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Abstract. Drainage for forestry purposes increases the depthl  Introduction

of the oxic peat layer and leads to increased growth of

shrubs and trees. Concurrently, the production and uptak®ne-third of the European peat soil area is located in Finland
of the greenhouse gases carbon dioxide {CQOnethane (Montanarella et al., 2006), where more than half of the orig-
(CHy) and nitrous oxide (BO) change: due to the accel- inal wetland area of 100000 Knhas been drained, mostly
erated decomposition of peat in the presence of oxygenfor forestry (Lappalainen, 1996). This constitutes 34 % of the
drained peatlands are generally considered to lose peat caglobal area of forestry-drained peatlands; the rest of the peat-
bon (C). We measured GQexchange with the eddy co- lands ditched to improve forest growth are located in Russia
variance (EC) method above a drained nutrient-poor peat{26 %), Sweden (11 %), other Northern European countries
land forest in southern Finland for 16 months in 2004- (23 %), North America (3 %) and China (0.5 %) (Minkkinen
2005. The site, classified as a dwarf-shrub pine bog.et al., 2008). The drainage of peatlands has been suggested
had been ditched about 35 years earlier. 4Cithd NO to lead to rapid aerobic decomposition of organic matter and,
fluxes were measured at 2-5-week intervals with the chameonsequently, to high carbon dioxide (&X@missions and to

ber technique. Drainage had resulted in a relatively little a gradual depletion of peat carbon (C) pool (e.g. Turetsky and
change in the water table level, being on average 40cniouis, 2006). At the same time, methane (t¢missions
below the ground in 2005. The annual net ecosystemypically cease, in some cases even leading tq Qptake
exchange was-870+100gCQ m~2yr—1 in the calendar by the forest soil (Minkkinen et al., 2007b). Nitrous oxide
year 2005, indicating net CQuptake from the atmosphere. (N2O) emissions may increase in minerotrophic peatlands,
The site was a small sink of GH—0.12gCH m2yr—1) but not in the ombrotrophic ones (Martikainen et al., 1993;
and a small source of 2D (0.10gNOmM~2yr~1). Pho-  Reginaetal., 1996).

tosynthesis was detected throughout the year when the Direct measurements of net ecosystem exchange (NEE) on
air temperature exceeded3°C. As the annual accumu- peatlands converted to agricultural use have shown high de-
lation of C in the above and below ground tree biomasscomposition rates of peat and large C losses due to drainage
(175+ 35 g C n12) was significantly lower than the accumu- (Lohila et al., 2004; Veenendaal et al., 2007). Peat C loss was
lation observed by the flux measurement (24B0gCnT2),  also observed in an afforested agricultural site 30 years after
about 659 C m?yr~1 was likely to have accumulated as or-  the forest had been established (Lohila et al., 2007), whereas
ganic matter into the peat soil. This is a higher average acC uptake on an afforested peatland in Scotland was reported
cumulation rate than previously reported for natural north-py Hargreaves et al. (2003). In contrast, a moderately rich
ern peatlands, and the first time C accumulation has beefen in Canada with naturally generated tree cover and rela-
shown by EC measurements to occur in a forestry-drainedively deep water table (3070 cm) was found to act as a large
peatland. Our results suggest that forestry-drainage may sigannual CQ sink, although this site had not been managed
nificantly increase the CQuptake rate of nutrient-poor peat- (Syed et al., 2006; Flanagan and Syed, 2011). To our knowl-
land ecosystems. edge no NEE measurements including tree canopy have been
made previously in forestry-drained peatlands without agri-
cultural history.

Correspondence toA. Lohila Studies on peat subsidence and bulk density have indi-
BY

(annalea.lohila@fmi.fi) cated a trend that nutrient-rich peatlands tend to lose peat
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C following drainage while nutrient-poor ones may still se- ,
quester C (Minkkinen and Laine, 1998; Minkkinen et al., | N

1999). In forestry-drained peatlands, the nutrient status
has been shown to regulate post-drainage tree stand growtt| *
(Keltikangas et al., 1986). Stand volume, in turn, regu- —.
lates water table depth through transpiration (Sarkkola et al.,
2009), and water table depth is the main control over the
organic matter decomposition in peatlands (e.g. Silvola et
al., 1996). Measurements of G@fflux by the chamber
method have supported the idea of higher soil respiration
rates in well-drained nutrient-rich sites in contrast to less-
well-drained nutrient-poor sites (Silvola et al., 1996; Minkki-
nen et al., 2007a; Ojanen et al., 2010).

We measured NEE above a drained peatland forest in
southern Finland with the micrometeorological eddy covari- =
ance (EC) technique, which is the only viable method to |
monitor biosphere-atmosphere £éxchange of awhole for- -
est ecosystem. Earlier, Pihlatie et al. (2010) have reported | S&\aton
greenhouse gas (GHG) fluxes measured at this site during- 38
April-June 2007, in particular the short-term dynamics of
N20 and CH and the effect of soil thawing on them. Here Fig. 1. Map of the Kalevansuo drained peatland showing the lo-
we _report a full year (.)f data on G&xchange of a forestry- cation of the EC measurement mast (black circle) and the chamber
drained peatland drained 35 years before the start OT our EGheasurement plots (stars). The black solid lines indicate the borders
measurements. These data cover a 16-month period frong the sectors (1-6) used in the footprint analysis. The dashed cir-
September 2004 to December 2005. In addition, annual dycle shows the distance of 200 m from the mast. The main drainage
namics and balances of GHnd NO fluxes are presented ditch that empties towards the south-east and the smaller ditches
based on soil chamber measurements. that empty into the main ditch have been indicated by the gray solid

lines. The two ponds, Kalaton and Kalevanlammi, located on the
borders of the site are indicated in the map together with their ele-

2 Material and methods vation from the sea level.

()

1/MML/11
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2.1 Site presentation ) ) ]
The CN-ratio was high, varying from 34 to 41, the lowest

Measurements were conducted at Kalevansuo-peatland, I/@lues being measured at a depth of 0-10cm. The concen-
cated in the municipality of Loppi, in southern Finland trations of most of the measured elements were highest in the
(60°3849" N, 24°21'23" E; elevation 123 m). The site, orig- humus layer and lowest deeper in the peat (Table 1). The pH
inally classified as a dwarf-shrub pine bog, was drained°f thg peat was 5.0 (!Di.hlatie etal., 2010). The concen_tration
in 1969 with open ditches at approximately 40 m intervals ©f soil NOy was negligible, whereas the IjHoncentration
(Fig. 1). Drainage has resulted in a slightly lowered waterin the peat varied between 5 and 15mg Nkgnd that of
table (on average 40 cm below the ground) and has increasedissolved N between 75 and 225 mg NRgsoil (Pihlatie et

the growth of the natural tree stand. The topography of theal., 2010).

site was flat. Within 160 m of the EC measurement mast the Basic tree stand variables for the biomass calculations (di-
peat depth, measured from the 33 sample plots, varied fronameter, height) were measured from 33 plots (589 in

