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Abstract. Fluxes of greenhouse gases (GHG) carbon diox-did not respond to the thawing of the peat soil. The,CO
ide (CQ), methane (Chl) and nitrous oxide (BO) were  and NO emission peaks were not captured by the manual
measured during a two month campaign at a drained peatthambers and hence we conclude that high time-resolution
land forest in Finland by the eddy covariance (EC) techniquemeasurements with automatic chambers or EC are neces-
(COz; and NO), and automatic and manual chambers §CO sary to quantify fluxes during peak emission periods. Sub-
CH4 and N O). In addition, GHG concentrations and soil pa- canopy EC measurements and chamber-based fluxesof CO
rameters (mineral nitrogen, temperature, moisture content) imnd NO were comparable, although the fluxes ef0Nmea-

the peat profile were measured. The aim of the measuremestured by EC were close to the detection limit of the system.
campaign was to quantify the GHG fluxes during freezing We conclude that if fluxes are high enough, i.e. greater than
and thawing of the top-soil, a time period with potentially 5-10 ugNm2h~1, the EC method is a good alternative to
high GHG fluxes, and to compare different flux measure-measure MO and CQ fluxes at ecosystem scale, thereby
ment methods. The forest was a net £€nk during the  minimizing problems with chamber enclosures and spatial
two months and the fluxes of GQlominated the GHG ex- representativeness of the measurements.

change. The peat soil was a small sink of atmospherig CH
and a small source of /0. Both CH; oxidation and NO
production took place in the top-soil whereas Okas pro-
duced in the deeper layers of the peat, which were unfrozerjr
throughout the measurement period. During the frost-thaWDraina e of peatlands for forestry has been a common orac-
events of the litter layer distinct peaks in gé@nd NbO emis- fice i gF P dia during th y t 100 | ?: i
sions were observed. The GQeak followed tightly the in- ICE In -ennhoscandia during the pas years. 1n Fin

crease i sof temperaur, wereas thtpe occrred 2. T0re a1 halof e e patand ares s een
with a delay after the thawing of the litter layer. @Huxes y 9

ilainen and Rivanen, 1995; Joosten and Claarke, 2002).
Drainage lowers the groundwater table and improves the
aeration of the peat, which increases the growth of trees.

Correspondence tay. K. Pihlatie Thereby, drainage also changes greenhouse gas dynamics of
BY (mari.pihlatie@helsinki.fi) the peatland, as a large part of the decomposition of the peat
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switches from anaerobic to aerobic conditions with a shift Our aim was to estimate the net GHG exchange and the
from methane (Ch) to carbon dioxide (C@) as the end- importance of different C and N flux components on the to-
product of decomposition (Moore and Dalva, 1993; Silvola tal GHG balance during the two-month measuring period.
etal., 1996; Minkkinen et al., 2002; Roulet et al., 1993, Mar- We hypothesise that D is an important component of the
tikainen et al., 1995; Ny&nen et al., 1998). Stimulated aer- ecosystem greenhouse gas exchange due to “hot moment”
obic decomposition of the peat releases nutrients, especiallgmissions such as frost-thaw events. Our second aim was to
nitrogen, to the soil, which may lead to elevated emissionsevaluate the suitability of sub-canopy EC-basedONnea-
of nitrous oxide (NO) (Martikainen et al., 1993; Silvola et surements as a sophisticated alternative to traditionally used
al., 1996; Laine et al., 1996). However, the changesi®N chamber methods in this environment. The quality control
emissions after drainage seem to depend on the fertility ofand flux error analysis of the ECoR measurements at the
the original peatland, i.e. its nitrogen content or the C:N ratiosite are presented in this issue in Mammarella et al. (2010).
of the peat, and the level of the water table after the drainage
(von Arnold et al., 20054, b). _

Drained peatlands which have been used for agriculture? Materials and methods
first and then planted with trees (afforested peat soils) ar
strong point sources of /0. These MO emissions are of

the same order of magnitude as the emissions from drainegpe measurements were conducted at a Kalevansuo drained

peatlands which are still used for agriculture (Maljanen etal.,neatiand forest classified as an ombrotrophic dwarf-shrub
2001; Regina et al., 2004; &kiranta et al., 2007) Drained pine bOg The site is located in southern FinlandomN'
forested peatlands cover 25% of forest area in Finland makx o5 E), where the mean annual precipitation is 606 mm

ing these ecosystems potentially important sources of greensq the mean annual temperature is°€3 The bog was

house gases. During the last two decades there has been dgained for forestry in 1971 by open, about 1 m deep ditches
bate whetherthe dralnage of peatlands for forestry turns theraug with approximately 40 m spacing between the parallel
from net smke of carbon into net sources, and wheth@ N ditches. In 1973 the site was fertilised with phosphorus and
makes up an important part of the total greenhouse gas bajs,assjum, following the guideline practises for drained peat-
ance. L . lands. Drainage resulted in a lowered water table down to
Intensive measurements of GHG emissions from dra'nedapprox. 40cm from the peat surface, and a changed compo-
peatland forests are scaree. Also, comparisons of d'ﬁerenéition of ground vegetation from typical bog vegetation to-
measurement techniques in these ecosystems are almost nQfj54s more of a forest understorey. However, some features
existent. Most of the studies have been conducted with chamg ;- as the abundance of peatland dwarf shrubs and fairly
ber techniques using weekly to monthly measuring intervalsyigh coverage oSphagnunspecies still distinguish the site
This measurement frequency may severely miss importanfom ypland forests. Currently the height of the tree stand is
emission events, so called “hot moments”, related especiallyg_1gm average basal area is 11, and average stem
to N,O emissions from soils (see e.g. Matzner and Borken e nities are 900, 750, and 40 stems per ha for the dominant
2008; Papen and Butterbach-Bahl, 1999), such as frost-tha s pine pinus sylvestris..) trees and the smaller under-
periods which could be substantial in boreal enwronmentsstorey downy birchBetula pubescepsnd Norway spruce

(see e.g. Koponen et al., 2004, 2006). As a result, calculaipjcea abied ) trees, respectively. The total LAI in the site
tions of seasonal or annual budgets of greenhouse gases M approximately 2 Am—2 (Mammarella et al., 2010).

