamber �ux measurement days.

The water table level relative to the peat surface was mea-
sured from perforated tubes placed next to each chamber
measurement plot. During early summer, when there were
still ice lenses inside strings, the WTL of string tops was
measured as the depth of an ice lens or the meltwater over-
laying the lens. These measurements were conducted simul-
taneously with the chamber �ux measurements.

Plant species coverage and mean height were measured bi-
weekly in each collar for estimating the leaf area index (LAI).
Harvested samples of different species groups (deciduous
shrubs, evergreen shrubs, forbs, graminoids and mosses)
were collected during peak summer 2017 in 57 sampling
plots of 50 cm� 50 cm, and LAI was measured from these
samples with an A4 scanner. With the help of the samples,
empirical relationships between LAI and species group cov-
erage and height were established with ordinary least squares
linear regressions (Juutinen et al., 2017). Biweekly LAI was
then estimated for the collars with these empirical relation-
ships.

The phenology of the fen vegetation was also tracked util-
ising daily phenocamera images taken with StarDot Net-
cam SC 5 digital camera. The camera was placed at 3 m
in a weather-proof housing on a pole facing the north, and
the viewing angle of the camera was adjusted to 45� . Images
were automatically taken every 30 min, and daytime images
during the growing season were used for the image analysis.
The processing of the images was executed with FMIPROT,
a software designed for image processing for phenological
and meteorological purposes (Linkosalmi et al., 2016; Ta-
nis et al., 2018). The green chromatic coordinate (GCC) was
used as a greenness index and calculated as

GCCD
6G

6G C 6R C 6B
; (2)

where 6G , 6R and 6B are the sums of green, red and
blue channel indices, respectively, of all pixels compris-
ing a region of interest (ROI). In addition to a more gen-
eral view, ROIs were de�ned separately for �ark and string
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