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We investigated wintertime ecosystem activity and CO2 efflux over three winters (1 
November–28 February 1997–2000) in a boreal Scots pine stand in Finland. During 
the three winters the cumulative wintertime CO2 efflux measured with continuously 
operating soil chambers directly from the soil surface was between 103 and 144 g m–2, 
and between 240 and 330 g m–2 when measured by an eddy covariance method or esti-
mated from the soil sample endogenous CO2 production. The flux measured directly 
from the soil surface is probably an underestimation due to the ice formation within 
the chamber. Photosynthesis was found to be active also during winter and metabolic 
activity was found to show extrapolated zero at –5 °C to –10 °C.

Introduction

Wintertime production of CO2 is believed to be 
critical for the annual carbon budget of boreal 
forests. It has been suggested to contribute 17% 
or more of the annual amount evolved from the 
soil in alpine, arctic and temperate ecosystems 
(Winston et al. 1997, Fahnestock et al. 1999). 
The relationship between production and decom-
position determines whether a system is a sink or 
source of atmospheric CO2. In old forests these 
two fluxes are of similar magnitude and changes 
in climate and the length of growing season can 
shift a forest from being a sink to be a source of 
carbon (Valentini et al. 2000).

CO2 is produced within the soil by hetero-
trophic microbial respiration and by autotrophic 
root respiration. Soil microorganisms release CO2 

by oxidizing organic debris and return the carbon 
assimilated by plants back to the atmosphere. In 
boreal forests and in the arctic, decomposition is 
often slow due to unfavorable climate: low tem-
perature and high humidity. The soil temperature 
remains between 0–5 °C most of the year.

The effect of global climate warming has been 
predicted to be strongest at high latitudes, but the 
actual temperature increase is still under debate. 
Current climate scenarios predict arctic surface 
air temperature increase varying from 2 to 7 °C at 
the latitudes between 60°N and 90°N by the year 
2080, depending on whether the impact of cloud 
feedbacks have been included in the predictions 
(Jylhä et al. 2004, Vavrus 2004). The highest tem-
perature increases are expected to occur in winter.

Because the biological activity in the soil 
is strongly temperature dependent (Davidson et 
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al. 1998, Kirschbaum 2000), an increase in the 
temperature would have a substantial effect on 
the carbon balance of boreal forest soils. Changes 
in the decomposition rate of soil organic matter 
could possibly lead to a feedback effect and 
acceleration of global warming (Cox et al. 2000).

Despite the importance of winter in the 
ecosystem carbon balance, only a few studies 
exist where soil CO2 effluxes (Zimov et al. 1993, 
Winston et al. 1997, Billings et al. 1998, Mast et 
al. 1998, Fahnestock et al. 1999, Pumpanen et 
al. 2003) let alone other ecosystem CO2 fluxes 
have been monitored continuously throughout 
the winter. Most of the studies on soil CO2 efflux 
in boreal forests (Winston et al. 1997, Billings et 
al. 1998, Goulden et al. 1998, Lytle and Cronan 
1998, Gulledge and Schimel 2000, Morén and 
Lindroth 2000) and in arctic tundra (Billings 
et al. 1982, 1984, Fahnestock et al. 1998) have 
been conducted on a weekly or monthly basis 
during the growing season. Thus, the winter 
period, covering one third of the year at high 
latitudes, is relatively poorly known in terms of 
ecosystem CO2 fluxes and underlying processes.

We measured wintertime carbon dioxide 
fluxes from soil, canopy and ecosystem using 
chamber and eddy covariance techniques in the 
field and endogenous CO2 production in the 
laboratory. Our aim was to analyse the amount 
of wintertime fluxes and the factors affecting the 
efflux rate of a managed coniferous forest with 
shallow or no frost in soil.