be biased and potentia!ly underestimated if the frequency of Forest floor vegetation consisted mainly of hummock
measurements or spatial coverage is not sufficient to covefarf shrubs \accinium vitis-idaea, Vaccinium muyrtillus,

variations. o Empetrum nigrum, Vaccinium uliginosum, Ledum palustre

We report results of greenhouse gas emissiong(@Bs  5nq Betula nanj, sedges likeEriophorum vaginatumand
and NO) from a drained peatland forest in Kalevansuo, mqssespleurozium schreberDicranum polysetum, Sphag-
southern Finland. The me.asur.ement campaign lasted twq russowii, Spagnum capillifoliund Sphagnum angus-
months from the end of April until the end of June 2007, andtifolium).

was run under the NitroEurope IP EU-project. The mainaim  tpa depth of the well decompos&phagnunpeat at the
was to quantify the total GHG balance during a potentially gjtq is approximately 2.5 m with peat a pH of 5.0 and C/N ra-

high peak season in the spring, when the peat is melting ang, of 41 in the litter layer and 45 in the top 10 cm of the peat
frost-thaw driven NO fluxes are likely to occur. We mea- ¢q;-

sured net CQ exchange above and below the forest canopy

and NO exchange below the forest canopy by the eddy co-2 2  Elux measurements

variance (EC) method and compared these fluxes to sai] CO

CHg4, and NO fluxes measured simultaneously with auto- Intensive GHG measurements were carried out from 25 April

mated and manual chamber techniques. to 27 June 2007 within a homogenous and representative ap-
prox. 1 ha plot of the forest (total area of approx. 60 ha). The

©.1 Site description
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main measurements included micrometeorological eddy co-
variance (EC) measurements of g£@bove and below the
forest canopy and pO fluxes below the canopy, automated
as well as manual chamber-based measurements ef CO
CH4 and NO fluxes. The locations of the different mea-
surement systems are shown in Fig. 1.

The above canopy EC COflux measurement system
(ECabove included a METEK USA-1 ultra sonic anemome-
ter (METEK GmbH, Elmshorn, Germany) mounted on the
top of a 21.5m telescopic mast and a LI-7000 AZZH)O
analyzer (Li-Cor, Inc., Lincoln, NE, USA) mounted at 6 m
height in the tower. Air was drawn from the proximity of
the sonic to the LI-7000 C&H,0 analyzer using a Bev-A-
Line IV tubing (Thermoplastic processes, Stirling, NJ) with
an inner diameter of 3.1 mm. The storage flux of Ofas
calculated from the concentration data measured at heights o
21.5m and 6 m, the latter being measured with a LI-82Q CO
analyzer (Li-Cor Inc., Lincoln, NE, USA). The storage flux
was added to the measured net ecosystem exchange (NEE
hereafter NEE referring to the sum of turbulent and storage
fluxes. The mast was located in the centre of the measure-
ment site (Fig. 1). | ' ' ' ' |

The sub-canopy EC measurements {E)Cwere con- . ) ) )
ducted at 4m height. The sub-canopy mast was located ad{lg. 1. Map of the meas_urement site showing the locations of
proximately 100 m southwest of the tall mast, and approxi—above canopy eddy covariance (EC) mast (ECabove), sub-canopy

v half b h I dth - .EC mast (ECsub), manual chambers (MC, square) and automatic
mately half way between the tall mast and the automatic Soll.pampers (A, circle). Dotted line next to one of the manual cham-

chambers (see Fig. 1). The @@uxes were measured With  per groups show the place of soil gas concentration pits, and grey
a Li-7500 Open-Path Infrared G120 Gas Analyzer (Li-  |ine around the sub-canopy EC mast show the footprint area from
Cor, Inc., Lincoln, NE, USA) and a CSAT3 Sonic Anemome- which 85% (at 30 m) of the sub-canopy® fluxes originate (see
ter (Campbell Scientific Inc., Logan, UT, USA). EC mea- Mammarella et al., 2010).
surements of RO fluxes were conducted at the same mast
using the same CSAT3 anemometer and a tunable diode laser
spectrometer (TGA-100A, Campbell Scientific Inc., Logan, similar than in the peatland generally, however, tall dwarf
UT, USA). shrubs were not present. Detailed vegetation survey was not
Forest floor (soil and ground vegetation) fluxes of O conducted for the automatic chambers.
N>O and CH were measured with the enclosure method Manual chamber measurements were conducted once a
using automatic (transparent) and manual (opaque) chamweek during April to June 2007, and fortnightly during July
bers. The automatic chamber system consisted of d&o September 2007. In total 16 circular metal collars were
valve-driven sampling system (custom-made by IMK-IFU) located in groups of four approx. 30-60 m from the tall EC
for nine soil chambers with dimensions of 680x15cm  mast in the four main directions, and 10-150 m north-east
(length x width x height). The automatic chambers were from the sub-canopy EC mast (Fig. 1). The collars were in-
located approx. 170 m southwest of the tall EC mast, and apstalled in 2004 at soil depth of 3-5cm, on top of the root
prox. 100 m southwest from the sub-canopy EC mast (Fig. 1)layer. During chamber measurements, a 30cm high cir-
The chambers were connected to a gas chromatograph (SRUular metal chamber was placed on the collar. Volume of
Instruments, Torrance, CA, USA) equipped with an electronthe chamber was approx. 27 L. Air inside the chamber was
capture detector (ECD) for /D and a flame ionization de- mixed with a fan, and the temperature inside the chamber
tector (FID) for CH,, and a GMD20D infrared C®analyzer ~ was monitored with a thermometer in order to correct the
(Vaisala, Vantaa, Finland). The nine chambers were split intdfluxes. Gas samples (100 ml) were collected with a syringe
3 sets of 3 chambers. One measurement cycle included clat 2, 15, 25 and 35min intervals and transferred immedi-
sures of 3 chambers and a simultaneous calibration with ately into 12-ml glass vials (Labco Exetai@arLabco Lim-
reference gas. Each chamber was closed for 48 min, and thitged, Buckinghamshire, UK). Ninety ml of the gas sample
mean sampling intervals were 6, 18, 30, and 42 min afterwas used to flush the air in the vial with two needles. The
the closure. The measurement system is described in monest 10 ml of the gas sample was used to over-pressurize
detail in Kiese and Butterbach-Bahl (2002) and Werner etthe vial after removing the flushing needle. Gas samples
al. (2007). The vegetation inside the automatic chambers was/iere analyzed within one week for,® and CH by a
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gas chromatograph (Agilent 6890 GC, Agilent Technologies2.4 Data analysis
Finland, Espoo, Finland) equipped with an ECD faiNand