1.3 to 3.0m, being deepest in the middle (Fig. 2). The aver-eight radial transects extending 160 m from the EC mast
age peat depthi{ standard deviation, SD) was 2£20.5m. (Fig. 2). Biomasses were estimated with the functions of
The physical and chemical properties of the peat soil (surRepola (2008, 2009) and Laiho and &ir{1996) for above-
face humus and the layers 0-10 cm and 10-20 cm below thground and belowground components, respectively. The tree
humus) were determined from eight samples taken evenlygtand consisted of a dominant Scots piRén(s sylvestris
around the measurement mast. The ash content was detestand of 835 stems hd, and an understorey of pubescent
mined as loss on ignition (55€) and the C and N con- birch Betula pubescefsrees 500 stems hal) that were
centrations using LECO CHN-2000. Element concentrationsmainly found on the ditch banks. Scots pine constituted
(Al, Ca, Fe, K, Mg, Mn, P, B, Cu, Mn, Zn) were measured by 63 % of the number of trees taller than 1.3m and 98 % of
an ICP Iris emission spectrometer in dry-ashed material. Thehe stand volume. The pine stand had a dominant height of
bulk density of the peat varied from 0.08 to 0.11gchat  15m, a basal area of 174ha 1, and the annual stem vol-
the depths of 0-10 cm and 10—-20 cm, respectively (Table 1)ume growth was 5.5 fha 1 yr—1. The annual increment of
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Table 1. Soil characteristics and element concentrations at the surface peat at Kalevansuo.

Soil layer Bulk density Ashcontent% C(%) N(%) CN A ca& Fet k1 Mgt mnlt pl Bl cu wmnl zn!
(kgm=3)

Humus - 2.4 49 1.2 41 210 4000 260 3100 880 260 1000 4.6 55 260 63

0-10cm 8H9 29 50 1.5 34 800 2400 1000 470 460 56 680 1.9 4.7 56 56

10-20cm  106:8 2.0 51 1.4 38 740 1300 950 140 260 5.2 450 073 14 5.2 16

1 total amount of the element in mgkg
2 4 denotes standard deviation
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Fig. 2. Peat depth (cm), interpolated as a contour plot, around the(
EC flux measurement mast (at (0,0)) at Kalevansuo. The white cir

vansuo. The one-sided LAl of the field layer varied from
0.1 to 0.6 M m~2 during the course of the growing season
(Badorek et al., 2011).

2.2 Measurements of the CQ exchange and
meteorological variables

The turbulent fluxes of C& H,0, sensible heat and momen-
tum were measured with the eddy covariance technique on
top of a 21.5m telescopic mast (at 17.5m from April 2005).
Fluctuations of wind velocity components were measured
with a sonic anemometer/thermometer (SATI-3SX, Applied
Technologies, Inc.) and those of g@oncentration with a
closed-path infrared C£H,0 analyzer (LI-7000, LI-COR,
Inc.). The heated inlet tube (3.1 mm Bevaline V) for the LI-
7000 was 17 m in length, and a flow rate of 6 minwas
used. CQ-free synthetic dry air was used as a reference gas.
From February 2005 onwards, the mean,@Oncentration
[CO2]) was also observed at a height of 4 m with a LI-820
CO, analyzer. Both analyzers were calibrated monthly with

cles show the locations of the tree stand and peat depth measurf¥0 known [CQJ (0 and 421 ppm). The fluxes were cal-
ment points ¢ = 33), with the directions of lines and the distances culated on-line as 30 min averages as described by Pihlatie

of points from the EC mast indicated. The lines 34hd 162
were perpendicular to the drainage ditches, while the linésand

et al. (2010), taking into account the density fluctuations re-
lated to the water vapour flux (Webb et al., 1980). The results

254 were parallel to the ditches. The distances from the centre ofivere corrected for systematic flux losses using the transfer

the plot on lines 119 209 and 299 follow those depicted for line
2%, and the distances of the points on lines 4,6264 and 344
follow those depicted for line 74

live tree stand biomass was 3.52t of dry masshaorre-
sponding to about 175g Cmiyr-! (see Appendix B2 for

function method of Moore (1986), including the losses due
to autoregressive running mean filtering and the imperfect
high-frequency response of the measurement system. For the
former, the transfer function presented by Moore (1986) was
used, while for the latter an empirical transfer function repre-
senting the overall system response was determined from the
field data using the sensible heat flux as a reference (with a

uncertainty analysis). During the summertime maximum half power frequency of 1.6 Hz for the G@lux); for details,
biomass, the all-sided leaf area index (LAI) of the needles essee Laurila et al. (2005). Idealized cospectral distibutions

timated from the needle mass, was 5m12. The field layer

(Kaimal and Finnigan, 1994) were assumed. The flux-loss

was dominated by.edum palustre, Vaccinium uliginosum, corrections were carried out as a post-processing step and
V. vitis-idaea, V. myrtillus, Empetrum nigrum, Calluna vul- implemented as look-up tables of wind speed and stability

garis, Eriophorum vaginatum and Rubus chamaemortie
bottom layer was dominated by forest-mos$dsurozium
schreberi, Dicranum polysetum, Aulacomnium palusine
Polytrichum strictunwith some peat-mosses lil&hagnum
angustifolium, S. magellanicuamdS. russowibn the wetter

dependent correction factors.

The storage flux of C®@was estimated from the [CD
data measured at the top of the mast and at the height of 4m
by assuming that these represent fCfoom 8 m to the mea-
surement height and from the ground to 8 m, respectively.

spots. Mosses cover about 90 % of the land surface at Kalefhe storage term was calculated with the central difference

www.biogeosciences.net/8/3203/2011/
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method from the mean concentration during the subsequent
and preceding 30 min periods and added to the measured tur-
bulent flux (hereafter NEE refers to the sum of turbulent and
storage fluxes). However, before 21 February 2005, the stor- _
age flux was calculated from the [GPDmeasured at the top
of the mast only, with the assumption that it represented the €, 0.10 %
whole air column below that height. In this paper, we use the 8

convention that a positive value of NEE indicates a flux from
the ecosystem to the atmosphere.

Supporting meteorological measurements were conducted 0.00 | jL
at the study site as follows: air temperatui@; and rel- '
ative humidity (RH) (Vaisala HMP230) at 2m and at the
top of the mast, soil temperature (PT100) at depths of 0.05,  -0-05
0.15 and 0.30m in a moist hollow, and at 0.05m in a hum- D NN o P o ¥ ¥ 2 e P P M !
mock, soil moisture (ThetaProbe ML2x, Delta-T Devices
Ltd.) at depths of 0.07 and 0.30 m, soil heat flux (HFP01)
at a depth of 0.15m, net radiation (Kipp&Zonen NR Lite),
global and reflected global radiation (LI-200SZ), photosyn-
thetic photon flux density (PPFD) and reflected PPFD (Licorgrouped intou, classes of 0.05nTs. Theu, limit below which
LI-190SZ) at the top of the mast, and the Wate_r table I_evelthe data was rejected from the further analysis, 0.1 & indi-
(WTL) (PDCR 830). The data were acquired using a Vaisala.aed with the dashed line.