Material and methods

The Scots pine stand used in this study was sown 
in 1962 on a burned, mechanically prepared soil. 
Site preparation is a common process on almost 
all forest soils in Finland. In burning a propor-
tion of the logging residue, the ground vegeta-
tion and recalcitrant humic compounds are burnt, 
and an increase in soil pH follows. However, 
almost 40 years after the burning a new litter 
layer has been established, so that the effect on 
pH has decreased and the site represents in many 
features such sites that have not been burnt. 
The soil is a podzol on glacial till, with the soil 
pH (H2O) increasing from 4.4 in the humus to 
5.3 in the ground soil. There were downward 

decreasing gradients for total soil organic carbon 
from 300 mg of C g–1 in humus layer to 4 mg of 
C g–1 at the depth of 20 cm (ground soil), and of 
nitrogen from 10 mg of N g–1 to 0.3 mg of N g–1 
(Ilvesniemi and Pumpanen 1997). The C and N 
analyses were done using Leco CSN-1000 ana-
lyser (Leco corporation, St. Joseph, MI, USA).

We measured CO2 efflux continuously and 
simultaneously with chambers directly from the 
surface of the soil, from the canopy using shoot 
chambers, and above the canopy using an eddy 
covariance method. In addition, the endogenous 
CO2 evolution was measured in the laboratory.

The CO2 flux from soil was measured in situ 
using two online soil chambers (Haataja and 
Vesala 1997, Hari et al. 1999, Pumpanen et al. 
2001). In chamber measurements the atmos-
pheric CO2 concentration is measured by an 
infrared gas analyzer (URAS 4, Hartman Braun). 
The open dynamic chambers are made of acrylic, 
with slightly different geometry for shoot and 
soil measurements. The top of the chamber is 
opened pneumatically between measurements. 
The measurement interval was 15, 24 and 57 
minutes during the years 1997, 1998 and 1999, 
respectively, and the chamber was closed for 
70 s. The flow rate of the air stream through the 
chamber was set by Brooks mass Flow controller 
(Model 5850 E). The photosynthetically active 
radiation (PAR) was measured within the shoot 
chambers with Li-Cor 190 SP PAR sensors.

The soil endogenous CO2 production at 7 °C 
was measured in the laboratory (5 g of fresh soil 
in a 120-ml glass bottle sealed with a rubber stop-
per) from freshly cored soil monolithes collected 
on 9 October 1997, 4 December 1997, 15 January 
1998, 14 October 1998 and 17 February 1999 at 
natural moisture conditions. Three to five cores 
were taken on each sampling occasion. Each core 
was divided into a humus layer, eluvial layer, 
illuvial layer (divided in two halves) and ground 
soil samples. Separated layers of the cores were 
pooled for analysis. The head-space CO2 concen-
tration was measured after incubation by a gas 
cromatograph. The Q10 values (the relative change 
in the respiration rate over a 10 °C increase in 
the temperature) of the samples were determined 
according to Kähkönen et al. (2001).

The half-hour average canopy level CO2 flux 
densities were observed by the eddy covariance 
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technique. The method was applied by using 
commercially available instrumentation and 
standard calculation techniques (Moncrieff et 
al. 1997, Aubinet et al. 2000, Markkanen et al. 
2001, Suni et al. 2003). Between 1 November 
and 28 February during the winters 1997, 1998 
and 1999, the experimental data covered 34%, 
38% and 57% of the period, respectively. Some 
observations were not considered reliable due 
to technical reasons or low turbulence condi-
tions (friction velocity < 0.2 m s–1). A regression 
between the observed reliable CO2 flux densities 
F (in units µg CO2 m

–2 s–1) and air temperature 
T (in °C) under the conditions when no photo-
synthesis occurred was generated. The obtained 
relationship, F = 29.1e(0.0638 ¥ T), was applied on 
a half-hourly basis to replace the missing and 
unreliable data, and the occasions when photo-
synthesis was observed. The final CO2 flux time 
series, being representative for the Scots pine 
stand respiration, contained 4840 original meas-
urements.

Results and discussion

The study spanned from November to Febru-
ary over three winters (1997–2000, Julian days 
from 305 to 59) when average air temperatures 
were –4.0, –6.5 and –2.9 °C and the daily aver-
age temperatures ranged from –30 °C to 4 °C. 
The snow cover was permanent at the site from 
the end of November onwards, and the depth of 
snow varied between 30 and 50 cm by 28 Feb-
ruary. The soil temperatures showed the typical 
wintertime inverse temperature gradient with the 
highest soil temperatures deepest in the soil (Fig 
1). The soil temperature never dropped below 
the freezing point under the humus layer (thick-
ness 4 cm). This shallow frost is different from 
that described for Siberian (Zimov et al. 1993) or 
Canadian (Winston et al. 1997) situations, where 
the frost was deep for long periods.