an FID for CH. Flux rates of manual and automated chamber measurements
were calculated with the following equation
2.3 Soil measurements
Fo= 950 ()
c— — It
Concentrations of pO and CH in the peat profile were mea- dt

sured at two pits located approximately 40 m southwest Ofwherch is the flux of the target gas (gTRs 1), C is the gas

the above-canopy EC mast. The concentrations were megsoncentration in the chamber air (g#) at standard pressure
sured in the peat at 5cm, 22 and 45 cm below the litter Iayer(lol 325 Pa) and temperature measured in the headspace,

Gas collector cups were 100 ml in volume and made of Stai”'closure time (s) andl the height of the chamber (m). The de-

less steel. The cups were installed horizontally approx. 20 Cmyejonment of the gas concentration inside the chambers was
apart from each other, upside down with an open end at thg ey for the majority of the measurements. For the man-

bot’Eom in the soil and connected to the atmosphere via g5 chamber data we compared fluxes calculated based on
1/8’ stainless steel tube. Gas samples were collected weekly, ;5 dratic it and linear regression. The use of a quadratic fit

during April to June from the depths 5 and 25cm and fort- .oq jited in up to 30% higher fluxes of Gldnd 20% smaller
nightly during July to September from all depths (5, 22 andg;yes of N;O as compared to the linear regression. Due to
45cm). At the time of gas sampling, the 5-10ml gas vol- 5y four data points and fluxes close to zero, we considered
ume inside the tubing was discarded after which a 100 ml gagy, o the linear regression method was more reliable for this
sample was taken and transferred into 12-ml glass vials as dgj4ta and hence we calculated all the fluxes by a linear re-
scribed above. When a gas collector was below the groundgression analysisiE4). We filtered out bad quality data by
water table, a water sample of 50 ml was taken with the SYremoving data with R2-value 0.7 or less.
ringe. Then the gas dissolved in the water was equilibrated £¢ fluxes were calculated as 30 min average covariances
with 50 ml of ambient gir by shaking the syringe rigorous_ly between the scalars (G&nd NeO) concentration and the
for 10min. After shaking, 20 ml of the gas sample was in- yertical wind velocity according to the commonly accepted
jected into a pre-evacuated 12-ml glass vial. procedures (Aubinet et al., 2000). The above canopy EC data
Soil temperature and volumetric water contents were mea qqjisition was done with a modified version of a program by
sured adjacent to the automatic chambers in the litter layef,millen (1986). Coordinate rotation and data detrending
and at 5 and 10 cm depths of the peat (TIEDR IMKO by an autoregressive running-mean filter with a 200-s time
and Pt-100, IMKO GmbH, Ettlingen, Germany). In addi- constant were performed according to McMillen (1988).
tion, soil temperatures in the litter layer, and at 5 and 30 cmThe |ag between the time series resulting from the transport
depths of the peat were measured close to the tall EC mast biyrough the inlet tube was taken into account in the on-line
FMI (Finnish Meteorogical Institute). The variation of the calculation. An air density correction related to the sensible
ground water level near the main EC mast was monitored byheat flux is not necessary, but the corresponding correction
a PDCR 1830 level pressure sensor (Druck Inc., New Fairye|ated to the latent heat flux was made (Webb et al., 1980).
field, CT, USA). Corrections for the systematic high-frequency flux loss ow-
Soil ammonium (NH-N), nitrate (NQ-N) and total dis-  ing to the imperfect properties and setup of the sensors were
solved nitrogen contents were analysed from samples colearried out off-line using transfer functions with empirically-
lected weekly during April to June 2007, and monthly dur- determined time constants. The data processing procedures
ing July to September 2007. Soil samples from the litter layerhaye been presented in more detail by Lohila et al. (2007)
and peat (0—10 cm) were collected in 5 replicates: four fromgnd Aurela et al. (2009).
close vincinity to the manual chambers (4 groups) and one The sub-canopy fluxes were calculated using software de-
from Close VinCinity Of the automatiC Chambers. FI’eSh Soilveioped by the Micrometeoroiogy group at the University of
samples were stored at *@ and extracted with 1MKCI  Helsinki, Department of Physics. The software is routinely
the next day after the sampling. The extracts were frozen af;sed for post-processing EC data measured in several per-
—18°C until analysis by a flow injection analyzer (FIA 5012, manent sites and field campaigns. It contains all the update
Tecator) at the Finnish Forest Research Institute. Total Carmethods and Corrections according to the Euroﬂux method-
bon and nitrogen contents were analyzed from dried@)0  ology (Aubinet et al., 2000; Lee et al., 2004). For the present
soil samples using a vario MAX CN elemental analyser.  study, the software was slightly modified in order to handle
with the laser data, as reported by Mammarella et al. (2010).
All signals were detrended for removing the average values
and trends. A simple linear detrending procedure was used
for calculating the C@flux. The NbO signal measured by
the TDL gas analyzer was characterized by stronger trends,
caused mainly by instrumental drift, which can give an extra
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contribution to the estimated flux in the case that the fluctua-depth) of the peat soil. Rainfall during April-June was low
tions of the concentration are correlated with the fluctuationswith low intensities except for two events in mid April and in
of the vertical wind velocity. In order to remove the instru- the end of May, resulting in short increases in the soil water
mental drift effect and to reduce the random flux variability, content (Max. 22 vol%) and water table (see Fig. 2). De-
a running mean filter (McMillen, 1988) was performed prior spite these short increases, the water table and soil moisture
to calculation of the MO flux. A more detailed description decreased-{25cm to—40cm; 16 to<10 vol%) during the
of the data processing of & EC signal is given in Mam-  intensive measurement period.
marella et al. (2010).
Alag-time of 2.3 s was obtained for the above-canopyCO 3.2 Concentration of soil ammonium, nitrate and total
signal, maximizing the cross-covariance function between dissolved nitrogen
the CQ concentration and the vertical wind velocity. The
same procedure was applied to the sub-canog® Bignal,  Soil nitrate (NG -N) concentrations were close to zero
but because the XD emissions were very close to detection throughout the whole measuring period, whereas soil am-
limit of the system, it was not possible to clearly determine monium (NH;f -N) and total nitrogen (tot-N) concentrations
experimentally the DO lag time. Then using a procedure were elevated at the beginning of the measurement period
similar to Pihlatie et al. (2005), we used a fix lag time of with a maximum during the frost-thaw event in May, and de-
1s. The same value was obtained by using the sample flowreased towards the end of the measuring campaign (Fig. 6).
and volumes of the inlet tubing and the sample cell, for esti-The concentrations of NDN, NH;-N and tot-N were al-
mating the theoretical pO lag time. The C@flux was cor-  ways higher in the litter layer than in the peat at 0-10cm
rected for density fluctuations effect (WPL correction; Webb depth (data not shown). Total dissolved nitrogen concentra-
etal., 1980), while such correction was unnecessary $@ N  tions in the soil varied between 50-230 mg Nkgiry soil,
fluxes, because of the presence of high flow sample dryeand were approximately one order of magnitude higher than
in the system (PD1000 Nafifhdryer, Campbell Scientific, the concentrations of Nf+N in the soil.
Inc., Logan, UT, USA). Temperature fluctuations do not need
to be corrected because they can be assumed to be damped3®  COz fluxes
the sampling tube (Rannik et al., 1997). No Burba correction
was used for the eddy covariance data from open path COEC measurements above the forest canopy revealed that the
analyzer even though the correction may slightly increase théite was on average a net sink for £@uring the mea-
flux levels (Burba et al., 2008). The EC fluxes were cor-Suring campaign, from late April to late June 2007 (see
rected for the high frequency flux underestimation accordingFig- 3)- The daily net ecosystem exchange (NEE) 0CO
to Mammarella et al. (2010). For typical mean wind velocity increased from approximately0.014 mg C m?s~* during
in the sub-canopy layer, the flux loss was about 5% and leséPril to maximum of—0.064 mg C m?s~* in the middle of
than 10% for C@ and N.O, respectively. June. The drained peatland fores_:t was a Wegk source of car-
Statistical tests (paired t-test) for the flux and soil mea-Pon (0.02mgC m?s~*) on few rainy days during the mea-
surement data was done with SPSS statistical program (SPS¥irement period. Overall, the G@xchange followed the