QLI 50 and Campbell CR10X1 sensor collectors and stored

as 30min averages. The snow depth and the precipita-

tion data, as well as th&,; data in cases of data collec- (2001). The horizontal dimension of the stand was defined
tion failure at the Kalevansuo site were collected from four as six circular sectors (Fig. 1), and the modelled (cross-wind-
nearby weather stations operated by the Finnish Meteorologintegrated) footprint was accumulated over the radius of the
ical Institute (Maasoja/station code 0309, Mutila/1302, Nur- sector corresponding to the observed wind direction. If this
mijarvi/1321 and Jokioinen/1201, at distances of 19-53 kmcumulative footprint was larger than 70 %, the flux data of
on average 29.5km, from the site). For climatic compar-that period were considered sufficiently representative of the
isons, long-term data were used from stations 0309, 120peatland forest and accepted for further analysis. Owing to
and 1302. To cover the spatial variation, manual measurethe high surface roughness, the source areas were concen-
ments of WTL were carried out at bimonthly intervals from trated relatively close to the measurement mast with the typ-
eight perforated plastic pipes, which were located in four di-ical distance of the footprint maximum being less than 30 m.
rections within a distance of ca. 50 m from the EC mast. The During suppressed turbulence (typically summer nights),
half-hourly water table data were then calibrated against thepart of the CQ produced by ecosystem respiration may ac-

0.20

0.05 ~

NEE [mg

Friction velocity [m s"]

Fig. 3. Average night-time C@flux (+standard error) in the grow-
ing season 2005 plotted against the friction velocity. Data were

average WTL from these manual measurements. cumulate near the surface and be advected below the mea-
surement height, in which case the measured vertical flux is
2.3 CO; flux data screening likely to underestimate NEE. Therefore we rejected the NEE

data from further analysis if the friction velocity.{) was

Longer gaps in the COflux data were mainly caused below 0.10ms? (Fig. 3). This threshold was defined as the
by power failure, sensor malfunction and freezing of the upper limit of the lowest:,, class with a mean NEE value sig-
anemometer. The longest gaps took place on 2-13 Aprihificantly different from that of the next class. The difference
2005, 7-11 August 2005, 21 August-5 September 200%etween these mean values (NBEEd NEE, 1) was consid-
and 9-24 November 2005. The remaining 30 min dataered significant if the 95 % confidence intervals, defined as
records were screened according to the following criteria:
(1) [CO;] > 350 ppm, (2) number of spikes in the vertical (NEEj 11 — NEE;) +2 /SE;'2+1+SE»'2 (1)
wind speed {) and [CQ] raw data<180, (3) variances of
the raw data? < 3K? 0&,, <50ppnfandof <3mPs™?  where SEis the standard error of NEEdid not cross zero.
and (4)—40°C < Ty < 40°C. By applying the footprint and:, criteria, an additional

In order to estimate how well the measured fluxes repre-17 % of the data were discarded. After filtering the data ac-
sent the Scots pine stand around the measurement mast,carding to the quality criteria shown above, altogether a total
source area analysis was carried out with a micrometeoroef 10 959 flux values (47.3 %) of the 30 min periods during
logical footprint model. The relative source weight functions the whole measurement period (11 September 2004-31 De-
(flux footprints) were calculated for each 30 min averaging cember 2005) were accepted and used in the further analy-
period using the footprint model of Kormann and Meixner sis. Of these, night-time data accounted for 4904-6361).

Biogeosciences, 8, 3203218 2011 www.biogeosciences.net/8/3203/2011/
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3000 1000 whereq is the apparent quantum yield a@dPy,y is the full
daylight asymptotic value of NEE after subtracting the mod-
elled Riot.  fvpp is a unitless function that was estimated
based on the linear relationship between the measured NEE
(with PPFD> 1000 pumol nt?s~1) and atmospheric vapour
pressure deficit (VPD) in Julyfypp was given a value of 1
when VPD< 10 hPa, and a value of 0.2 when VBI25 hPa.
1000 1 These are within the typical limits of observed VPD effects
| 200 in Scots pine forests (Mills et al., 2010).
500 7 m m The parameter fitting procedure is presented in more detail
oL LU THIH T IR IH IR |, in Appendix A. The daily, seasonal and annual3flances
0 45 90 135 180 225 270 315 360 were calculated from the full time-series consisting of mea-
Wind direction [deg] sured and gap-filled half-hourly GCflux data. The error
analysis of the C@ balance and tree C accumulation esti-
Fig. 4. Number of the accepted GOlux data separated into dif- Mates is described in Appendix B.
ferent wind direction sectors at 48ntervals. Data are shown for
the periods of September 2004—-December 2005 (white bars) and-5> Chamber measurements of Cliand N2O fluxes
May—September 2005 (gray bars) (note different y-axes).

1 Alldata
2500 1 | =3 May-Sept. 2005 L

r 800

2000 4

1500 -
r 400

Number of accepted flux values, summer

Number of accepted flux values, all data

Chamber measurements were carried out in 2-5-week in-
tervals between 7 July 2004 and 17 September 2005. The
Most of the data were related to the south-western and SOUﬂ’@H4 and i\bo fluxes were measured with static chambers
ern wind directions, whereas the contribution of other di- 5t 16 sampling points located in four directions (plots 1—
rections was more evenly distributed (Fig. 4). During the 4) each at a distance of about 50m from the EC mast
growing season, most of the data originated from the south(i:ig_ 1). Round, metallic chambers (diameter = 0.315m,
WeSt, and the least data from the north-east and east. height =0.30 m) equipped With a fan for mixing the air in
Energy balance closure at the site was 91%the chamber headspace were used. During the measurement,
(y = 0.9 + 11.2Wn1?, wherex is net radiation and  the chamber was placed in a 0.02 m deep collar that had been
y is the sum of sensible and latent heat flu’ = 0.86),  carefully installed on the soil to ensure sealing but not to cut
indicating a relatively small imbalance as compared toany root connections. In winter, when the snowpack was
typical values in forests, 10-30 % (Wilson et al., 2002). We geeper than 0.10 m, fluxes were measured with the help of
did not adjust the measured NEE with the energy balance. an 0.10 m deep collar inserted on the snowpack prior to mea-
surement. Four air samples (20 ml) were drawn into syringes
at 10 min intervals (5, 15, 25, 35min). The samples were
analysed within 24 h using a gas chromatograph with flame
ionisation and electron capture detectors in the laboratory of
CShe Finnish Forest Research Institute, Vantaa Unit.

2.4 Gap-filling of NEE

In order to gap-fill the C@ flux time-series, which is re-
quired to calculate the C{balances, and for the analysis of

seasonal patterns of the flux components, the measured C
Gas fluxes were calculated from the change of the gas

flux was partitioned by means of empirical equations into : : ; ,
gross primary production (GPP) and total ecosystem respir‘,j\(_:oncentranon over time (slope estimated by linear regres-

tion (Riot). Riot Was modelled as a function of temperature sion). All data were used, regardless of the goodness of fit

using the Arrhenius-type model of Lloyd and Taylor (1994): of the regression, as in r_nost_ cases the fluxes were velry small
1 and close to the detection limit (below 0.4 mgfday1).

Riot = Rref x eXpiEo % (i _ )i (2)  Fluxes exceeding 0.4 mgTAday " had minimum/mear?

Tret  Tair—227.13 values of 0.63/0.91 (ClJ and 0.67/0.90 (BO). Four mea-
whereRyef is equal toRyor at Tair = 283.15 K, Tref = 56.02K, ~ surements were deleted as a result of chamber sealing prob-
and Eg is the temperature Sensitivity of the respiration (in lems in winter. As the site was well drained, no ebullition
K). Air temperature measured at 2 m height was usedfpr ~ €vents were observed, so the data represents diffusive or/and
(in K). Tair was selected since a full time-series was easilyPlant-mediated gas fluxes. During each chamber measure-
available and a slightly higher correlation was obtained forment, the soil temperatures at 0.05 and 0.30 m were recorded

Tair than for soil temperature. and the WTL relative to each sampling point was measured
NEE was modelled using PPFD and the modelied as  from perforated water wells.
input values to the following equation: Annual CH; and NO balances were calculated as the
_ mean of the 16 plots for each measurement day. Mean fluxes
NEE = GPPt Riot (3 between these days were linearly interpolated and seasonal
o X PPFDx GPrax fluxes were then integrated from these interpolated daily
NEE = fvpp x Riot 4 fluxes

www.biogeosciences.net/8/3203/2011/ Biogeosciences, 8, 32082011
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3 Results
a)

n
o
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1 1971-2000
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3.1 Meteorological conditions and water table level

(6]
L

o
L

The measurement period from September 2004 to Decem-
ber 2005 was slightly warmer and wetter than average: at
the three nearby weather stations (0309, 1302 and 1201) the
mean annual temperature during the period varied from 5.0 to
5.5°C as calculated for consecutive 365-day periods during
the measurement period, whereas the mean annual long-tern

o

Air temperature [°C]
[6;]

'
[8)]

(1971-2000) temperature was 4@ (Drebs et al., 2002). 180
Annual precipitation during the measurement period ranged 10 | b) m
from 615 to 701 mm, which is similar or slightly higher than 140

the long-term average of 627 mm. In 2005, annual mean
temperature and precipitation were 52 and 626 mm, re-
spectively. Daily mean temperatures varied frem6 to
22°C. The first snow appeared on the ground on 18 Novem-
ber 2004, but by 20 January 2005, the snow-pack had melted
twice during warm spells. Thereafter, snow was present un-
til mid-April with the maximum depth of 37 cm being mea-
sured on 14 February. The largest deviations from the long- T o2 3 4 5 6 7 8 9 10 11 12

term monthly mean temperatures were observed in January Month of year

March and November 2005 (Fig. 5). The monthly precip-

itation exceeded the 30-year mean between May and Aufig. 5. (a)Monthly mean temperature aifd) monthly cumulative
gust and also in January and November 2005. In contrastprecipitation during the study period and in 1971-2000. The bars
September and October 2005 were especially dry. Duringndicate the range between the minimum and maximum values.
the study period, the WTL ranged fror31 to —50 cm, be-
ing deepest in mid-October 2005.

120 A
100 A
80 -
60 -

Precipitation [mm]

40 -

3.2 Seasonal dynamics and factors affecting the GO
exchange

m?s7]

The seasons were defined according to meteorological con-g' -
ditions. The start of the autumn season took place when g .
the daily mean air temperature dropped permanently below 4 .
10°C, and after that did not exceed A0 for more than
two consecutive days. In 2004, when autumn started on 29
September, the amplitude of the diurnal NEE cycle was still L e

rather high, but began to decline soon after this (Fig. 6). In S " Doc Jan Feb Mar Apr May dun Jo) g Sep Oct Nov Dee

2005, the autumn period began on 12 October. The start of

winter was defined as the first day when the daily mean temig. 6. Time series of the accepted half-hourly measurements of the
perature was less tharf@, and that the temperature stayed CO, exchange at Kalevansuo in September 2004-December 2005.
below 0°C for at least five consecutive days. The winter Positive values indicate emission of g@om the ecosystem to
seasons, which began on 17 November and 16 November ilhe atmosphere. Letters indicate meteorologically defined seasons
2004 and 2005, respectively, were characterized by a low am(Su = summer, A = autumn, W = winter, Sp = spring).

plitude in NEE, which varied from-0.005t0 0.1 mgm?s—1

and averaged 0.025 mgThs1. We defined the start of the

spring season as the first day when the daily mean tempethan five consecutive days. This took place on 10 May 2005.
ature exceeded €, and remained above that value for at The highest uptake rates of abou6.85mgnr?s~t were
least 10 consecutive days. The start of the spring, 31 Marchbserved at the end of July, at about the same time as the
likely coincided with the rapid increase in the €Qptake, ~Maximum night-time respiration of about 0.45 mg#s .
although the exact date is unknown due to a gap in the mea- Although NEE was mainly positive in winter, periods of
surement data. Summer was specified to begin when themall uptake of C@ were detected occasionally, particu-
daily mean temperature exceeded COfor five consecutive larly between November 2004 and mid-February 2005. We
days, and afterwards did not drop below that value for morefound that when temperatures fell belev8°C, CO, fluxes

- Su |A| W

Biogeosciences, 8, 3203218 2011 www.biogeosciences.net/8/3203/2011/



A. Lohila et al.: Forestry-drained peatland is a carbon sink 3209

correlation was strongest in July with the deepest regres-

a) sion slope and the highest coefficient of determination be-
0.06 ing observed then. However, since temperature and VPD
. 0.05 0 are likely to show a positive correlation, it is possible that
< 004 4 O  Night o the correlation between NEE and VPD can be attributed to
E %Ooo increased respiration rather than decreased photosynthesis.
g 0031 f Lo To determine the impact df,r and VPD on ecosystem pro-
£ 0.02 | Py 3 cesses, we grouped the July NEE observations at full radi-
i 001 © ¥ Y i ation (PPFD> 1200 pmol m2s~1) into temperature classes
= 3 ﬁ % of 1°C. In each class, a linear correlation between NEE and
0.00 1 § VPD was observed (Fig. 9). However, the correlation was
-0.01 ——————————————— not explained by the temperature (Fig. 9).
-16 -14 -12 -10 -8 -6 -4 -2 0 2 4 6
Air temperature [°C] 3.3 CO, balance
o) In 2005, annual Rt was 27509COm—2, GPP
0.04 was —3620gCQm=2 and annual NEE was
—8714+100gCQm2 (—238+27gCnr2yr1), where
0.02 1 + denotes the uncertainty estimate (see Appendix B1). If
0.00 calculated using a moving 365-day window over the whole
— period (2 September 2004—-31 December 2005), the annual
c.v; balance ranged from-806 to —898gCQm—2yr-1, the
S 0.04 highest NEE (lowest net CQuptake) being observed during
° an annual period starting on 2 September 2004.
£ 0.02 1 In autumn 2004, the daily CObalance varied from-5
i to 10 gnmr2day 1, the ecosystem being a sink during warm
< 0.00 1 and sunny days and a source during overcast days (Fig. 10).
After mid-November (start of the winter), photosynthesis
-0.02 1 ceased, and the daily balance turned positive. Wintertime
0.04 NEE was on average 2.0 g G®2day . During the win-