Inc., Chicago, IL, USA). changes in air and soil temperatures being higher (uptake) in
warm and lower (up to emission) in cold days (see Figs. 2
and 3).

3 Results In contrast to the net COuptake of the whole forest
ecosystem, soil and ground vegetation together turned out to

3.1 Environmental conditions be a source of Ceto the atmosphere. Both, GGluxes be-

low the forest canopy measured by the EC and by automatic
At the start of the measurement campaign part of the peathambers on the soil surface showed an increasing emission
was still frozen. The air temperatures varied from belowtrend from April to June (Fig. 3). Forest floor GAluxes
0°C in the end of April to a maximum of 2C in the begin-  (automatic chambers) and sub-canopy fluxes (sub-canopy
ning of June (Fig. 2). Prior to the start of the measurementEC) increased from a minimum of 0.001mgC#s 1 in
campaign the soil had melted and frozen several times. Théhe end of April to a maximum of 0.013mg Cths™! and
first pronounced freeze-thaw cycle was recorded in the end 00.03 mg C nt2s ™1, respectively, in the end of May when
March, one month prior to the measurement campaign (datalso soil and air temperatures reached their maximum. In
not shown). However, as indicated by temperature measuredune a decrease in temperature was followed by a decrease
ments of air and litter layer, the peat surface layer was stillin CO, fluxes, however, this was more pronounced in the
freezing and thawing during the measuring campaign in thesub-canopy EC fluxes. In the end of June forest floor and
end of April (Fig. 2). During the intensive measurement pe-sub-canopy fluxes leveled around 0.01 mg s !, how-
riod (25 April-27 June) the soil temperature increased fromever still following changes in the air and soil temperatures
around OC up to approx. 16C in the upper part (5cm (Figs. 2 and 3). Mean forest floor (0.008 mg C#s 1)

www.biogeosciences.net/7/1715/2010/ Biogeosciences, 7, 17232010
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Fig. 2. (a)Air temperature(b) soil temperatures in litter layer (hummock and hollow) and in peat,(endoil moisture (vol/vol), ground
water table depth (WT) and precipitation at the drained peatland pine forest during April-September 2007 (intensive measurements 25 April—
27 June).

and sub-canopy COexchange (0.009mgCms 1) over  sum of soil respiration and GOphotosynthesis of ground
the measuring period were almost identical and a paired tvegetation, and the CGOnet ecosystem exchange (NEE)
test analysis did not reveal any statistical differences (Ta-above the forest canopy were small (Fig. 4). During the warm
ble 1). Forest floor C@and sub-canopy exchange correlated period (5 June—15 June) both the net Gfnissions of the
positively with air and soil temperatures. The soil temper-forest floor (Fig. 4c) and the net GQuptake of the forest
ature at 5cm depth explained most of the variability in for- canopy (Fig. 4d) increased. During both cold and warm pe-
est floor CQ flux rates (=0.96, p<0.01). The correlation riods, the sub-canopy CQluxes followed a small but clear
was less pronounced for sub-canopy EC based fluxes due tiurnal trend when the net GQGemission decreased during
a more scattered temporal emission pattern also reflected iday-time and increased during night-time (Fig. 4a and c).
higher values of CV% (Table 1, Fig. 3). Furthermore, we The comparison of the mean and median GHG exchange
found a negative correlation of forest floor g@uxes with measured by above canopy EC and sub-canopy EC and by
soil moisture ¢0.60,p<0.01) and water table depth-0.76,  automatic forest floor chambers during the entire two-months
p<0.01). These correlations were not significant for the EC-measurement period is shown in Table 1, and the cumulative
based sub-canopy measurements. fluxes are shown in Table 2. During the period of 25 April—
The measurement campaign can be divided into two dis21 June the cumulative GOluxes measured by sub-canopy
tinct periods: a cold and a warm period. During the cold EC (42.5 g C m?) and forest floor chambers (37.7gC#)
period (30 April-10 May) the net forest floor G@uxes, the  did not statistically differ from each other, and accounted for