2300 0300 0700 1100 1500 1900  23:00 ter months, the lowest average NEE was measured in March

. (1.6gCQm—2day1). This was attributed to the low respi-
Time of day

ration rate following the lowest monthly mean temperature,
rather than to the occurrence of gQptake, which was only

Fig. 7. (a) Average ftstandard error) nocturnal and day-time observed during a few days. At the beginning of April and

<1 an pmol nT<s™+, respectively plot-
(PPFD< 1 and PPFD- 1 pmolnt2s~1 ively) NEE pl

ted against air temperature in winter. The data are grouped into 1§ju.ring the spring .Season' the forest turned to & G@k.
classes with equal amount of observations=(170 and» =93 in  With a few exceptions, the ecosystem acted as a §lGk

night and day, respectively(b) Half-hourly medians+£ 25th and  until mid-September. During this period, positive daily £0
75th percentiles) of measured NEE in winter when air temperaturddalances were only observed during cloudy days, e.g. 8-11
is below—3°C (upper graph) and above3 °C (lower graph). August 2005, when the precipitation sum exceeded 50 mm.
In 2005, the length of the sink period was approximately 210
days, ending at the beginning of November, two weeks after
measured during the daytime and night-time were similar,the end of summer and two weeks before the start of win-
increasing with higher temperature (Fig. 7a). When the airter. Again, a strong reduction in photosynthesis coincided
temperature exceeded3°C, the difference between the day exactly with the beginning of the winter season.
and night fluxes increased rapidly due to £aptake by the The contribution of the wintertime photosynthesis on the
trees and ground vegetation during the daytime. WHgn  seasonal and annual balances was estimated by calculating
was lower than-3°C, the diurnal variation in NEE disap- the balance by different methods. First, the Céalance
peared, whereas with higher temperatures, a clear patterfor the winter period (17 November 2004—-30 March 2005)
with CO; uptake peaking at noon was observed (Fig. 7b). was calculated as a sum of the modelled respiration (Eg. 2).
Irradiance is generally recognized as the most importanfThe result, 286 g COm~2, represents a situation where no
variable causing diurnal variation in growing season NEE photosynthesis occurred during winter. If calculated as a
also. This was also observed at the Kalevansuo peatlandum of the measured and modelled values, then gap-filling
forest. However, a significant correlation between VPD andwith the modelled respiration data results in a balance of
the 30 min NEE was observed in May—August (Fig. 8). The279gCQm~2. In this estimate, winter photosynthesis is
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Fig. 8.

deficit (VPD) in May—August 2005. The parameter values of the p = 0.358).
linear regression (NEE &g + b1 x VPD) are shown. Irfc) the line
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Fig. 9. Measured half-hourly NEE (PPF®1200 pmolnr2s-1)
plotted against VPD (left panel) and air temperature (right panel) in
temperature ranges 20-2C (a, b), 22-23°C (c, d), 24-25°C (e,
f) and 26-27C (g, h). Parallel plots represent the same NEE data.

accounted for in that part of the data where accepted records
exist. However, since the gap-filling was done with Eq. 2,
which ignores photosynthesis, NEE is potentially overes-
timated whenTy; > —3°C. If the gaps were filled using
Eqg. (4) that includes the radiation-response, the wintertime
CO; balance was 264 gnf. This method represented the
best estimate and was used in the calculation of the winter-
time and annual balances presented in this paper.

3.4 CHj4 and N,O fluxes between the soil and the
atmosphere

The site was a small sink of CH
(—0.35+0.58mgCHm2day ; mean + SD) and a
small source of NO (0.3040.25mgNOm2dayt).

Half-hourly NEE measured during high irradiance NZ_O fluxes were very §imilar at all 16 sampling points
(PPFD> 1000 pmolnT2s~1) plotted against vapour pressure (Fig. 11): no statistical differences were detected (ANOVA,

In contrast, Chl fluxes varied between the
sampling points g < 0.001), and ranged from sample

shows thefypp function used in Eq. (4), defined according to the points with a small consumption to points with small
regression for the July data.

Biogeosciences, 8, 3203218 2011

emissions (Fig. 11). Surprisingly, the highest consump-
tion (—-1.0£0.5mgnr2day ') of CHs; was measured
at plot 2, which also had the highest WTL, whereas
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Fig. 10. Daily NEE (top black bars), modellegot and GPP (lines in the upper panel), snow depth (light gray bars), water table level (WTL;
open circles), daily cumulative photosynthetic radiation (PPFD, dark gray bars), daily air temperature (thick line in the bottom), daily soil
temperature at 5 cm depth (thin line in the bottom), and precipitation (black bars in the bottom) at Kalevansuo peatland forest from September
2004 to December 2005. The snow depth and precipitation data represent the average of the four nearest weather stations.

the highest emissions (0.820.40mgnt?day ) were 4 Discussion
measured at plot 1 with the deepest water levels. Emis-
sions showed no correlation with the plant community 4.1 Annual uptake of CO, exceeds peat decomposition
(forest mosseSiphagnur nor with the microtopography
(hummock/non-hummock) (Fig. 11). GHonsumption and  In this paper we have reported a significant C&nk in a
N20 emissions peaked at midsummer, although some highirained peatland forest in southern Finland. Ombrotrophic
N20 emissions were also detected in winter (Fig. 12). Thetreed peatlands, such as the Kalevansuo site presented in this
highest CH emissions were detected in autumn 2005 atstudy, constitute over 10% of the total area (5.4-5.7 mil-
plots 3 and 4. lion ha) of peatlands ever drained for forestry in Finland
The seasonal and annual fluxes were integrated from th@Minkkinen et al., 2002), and the site type (dwarf-shrub type)
interpolated fluxes (Fig. 12). The growing season (May—is the single most commonly drained one in southern Fin-
September) fluxes were on averagé8mgCH,m—2 and  |and. Such sites therefore have general importance in regard
47mgNOm~2 and the annual fluxes (August 2004-July to their impacts on global-scale GHG balances and climate,
2005) were-120 mg CH m~2 and 100 mg NO m~2. When  for example.
converted to global warming potential values using a time  The annual net Couptake at our site (248309 Cn1?2)
horizon of 100 years (Forster et al., 2007), the annual emiswas very likely higher than the amount of C accumulated
sions were-3 and 30 g C@eq. nT2. in the tree biomass (17535 g C nm2), which indicates that
the forest floor, i.e. the ground layer vegetation and the un-
derlying peat must also have constituted a C sink. In general,
the mineralisation rate of peat should increase after drainage,
since lowering of the water level increases the aeration of
the surface peat (Laine et al., 2006; Nylen et al., 1995;
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g 10|  Plot1 Plot 2 Plot3 ,* Plot4
£ 20 . .
8 I%I ?L' I%I 2010). At Kalevansuo, the drainage has resulted in an
© 30 I%I ° 7 average water table level 8f40 cm. As a typical water level
S 40 |-?L| : % %H ? N in pristine dwarf-shrub pine bogs is approximatel20 cm
8 50 |%| . (Silvola et al., 1996; Minkkinen et al., 1999), the WTL draw-
Z 60 I%I | down at Kalevansuo has not been more than 20cm. How-
ol i e e ever, even this small drawdown has enhanced the tree growth,
123456 78 910111213141516 which is clearly seen in the annual rings, the width of which
H g H H H H g has increased after the 1970s (results not shown).
Sampling point The lower peat decomposition rate and the higher alloca-

tion of C into the roots with low nutrient availability (Minkki-
Fig. 11. Box plot of N;O and CHj fluxes and water table depths nen, 1999) as well as the lush, actively photosynthesising
in 16 sampling points at four plots around the EC mast in the Kale-ground vegetation (Badorek et al., 2011) could explain the
vansuo drained peatland forest. H = hummock, S = Sphagnum¢ accumulation into this nutrient-poor peatland ecosystem.
dominated community (others forest-moss-dominated). The bOXThere is also an increase in the input of slow decomposing

plot shows the distribution of the data: The box shows the quar-WOody and moss litter and a decrease in the input of faster-

tiles (lower edge 25 %, upper edge 75 %) and median (band inside . .
box) of the data. The whiskers show data that falls withind BHx decomposing grasses and herbs (Laiho etal., 2003). Further-