Biogeosciences, 7, 1715#27, 2010 www.biogeosciences.net/7/1715/2010/



M. K. Pihlatie et al.: Greenhouse gas fluxes in a drained peatland forest during spring frost-thaw event 1721

Table 1. Mean and median fluxes of GOCH, and N,O and coefficient of variation (CV%) measured by eddy covariance, and automatic
and manual chambers in Kalevansuo peatland forest during 25 April-27 June 2Q0and&EEG stand for eddy covariance above and below
the canopy, respectively, and AC and MC stand for automatic and manual chambers, respectively.

mgCO-Cm 2571 pg CHi-Cm2h~1 pg NpO-Nm—2h~1
CO,.ECq CO,.ECs CO, AC CH4AC CHsMC2 NyOECs NpOAC NyOMC2
Mears —0.03%  0.009 0.008 —37.2 -—18% 3.R 4% 6.8
Median —0.026  0.008 0.008 -356 —15.2 25 3.9 6.8
CV% 180 75.7 45.3 40.2 144 123 62.3 42.8

1 Coefficient of Variation was calculated as CV% = stdev of the flux/meanflio.
2 Measurement period 25 April-18 June 2007.
3 Different superscripts indicate significant differences between flux rates of one component measured with different methods.
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Fig. 3. (a) Daily mean CQ exchange measured with eddy covari- time of the day time of the day

ance above the forest canopy (EC above) and inside the canopy (EC

sub) and automatic chambers (AC) at the drained peatland pine forFig. 4. Daily time course of CQ fluxes at the drained peat-

est. Error bars stand for standard deviations. land pine forest measured with automatic chambers (AC) and sub-
canopy eddy covariance (EC sua), (c) and above canopy eddy
covariance (EC abovd)), (d) during a cold period in 30 April—

42 and 37% of the total NEE«102 g C nT?), respectively 10 May 2007 (a), (b) and a warm period in 5-15 June 2007 (c),

(Table 2). (d). Dots represent median values for each hour (AC, EC sub) or
half hour (EC above) over the 10-day period. Error bars represent
3.4 CHgyfluxes standard deviations.

Kalevansuo peatland forest was a small sink fory@idring

the measurement campaign (Fig. 5a). The;@Htake mea- 35 N,O fluxes

sured with the automatic chambers increased from around

__30 Mg Cmr2h~* to a approximately ‘?”50 pugCnmzh-t Kalevansuo drained peatland forest was a small source
in June. The CHl fluxes measured with manual chambers of N,O during the measurement period from April
were constantly by at least a factor of two smaller than thetO June 2007. Mean emission rates varied between
CH, fluxes measured with the automatic chambers (Fig. 5)'3-2Hg NnT2h-1 measured by the sub-canopy EC tech-
The fluxes of CH were not affected by thawing of the soil nique, 4.5pgNm2h-1 by the automatic chambers, and
but followed more closely the groundwater table and 50”6.8 ug N nT2h~1 by the manual chamber techniques (Fig. 6,
moisture content in the peat. GHiptake correlated posi- | pia 1). Independent of the measuring techniqp® Emis-
tively with soil water contentr{=0.38, p_<0.01)_and yvater sions hardly exceeded 10 ug Nh— except for a short pe-
table depth=0.44, p<0.01), and negatively with soil tem- riod at the beginning of the measuring campaign when ele-
peratures at 5c¢m and at _30 cm dept£0.50, p<0.01; vated NO emissions could be detected at least with the tem-
r=—0.62, p<0.Ql), respectively, and C(luxes measured porally highly resolved EC and automatic chamber measure-
by the automatic chambers-0.50, p<0.01). ments (see Fig. 6). The elevated® emissions coinside
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. 30
Table 2. Cumulative greenhouse gas €0CH,; and NO fluxes ,
at the Kalevansuo drained peatland forest measured by eddy co-_ °
variance and automatic chambers during the intensive measuremers_ 2
period 25 April-26 June 2007. z 1
2 104
s s ©
o]
Component cumulative flux, cumulative flux, GWHRCO, eqv. z 04
cm2 gGHG nT2 5
CO0,_ECa (NEE) -102 -373 -373 0.40 -
CO, ECs 425 156 156
CO,.AC 37.7 138 138 T 035
CH4 AC —0.046 —0.062 -1.30 & 0l o
N2O_AC 0.006 0.009 2.77 28 aem 8
- cm
025 1@ -45cm ® 'Y )
1 Measurement period 25 April-21 June 2007. 020 LO Ambient ]
2 GWP100 refers to Global Warming Potential with a 100-year time = 555 | ; Lﬁ 'YN )
horizon. v ‘ LI
150 1@ NON e ® °
2 ° () ®
\E: 75 4 ®
042 % <
o g 20
Sl 9 SEIX! 5 :
c T, g " 00 O o
S 40 ’ 0 & 8 . g .
z/ 50 1 16 Apr 30 Apr 14 May 28 May 11 Jun 25Jun 08 Jul 12 Aug 16 Sep
“{ 2007
5 80+ 5
100 = Fig. 6. (a)Mean soil NO fluxes measured with eddy covariance,
1200 4 b) automatic and manual chambefis) soil concentrations of pD at
600 9 i e ? three depths and in the ambient air, gopmineral nitrogen and to-
- cm . . . . . . .
s ° - © tal nitrogen concentrations in the litter layer of the soil during April—
g @ -45cm g y gAp
3 O Ambient oo September 2007 at the drained peatland pine forest. First column of
z o the figures represent the period of intensive measurements, the sec-
o0 © 888 008 ond shows the data outside the measurement campaign. Error bars
8 8 8o stand for standard errors of the mean.
1 - T T T T T T T T
16 Apr 30Apr 14May 28May 11Jun 25Jun 08 Jul 12 Aug 16 Sep
2007 CO; fluxes ¢=—0.48, p<0.01). Positive correlations were

found with water table depthr€0.40, p<0.01) and CH up-

Fig. 5. (a)Daily mean fluxes of C measured with automatic (AC, take ¢=0.30, p<0.05).