height (interquartile range, IQR) and asterisks show the data point§nor.e' the quantity of the aboveground litterfall increases dra-
within 3x IQR. Circles show data that fall outside these limits and Matically after the drainage which may compensate or even
are considered outliers (Systat 12, Systat software). exceed the decomDOSition of the old C in the peat (StrakOV
et al., 2010, 2011). In addition, part of the C released from
Silvola et al., 1996; Maljanen et al., 2001; Veenendaal et al.the decayed litter is translocated as a solute to deeper peat
2007). On the other hand, the annual NEE reported here sugayers and contributes to the C accumulation in the peat
ports the findings from peat subsidence and C stock studie§Pomisch et al., 2000).
by Minkkinen and Laine (1998) and Minkkinen et al. (1999), We did not measure C leaching from the ecosystem. As the
who showed that nutrient-poor peatland types may continussite was rather flat, water discharge was very slow apart from
to sequester C after drainage for forestry. the snowmelt events. Most of the ditches were blocked by
Nutrient-poor sites are typically situated in the thick- vegetation and therefore functioned poorly. It was therefore
peated, relatively flat centre area of bogs. In those condidikely that the drainage at the site was maintained mainly by
tions drainage by ditching may not work out as well as in thethe transpiration of the tree stand, which is a typical situation
mire margins due to peat subsidence and blockage of ditcheis drained peatland forests in Finlanddkka et al., 2008).
by vegetation. Therefore, water tables in nutrient-poor sited_eaching of dissolved carbon from Finnish drained peatlands
remain relatively high, keeping peat decomposition rates atypically results in a loss of about 10 to 15gCyr—1!
moderate levels (e.g. Silvola et al., 1996; Ojanen et al.(Sallantaus and Kaipainen, 1996; Kortelainen et al., 1997,
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Sarkkola et al.,, 2009; Rantakari et al.,, 2010). On thesub-canopy flux consists of not only the NEE of the peat
other hand, C is also imported into the peatland from sur-and ground layer vegetation, but also the tree root respira-
rounding landscapes and in deposition. In pine forests irtion. Since the contribution of the root-derived respiration to
Finland, the flux of dissolved organic carbon varies from GPP may vary from about 10 to 50 % (Moyano et al., 2009),
2 to 6gCnT2yr~1 in stand throughfall and from 2 to it is likely that the sum of the tree root and peat respiration
10g Cnr2yr~1in percolation water (Lindroos et al., 2008). overrides the C@sink of the ground vegetation.
Typically leaching is higher from organic, C-rich soils, so it It is interesting to note that the NEE at Kalevansuo was
can be assumed that more C was lost than was received frogimilar to that observed in the Hy@la Scots pine forest, lo-
surface waters, but this amount is likely to be so small that itcated 150 km to the north of Kalevansuo (llvesniemi et al.,
has little significance for the C balance at this site. 2009). In addition to the same dominating tree species, the
We are not aware of other year-round NEE measurementsgotal volume and mean height of the trees are rather similar
conducted on forestry-drained peatlands. If we also consideat these sites. The most significant difference between the
other peatland types, the annual £0ptake at our site is  sites is the underlying soil type, which is haplic podzol at
the highest among the published values. Flanagan and Syasdyytiala. At this site, the annual balance has varied between
(2011) reported an average annual sink of 690 g B0? —510 and—920g CQ m—2 over a ten-year period (llves-
over a six-year period in a natural treed fen in Canada. Atniemi et al., 2009). The annual GPP aRgy were slightly
their site, the average annual GPP3100g CQ m—2) and higher at Hyytala, —3800 and 3000gC&m~2, respec-
Riot (24009 CQ m—2) were lower than at our site<3600 tively, against—3600 and 2800 g C&m~2 at Kalevansuo.
and 2800g C@m~2). Even though their site was natural The higher GPP values at Hygti are expected, since the
(undrained), it had as deep or deeper average water table (3Qrees are younger and the soil condition and nutrition is
70 cm) than our ditched site, indicating similar aeration in themore favourable for the tree growth there than at Kalevansuo.
peat soil. Lowered water table in dry years did not increaseTherefore, the trees at Hygta are growing faster, accumu-
C loss from the system, since the increased respiration wakiting 240 g C n2yr—1 (llvesniemi et al., 2009), i.e. 40 %
compensated by increased photosynthesis. more than the tree stand at Kalevansuo (175 g&)mOn
Higher annual C@ balances (i.e. lower C accumulation the other hand, the ground vegetation at Kalevansuo is denser
and/or higher emission) have been measured on bogs witand contributes more to the observed NEE than that at
sparse or absent tree cover. In Scotland, the annual NERyytiala. The contribution of the ground vegetation is likely
of a drained ombrotrophic peatland used for sheep grazto explain why the observed difference in NEE between
ing varied from—350 to ~500g CQ@m~2yr~! (Dinsmore  Hyytiala and Kalevansuo is smaller than expected on the ba-
et al., 2010), while in southern Sweden, in an undrainedsis of the tree C accumulation at the sites.
bog with a low tree cover, it was abouwt80gCQm—2
(Lund et al., 2007). In an ombrotrophic bog with only very 4.2 On the factors controlling NEE
small trees in Canada, the annual NEE varied fred0 to
—280gCQ m2 (Lafleur et al., 2003), and in an Irish mar- Irradiation was not the only significant meteorological vari-
itime blanket bog with no tree cover NEE ranged betweenable controlling diurnal dynamics of GGexchange during
—45 and—310g CQ m~2 during six years (Koehler et al., the growing season. In addition, there was a significant corre-
2011). At this site, a significant proportion of C was lost lation between NEE and VPD, indicating suppression of the
through leaching and CHemission, resulting in an average photosynthesis of the peatland vegetation under drier condi-
annual C balance 6£50g C nT2. tions. Since NEE is a sum @t and GPP, the relationship
In contrast, the annual net Gdalance was close to zero between NEE and VPD could be partially explained by the
in a well-drained afforested peatland with an agricultural his-increaseyt with higher air temperatures, in addition to the
tory in Finland, indicating that the peat decomposition ratesuppressed assimilation. Using standardized environmental
outweighed the C accumulation in trees (Lohila et al., 2007).conditions we still found a significant correlation between
Since the tree growth rate was substantial, this showed thahe NEE and VPD (Fig. 9), suggesting that the relationship
the peat was still vigorously decomposing 30 years after thecould be attributed to stomatal closure rather than an increase
afforestation. Using combined snap-shot measurements and ecosystem respiration due to higher temperatures. The
modelling, Hargreaves et al. (2003) suggested that conifestrong control of VPD is somewhat surprising, as the max-
plantations in Scotland may become net sinks op@®und  imum distance of the ground water level was only about 50
4-8 years after afforestation. However, in contrast to our recm from the peat surface in summer (Fig. 10). Hence, wa-
sults, after subtracting the tree C accumulation component ofer should be rather easily available for the tree roots. The
NEE, the peat at their ecosystem showed a net loss efdfO relationship reflects the immediate response of needle stom-
arate of 370gm?yr—1. ata to VPD and suggests that the ecosystem C uptake may
Direct measurements of the sub-canopy,Gloxes have be weakened during a dry spell due to stomatal restrictions,
indicated that the ground layer of Kalevansuo was a Calthough water is available for roots. A similar phenomenon
source in April-June (Pihlatie et al., 2010). However, this of lowered CQ uptake during drought has been observed
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in natural open peatlands (Lafleur et al., 2003; Aurela et alet al., 2007b). Considering the climatic impact of an annual
2007, 2009) and in non-peatland forests (e.g., Luyssaert e¢mission/uptake pulse of the three greenhouse gases at Kale-
al., 2007; Lasslop et al., 2010). vansuo, CQ was by far the most significant one. Therefore
Removing the VPD response functioffyfp) from the it can be concluded that the drainage of this peatland has not
NEE-model (Eg. 4) would reduce the fit between the mod-resulted in the site having a net warming impact on climate.
elled and measured values only slight?(= 0.86 against
R? = 0.88). However, usingfypp corrected the deviation
from the linearity observed at the lowest end of the data (i.e.5 Conclusions
high CQ, uptake values) (results not shown), indicating the
importance of VPD for the gap-filling modelling during dry This study presents the first year-round NEE data measured
periods. on forestry-drained peatland and supports earlier results, ob-
We observed C@uptake at our forest site throughout the tained by measuring changes in the peat C store that demon-
winter. In January, for example, when the monthly meanstrated that nutrient-poor peatland forests may accumulate C
temperature was-1.2°C, photosynthesis was observed at the same or even increased rates after drainage. During
when Tyjr exceeded-3°C. In February and March (mean a 16-month period in 2004-2005, the annual NEE at Kale-
temperatures 0f-6.6°C and—8.0°C, respectively), photo- ~vansuo varied between810 and-900 g CQ m~2, depend-
synthesis was detected only occasionally. Wintertime assiming on the start of the period. The increase in tree biomass
ilation by trees has been also reported to take place in th@nly explained about 70 % of the C sink. No increase was
Hyytiala forest (Sevanto et al., 2006), but photosynthesis wabserved in the ground vegetation biomass either. There-
not observed in January there, possibly due to low radiatiorfore, it is likely that C is accumulated into the soil as dead
levels. Sevanto et al. (2006) also observed,@Ptake by  organic matter, i.e., the soil is accumulating C as is typical
tree shoots in air temperatures as low-a&°C. At Kalevan-  for natural, undrained peatlands. This may be attributed to
suo, a highef,jr (> —3°C) was needed for photosynthesis the increased woody litter input and below-ground produc-
to take place. Our results show that £Gptake may occur tivity, as well as the continuous abundance of peat and for-
in boreal forests throughout the year, depending on meteorcest mosses at the site. Simultaneously, the decomposition of
logical conditions. soil organic matter has remained at a moderate level because
By ignoring the wintertime C@uptake in the gap-filling  of only a moderate drop in the water table;Q\emissions
the estimated C®emission during the winter would increase had not increased dramatically after the drainage, contribut-
by 8%, but the effect on the annual balance would be lesdng less than 5% to the climatic impact of this ecosystem in
than 3%. It can be concluded therefore that the contributionts current state. Cluptake by the forest soil was practically
of the wintertime CQ uptake to the annual balance was not negligible in comparison with the high cooling impact caused
significant, at least in a winter like 2004—2005 at Kalevansuo.by the net CQ uptake. Following on from this study, the fate
In warmer winters, however, a larger significance of winter- of CO; in the ecosystem should be examined in detail, to un-
time photosynthesis can be anticipated. It is recommendederstand the mechanisms in the soil and ground vegetation
that at such boreal sites where temperatures close to zero oghich contribute to the excess C accumulation and the high
cur regularly, the winter photosynthesis should be taken intdCOz sink at this site. With such understanding, the results

account by including an appropriate light response model incould be more easily generalized by incorporating them into
gap-filling methods. biogeochemical process models.

4.3 GHG balance and global warming potentials

Appendix A
The annual balance of GHiptake (0.12gnT2yr—1) and
N>O emission (0.10gm?yr—1) for Kalevansuo are in line  Gap-filling of the CO, exchange data
with those measured from the same (dwarf-shrub) site type
in an extensive study covering the whole Finland (OjanenTo estimateEy outside the winter, Eq. (2) was fitted to the
et al., 2010) and with those measured during a three-montimight-time (PPFD< 1 pmol n2s~1) NEE data in time win-
period at the same site (Pihlatie et al., 2010). 4GHhis-  dows of 15 days, shifting the window five days at a time.
sions in natural, undrained bogs, such as Kalevansuo beEy, (constrained to-100 K), was averaged over all periods
fore drainage, are on average 6g4yr—! (Saarnio et al., where (1) the number of data points exceeded 40, (2) the tem-
2007). In general, CiHemissions are strongly reduced af- perature range exceeded 5K and £3)< 450 K, resulting in
ter drainage, and in many cases, £bkidation in the peat Eg= 225K andEg = 173K for the periods of 2 September—
surface overrides the production deeper in the soil. The red18 November 2004 and 11 April-17 November 2005, respec-
sulting CH; uptake is more typical of fens than bogs with the tively. The number of accepted/discardégivalues was 23/0
poorest sites with weakest tree growth often acting as a postand 30/8 in 2004 and 2005, respectively. Thereafies;
drainage source of CHMartikainen et al., 1995; Minkkinen was estimated for the same periods as described above using
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Eq. (2) and the constariip values. The obtained parame- from the forward and backward shifts were averaged, and the
ter values represent the mid-point of each 15-day period, andbtal error was calculated by summing the absolute values of
were interpolated for the missing periods in daily steps. these averages. In winter, the uncertainty due to gap-filling
The parameters of the NEE model (Eq. 4) were also eswas estimated by comparing the balances obtained using the
timated for 15-day subsets shifting the window five days atphotosynthesis model to those obtained using the respiration
a time. The values obtained from this were only acceptednodel only (see Ch. 3.3), resulting in an error of 2.5% of
if the number of the measured flux values was larger tharthe annual balance. In addition, we included the systematic
100 and the parameter values were not considered unrealistirror arising from the high frequency loss and the respective
(GPmax< —4mgnr?2s1 o < —0.002 mg pmot?). corrections (Aurela et al., 2002). At our site, this error was
In winter, Ryt was modelled by fitting Eq. (2) to estimated to contribute to 3 % of the annual balance. The un-
the night-time (PPFD:1pmolnT2s1)CO, flux data, certainty related to the selection of the criterion was not
to avoid data with photosynthetic GOuptake. This included here, since setting the limit to 0.10ntsvas un-
time, Eo and Ty were derived commonly from all ambiguous, and there was no reason for selecting a different
winter data (17 November 2004-30 March 2005 andcriterion. The total relative uncertainty in the annual balance
16 November—31 December 2005).  Using the resultingwas calculated by combining the different errors (in %) using
parameter values Rief = 0.0603mgCOm-2s~1 and the error propagation principle:
Eo = 136 K) and Ty, the half-hourly Ryt was calculated.
Thereafter, Eq. (4) (withouffypp) was fitted to the NEE +V112+10724+252+302 % (B1)
data measured whef;; > —3°C from 18 November 2004— 21
31 January 2005 (the period when photosynthesis was ob- +114%(+100gCO M “yr) (82)
served) using the modelleRio; as an input value. Theand g Estimation of the standard error of the annual tree
GPmax obtained from this were used to reconstruct NEE for biomass increment
both winter periods, for half-hour periods witly;; > —3°C.
With T,ir < —3°C the modelled respiration rate was used for Tree stand biomass for the years 2005 and 2000 was esti-
gap-filling. mated using single tree biomass models of Laiho anérFin
For the 10-day gap in spring 2005, the daily modelkes (1996; see Tobin et al., 2007) for the pine belowground
and GPP and their correlation with air temperature and irrabiomass and the models of Repola (2008, 2009) for other
diation, respectively, were used. In addition, since the emerbiomass components. Repola (2008, 2009) reports the nor-
gence of photosynthesis after the winter occurred during thismally distributed random variance of the natural logarithm of
gap, we used a linearly increasing photosynthesis factor irthe biomass componentof the tree [var(In y;)] as the sum
the gap-filling of GPP data. This factor was given a value of within-stand random variance [vaj{ and between stand
from 0O to 1, which was derived from the difference betweenrandom variance [vax(]. var(x) equals the within-stand co-
the average GPP of the five days preceding and following thevariance [cov(Iny;, In y;)].

gap. From this follows that van() and cov§;, y;) are those of
the bivariate lognormal distribution (Mostafa and Mahmoud,
1964):
Appendix B
var(yi) — in (evar(u) + var(e) 1) (B3)
Uncertainty analysis
and
B1 Estimation of the uncertainty in the annual CO, COV(Yi . ¥) = ¥y (evar(u) . 1) (B4)
balance

) ) Variance of the stand biomass of componge(it trees in the
The uncertainty of the Cfbalance was evaluated following - stand) is then calculated as:

the procedure presented by Aurela et al. (2002). The ran-

dom error, estimated from the difference between the mea- - & &

sured and modelled values, was 1.1% of the annuaj CO V& Zy’) =Zvar(yl-)+ZZcov(yi,yj) (BS)
. . . - =1 i=1 i=1li#j

balance. Considering the systematic errors, the gap-filling

of the longer {2 days) gaps in the growing season flux data The varf;)-cov(y;, y;) ratio for pine above ground biomass

was the largest error source, resulting in an uncertainty ofRepola, 2009) is also applied to pine below ground biomass

10.7 % of the annual balance. This was estimated by recalas Laiho and Fiar (1996) do not report the between tree co-

culating the balance for these missing periods by shifting thevariance.

model parameters by 15 days forward and backward, and cal- Variances of the stand biomass components are then

culating the difference between the original and recalculatedsummed taking into consideration the between-component

balances. For each measurement gap, differences resultirgprrelations reported by Repola (2008, 2009). Considering
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that the variances of the stand biomasses of the same stamuebs, A., Nordlund, A., Karlsson, P., Helminen, J., and Rissa-
for the years 2000 and 2005 must be highly correlated, ran- nen, P.: Climatological statistics of Finland 1971-2000, Climatic
dom variance for the biomass increment in the five years is Statistics of Finland 2002:1, Finn. Meteorol. Inst., Helsinki, Fin-
estimated by subtracting the random variance of the biomass_and, 2002. o .
in 2000 from that in 2005. Finally, the standard error (SE) of Flanagan, L. B. and Syed, K. H.: Stimulation of both photosynthesis
the annual tree biomass increment is calculated as 1/5 of the 2d réspiration in response to warmer and drier conditions in a
square root of the variance of the five-year biomass incre- bo.real peatl‘?nd ecosystem, Global Change Biol., 17, 2271-2287,
. . doi:10.1111/j.1365-2486.2010.023782011.
ment. The SE caused by measuring 33 plots instead of Fhﬁorster P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R., Fa-
whole tree stand (4.1 %) was also added to the SE, resulting hey, D. W., Haywood, J., Lean, J., Lowe, D. C., Myhre, G.,
in a total relative error of 20 % (= 130g G@n2yr™). Nganga, J., Prinn, R., Raga, G., Schulz, M., and Van Dorland,
R.: Changes in Atmospheric Constituents and in Radiative Forc-
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