n=9) and manual (MCr=16) chambergb) soil concentrations of
CHy, at three depths and in the ambient air measured at the draine L .

peatland. First column of the figures represent the period of inten-‘q'6 CH, and N20 concentration in peat profile
sive measurements, the second shows the data outside the measu

ment campaign. Error bars stand for standard errors of the mean. Beurlng the intensive measuring campaign from April to

June 2007 Clland NO concentrations in the peat profile
were close to ambient air concentrations~af.8 ppmv and

) ) ) . e ~0.35 ppmy, respectively (Figs. 5b and 6b). In general, dur-
with the coldest period (air temp0°C) within the mea- i the intensive measurement campaign the; €bncen-
suring period and a rapid increase in air temperatures up 9-a1ions decreased (i.e. consumption) an@Noncentration
15°C (Fig. 6). A significant uptake of atmospherie®was  gjigntly increased (i.e. production) with peat depth in the top-
never detected. In general,® fluxes measured with the soil. From July to September the concentrations of;@H

EC technique were more variable than chamber bas€dl N qeener peat layers (22 and 45 cm depth) increased markedly.

fluxes which is indicated by a much higher CV% of 123 as t¢ pighest concentration of 1400 ppmv was measured at
compared to values of CV% of 62.3 and 42.8 by the auto-4g -y, depth in September. At the same time the; €bh-

matic and manual chambers, respectiveley (Table JON  conirations in the litter layer were close to the ambient air
emissions measured by the automatic chambers correlateg,centrations and the net fluxes measured by manual cham-

negatively with air temperature$x—0.50, p<0.01) and soil  pors showed that the soil was still a sink of CIHFig. 5a
temperatures in the litter layer, at 5cm and at 30 cm depths, 4 b).

(r=—0.48, p<0.01;r=—0.47, p<0.01; r=—0.46, p<0.01),
respectively, soil moisture content<—0.46, p<0.01), and
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Nitrous oxide concentrations at 22 cm depth were mostthus, stimulated decomposition of the peat due to aeration by

of the time higher than the concentration just below the lit- drainage has already diminished.

ter layer at 5cm (Fig. 6b). Concentrations at 45cm depth In contrast to NO emissions no increases in €@®mis-

measured during July to September varied between 0.210sions following thawing of the litter layer could be detected.

0.240 ppmv and were much lower than at 5 or 22 cm depthsThe intermittent increase of GOemissions in the end of

and well below the atmospheric concentration. April can be related to a significant increase in soil and air
temperatures, however, in a period when temperatures were
never below 0C. As the measurements started after the first

4 Discussion freeze-thaw cycles, it is unclear whether such freeze-thaw
induced CQ peaks occurred at the site although the absence
4.1 COQO;fluxes or less pronounced effect of frost-thaw cycles on in sitb,CO

emissions in forest ecosystems is also reported in the review
Eddy covariance (EC) measurements above the forest canopf Matzner and Borken (2008).

revealed that the Kalevansuo drained peatland pine forest
was a net sink of C@during the measuring period fromthe 4.2 CHj, fluxes
end of April to the end of June. The measurements below
the forest canopy by sub-canopy EC and automatic chamber&utomatic and manual chamber based measurements re-
showed that the forest floor was a net source ob@w-  vealed that the peatland forest was a sink for atmospheric
ever, only a small part of the net G@ptake of the whole  CHj4 during the whole measuring period from end of April
forest ecosystem. During few rainy days in the campaign (into end of June 2007. This means that the drainage was deep
total 5 days) the Kalevansuo peatland forest turned from a&nough to change the aeration status and, thus, the conditions
net sink of carbon to a net source. This finding is in line with favourable for methanogenes to those favourable for methan-
the study by Lohila et al. (2007) where they found that anotrophs. The high influence of the water table depth on the
afforested boreal peatland turned from a net sink to a sourc€H, exchange of peatlands has been observed in other stud-
of carbon during rainy days in the summer. Total NEE aties (Martikainen et al., 1993, 1995) and is further reflected by
the Kalevansuo drained peatland forest from spring to earlythe significant positive correlation of GHiptake rates with
summer (25 April-21 June;102 g C nT2) is comparable to  changes in water table depth during the observation period.
NEE values reported from boreal forests growing on mineralMaximum uptake rates of 60 ug CH-C m~2h~1 were sig-
or peat soils (Suni et al., 2003; Lohila et al., 2007). nificantly higher than observed by Martikainen et al. (1995)
In this study the diurnal variation in the G@xchange of for a drainded fen with comparable water table depths. In
the soil and forest floor vegetation was very small measured large study combining data from drained and undrained
by the sub-canopy EC and non-existent measured by the aypeatland forests in Finland Minkkinen et al. (2007) found
tomatic soil chambers. Similarly small diurnal variation in that in general, undrained sites functioned as;GHurces
the forest floor CQ@ exchange of a boreal forest ecosystem whereas drained sites functioned either as, Gidks or still
has been measured earlier by Launiainen et al. (2005) ands small sources for CH In their study the mean CHup-
Kulmala et al. (2008). However, much stronger diurnal vari- take rates varied from 1 up to 90 pg @& m2h-1. For
ation in the CQ exchange of soil and forest floor vegetation the Kalevansuo site Minkkinen et al. (2007) reported an an-
has been measured in a temperate forest ecosystem on minual CH; uptake of 0.2gCm?. A simple linear extrapo-
eral soil (Subke and Tenhunen, 2004). In our study the lacKation from the cumulative flux to a full year resulted in an
of diurnal variation in the C@exchange of the forest floor uptake of 0.09 g C m?yr—1 for the automatic chambers and
may result from (1) a small photosynthetic activity of the for- 0.06 g C nT2yr—1 for the manual chambers. This indicates
est floor vegetation as compared to the soil and forest floothat this drained peatland forest is a significant, but slitghtly
respiration, or (2) the possibility of high photosynthetic ac- smaller CH sink as compared to boreal forests in general
tivity during day-time and a simultaneous increase in the soil(—0.15 g C nt2yr—1) (Dutaur and Verchot, 2007).
respiration due to temperature dependency, which then com- We found that Cl{ was produced throughout spring and
pensates for the photosynthesis. The net forest floog COsummer at 22 and 25 cm depth in the peat profile. At the same
fluxes measured by sub-canopy EC during April-June periodime the net flux of C{ was negative, showing GHup-
compare well with sub-canopy EC measurements carried outake. This implies that the Kalevansuo site was well drained
in a boreal pine forest (Launiainen et al., 2005), and chambeand the oxic top-layer of the peat was sufficient not only to
based measurements in other drained peatland forests (Masxidize the CH produced in deeper layers, but also to oxi-
tikainen et al., 1995; Alm et al., 1999). dize additional atmospheric GHThis observation is in-line
Correlation of forest floor C®fluxes was highest with  with observations at other sites, where alsos@dncentra-
soil temperatures in 5cm depth. This shows that rathetions well above atmospheric concentrations were detected
the top-soil, getting fresh litter input from vegetation, is the in deeper soil layers, while soil was still fucntioning as a
major source of C@as compared to the peat body itself, net sink for armospheric CH(Butterbach-Bahl and Papen,
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2002). The concentration of GHn the deep soil below emission peak took place during a period when air and lit-
the groundwater table{45 cm) increased during the sum- ter layer temperatures again reached zero degrees, a night
mer from July to September indicating an increase in the protime minimum of—6.9°C and—2.2°C, respectively. In gen-
duction of CH, in the peat profile. Unfortunately there were eral, we interpreted that theo® emission peaks measured
no CH,; concentration measurements-at5 cm depth during by both measurement techniques were most likely caused by
April-June and, hence, it is unknown how the concentrationfreeze-thaw events in the litter layer. The reason for dif-
developed at that depth during spring and early summer. Aferent timing in these peak events remain unclear and may
the same time the net GHluxes measured with the manual be explained by different soil conditions around the auto-
chambers showed nearly constant values during August anthatic chambers and the footprint of the sub-canopy eddy
September. This reveals that, as the;Qibduction in deep  system (see Fig. 1). Similar to our measurements, Holst et
soil increases, also the Gldxidation rate in the aerobic peat al. (2008) related elevated springtime® emissions in a
layer increased during the summer. steppe ecosystem to repeated night-to-day freezing-thawing
The CH, fluxes measured with automatic and manual cycles in the uppermost layer of the soil.
chambers differed by almost a factor of two. On average Freeze-thaw peaks inJ® emissions have been well doc-
the manual chamber measurements resulted in significantiymented in laboratory and in field studies in boreal region
smaller CH, uptake values as compared to the automatic(Koponen et al., 2004, 200®quist et al., 2004; Regina et
chamber measurements. The reason for this difference magl., 2004). Still most of the field measurements have been
be the locations of the chambers, as well as in the chambegonducted with weekly to fortnightly manual chamber mea-
design. The automatic chambers were located 170 m souttsurements, thus potentially missing or at least underestimat-
west of the EC mast, whereas the manual chambers were iing freeze-thaw driven pD pulses (Groffman et al., 2006).
all main directions of the mast at approx. 30-60 m distanceMatzner and Borken (2008) concluded in their review that
Despite this the vegetation around both manual and autofreeze-thaw events have a high potential to cause gaseous
mated chambers was very similar. The manual chamber® losses relevant at the annual time scale in all types of
were dark, whereas the automatic chambers were transpaecosystems. The freeze-thaw peaks measured at Kalevansuo
ent. It remains unclear whether ground vegetation influencegeatland forest were relatively small as compared to thaw-
the net uptake of atmospheric methane, or whether the vegang peaks measured in forest ecosystems in Central Europe
tation could participate in ClHproduction in the presense of experiencing high loads of N deposition, where freeze-thaw
light as suggested by Keppler et al. (2006). induced MO emissions have been found to contribute up to
When extrapolating the CHluxes measured with the au- 73% to the annual pD emissions (Papen and Butterbach-
tomatic chambers during the two-month measurement peBahl, 1999). As the measured,@ peaks at Kalevansuo
riod to a full year we get an annual cumulative £#ux of drained peatland were relatively small the contribution of
—0.09gCnm2yr~1, which is half of the annual sink esti- freezing-thawing induced emissions is most probably in-
mate of—0.2 g C nT2yr—1 for the same site during the years significant in this drained peatland forest. However, it has
2004-2005 (Minkkinen et al., 2007). The sink estimates carto be stressed that we most likely missed some freeze-thaw
be considered as being relatively close to each other keepintglated NO emission pulses earlier in the season, as it was
in mind that we extrapolate measurements from two month<lear that the soil had been already partly thawing before the

of data to a full year. measurement campaign started. These emissions could be
even higher than those that were measured since the inten-
4.3 NpO fluxes sity of freeze-thaw induced XD emission has been shown

to decrease with time (Holst et al., 2008; Prieand Chris-
In general, the RO emissions from the drained peatland for- tensen, 2001; Papen and Butterbach-Bahl, 1999).
est were small and not exceeding 10 pg N1, except Regarding the mean JO emission rate of 3.2 to
for a short period from the end of April to the beginning of 6.8 ugNnT2h~1 over the study period similar values have
May. During this spring-peak period the daily meapON  been reported from natural and drained peatlands in Canada
emissions measured by automatic chambers and sub-canopyd Scandinavia (Martikainen et al., 1993; Regina et al.,
EC peaked at approx. 11 and 20 pg Nh—1, respectively.  1996; Schiller and Hastie, 1996; von Arnold et al., 2005a,
The peak in the EC measurements occurred approximatelp). The low fluxes at the Kalevansuo site can be explained
one week before the peak observed by the automatic chanby the high C:N ratio (40-45) of the litter layer and peat,
bers. Overall, these peak emissions occurred during a periothdicating limited amounts of available nitrogen. Klemedts-
when the air and litter layer temperatures fluctuated aroundon et al. (2005) found a strong negative relationship be-
zero and when the peat soil was finally fully melting. How- tween C:N ratios and D emissions from drained forested
ever, the peak in sub-canopy EC occurred at the same timpeatlands mainly in Sweden and Finland. Klemedtsson et
as the peak in soil temperature and in Cildixes, whereas  al. (2005) used the C:N ratio as a scaling parameter for esti-
the peak measured by the automatic chambers occurred withnation of the annual source strength forQN(Ernfors et al.,
a delay after the increase in soil temperature. This delaye@®008). Our annual pD emission rate of 0.39 kg N hayr—1
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extrapolated from our two-month measurement period fits4.5 Greenhouse gas balance and the effect of
well into the relationship found by Klemedtsson et al. (2005). freeze-thaw peaks
The importance of the soil C:N ratio as an indicator of the
nutrient availability, and thus, the risk of potential ecosys- During the intensive measurement period from April to June
tem N losses could also be demonstrated for other ecosyghe greenhouse gas (GHG) balance at Kalevansuo drained
tems with low C:N ratios, e.g. nitrate leaching in Europeanpeatland was driven by GQ(Table 2), and the fluxes of
forests (MacDonald et al., 2002) op® emission from trop-  CHa and NO contributed only insignificantly to the GHG
ical forests (Kiese and Butterbach-Bahl, 2002). balance. The measurements of GHG fluxes at the Kalevan-
Regina et al. (1998) and Pihlatie et al. (2007) found thatsuo site fits with the study of Minkkinen et al. (2002) stating
in nutrient poor peat soils and in up|and boreal forest 50i|5that altered exchange rates due to drainage and afforestation
N>O emissions Originate from the litter |ayer rather than the have decreased the radiative forcing of peatlands in Finland.
peat or mineral soil body. In our study, we found that (1) the The negative radiative forcing was caused by increases in
N»O emissions correlated best with the air and litter layer COz sequestration in the tree stands and peat soil, decrease
temperature rather than the soil temperatures in deeper sdit CHa emissions from peat to the atmosphere and only a
layers, (2) the concentrations of available nitrogen NN, ~ small increase in hD emissions. To our knowledge there
NO;-N and total N) in the litter layer were always higher are no studies monitoring GHG exchange in the years after
than the concentrations in the peat, and (3) the C:N ratio ofirainage, hence, high uncertainty is still associated with es-
the litter layer was lower (approx. 40) than the C:N ratio in timates of GHG exchange and balance of drained peatlands.
the peat body (approx. 45). All of these findings suggestingS Martikainen et al. (1993) pointed out, the enhancement
that most of the N turnover in this peatland forest takes placef the NoO emission increase after drainage depends mainly

in the litter layer, and that the #0 production is driven by ~ ©n the nutrient status of the virgin peatland, thus, the over-
the N release from the litter layer. all negative contribution of enhance® emissions is po-

tentially higher from nutrient-rich peatlands. Furthermore,
4.4 Comparison of the eddy covariance and chamber the contribution of frost-thaw driven XD emissions to the
methods annual emission budget, which could be especially high in
the years shortly after drainage is also unclear. Due to the
The eddy covariance (EC) method is still relatively little used high and short-term variability of fluxes we conclude that
in measuring MO fluxes in terrestrial ecosystems (e.g. Wien- rather automatic chamber or EC method than manual cham-
hold et al., 1994; Christensen et al., 1996; Laville etal., 1997 ber based measurements giNemissions are needed to fur-
Wagner-Riddle et al., 1997; Scanlon and Kiely, 2003; Pih-ther improve our scientific understanding in® exchange
latie et al., 2005; Eugster et al., 2007). Much more dataof drained peatlands.
is available on the EC measurements of f{Dixes in for-
est ecosystems, especially above forest canopies but also in _
the trunk-space (e.g. Baldocchi, 2003; Subke and Tenhunerp ~ Conclusions

2004; Launiainen et al., 2005). Among the studies avail-__ . .
During the two-month measurement period the greenhouse

able on the EC based,® studies only few have focused .
on method comparison between EC gnd chamber techniqu%as (GHG) balance of the drained peatland forest at Kalevan-

(Christensen et al., 1996; Pihlatie et al., 2005). suowas dr?v.en by C® Fluxes of CH and O cont_ributed
Despite measuring close to the detection limit of the only insignificantly to the GHG balance. The drained peat-

N,O EC system, the EC and chamber methods compareg’md forest (approx. after 40 years of drainage 'impact) was
reasonably well with both pO and CQ fluxes. The dif- not a strong source of 40, but frv_aeze-thaw driven 0
ference between the two methods was that the EC fluxes of 1>>10NS May contribute subs_tantlally to annugDNluxes.
especially NO were smaller in magnitude and much nois- omparison between.automauc and manual chamber me_th-
ier than the chamber measurements (see also Mammarella gs, and eddty clovlanaf][(r:]e (EC) trr:et:\r? d ﬂs howec: Iargéa dif-
al., 2010). Part of the variability and high noise level of the I\?rg”‘:es’ par :jc‘;art%/ Wi tres‘o?c % € “XIeShO ‘%‘“ A
EC-N,O fluxes was due to the fact that the fluxes were low . 2 measured by the automatic and manual chambers. As

and close to the detection limit of both the chamber and ECthe chamber method is generally used for estimating annual

measurement systems. The reasons for the remaining nois%HG budgets of different ecosystems, it is crucial to pay at-

in the EC NO measurements are discussed in more detail intenuon to the locations and the number of chambers to cover

Mammarella et al. (2010). Like in many other studies usingthe spatial variability of the site. Due to the combination of

the EC method for BO, we also ended up using daily aver- low N20 emission levels the E_C-TDL-baseQ(Blflux mea-
ages of the MO fluxes. Reasons for doing so were that the surements were highly uncertain, whereas the EC-based CO

fluxes were small and hence the only way to separate the sigﬁ:xes compared better with the fluxes measured by the auto-

nal out from the noise is averaging between subsequent flu atic chambers.
values.
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