The CO2 flux from the soil decreased from 
150–350 mg m–2 h–1 in early November to values 
< 20 mg m–2 h–1 in January and February. The 
inter-annual variation in the evolution of the CO2 
flux was large and appeared to be connected with 
the average soil temperature. The cause of spa-
tial variation between chambers (Fig. 2) can be 

assumed to follow the distribution of roots and 
easily decomposable litter.

The cumulative efflux of CO2 from 1 Novem-
ber to 31 December in the years 1997, 1998 and 
1999 measured with two soil chambers averaged 
103, 86 and 144 g m–2, respectively (Fig. 2). In 
January and February the fluxes were < 20 mg 
of CO2 m

–2 h–1 and on many days they were < 10 
mg of CO2 m

–2 h–1, having only a small influence 

Fig. 1. Temperature of successive horizons of podzolic 
forest soil at Hyytiälä forestry field station, southern 
Finland (61°48´N, 24°19´E, 181 m a.s.l.).
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on the cumulative wintertime efflux. The annual-
average soil CO2 flux measured from the same 
site (1998–1999) was 2500 g of CO2 m

–2 (recal-
culated from Pumpanen et al. 2003).

The average winter fluxes of CO2 in sub-
alpine soils in Rocky Mountain national park 
were 78, 57 and 27 g of CO2 m

–2 h–1 in dry, moist 
and saturated soils, respectively, which accounted 
for 8%–23% of the annual CO2 fluxes of these 
soils (Mast et al. 1998). In the study of Fahne-
stock et al. (1999), non-growing season winter-
time carbon fluxes ranged from 2 g of CO2 per 
season in moist dwarf shrub communities to 97 g 
of CO2 in natural snow drift communities, with an 
average of wintertime CO2 efflux of 45 g of CO2 
m–2 for all low arctic tundra communities. This 
was 17% of the annual flux. Winter and early 
spring CO2 efflux from tundra communities of 
North Alaska was 48–400 g of CO2 m

–2 (Fahne-
stock et al. 1998). For old black spruce and young 
jack pine forests in Manitoba, Canada, Winston et 
al. (1997) reported the highest wintertime fluxes 
of < 100 mg of CO2 m

–2 h–1 in November, decreas-
ing to 10 mg of CO2 m

–2 h–1 in February. Epron 
et al. (1999) reported a similar, very low CO2 
efflux from acid (pH 4.9) gleyic luvisol in the 
period November–February in Hesse forest, east-
ern France (48°40´N, 7°05´E, elevation 305 m), 
with an average soil temperature of 2.1 °C at –10 
cm, similar to that in Hyytiälä soils of 3 ± 1 °C at 
the same depth.

In October (first sampling of soil for labora-
tory analysis) when the average humus tem-
perature was 2.9 °C and 4.8 °C in 1997 and 1998, 
respectively, the endogenous CO2 production had 
a steep descending gradient from the top of the 
soil (Fig. 3). When the humus temperature in 
December reached an average of 0 °C, it retained 
only 20% of its October activity, whereas the 
deeper soil horizons retained up to 50% of the 
activities, showing a change in the relative impor-
tance of different soil layers as a source of CO2.

In the laboratory the CO2 evolution was meas-
ured from soil samples with an incubation method 
at 7 °C. In order to estimate the cumulative CO2 
emissions of the Hyytiälä forest soil the values 
were corrected for the actual soil temperatures 
of the different horizons (Fig. 1) using measured 
Q10 values of 2.8 for November and December 
and 2.3 for January and February (Kähkönen et 
al. 2001). A cumulative calculated efflux of about 
274, 267 and 301 g of CO2 m

–2 was obtained for 
the three successive years 1997, 1998 and 1999 
respectively (Fig. 4). The calculated efflux for 
the winter 1999–2000 is based on the average of 
the measured activity of the two preceding years 
and actual temperatures of that winter.

The cumulative wintertime CO2 fluxes from 
the same Scots pine stand at Hyytiälä measured 
by eddy covariance method are shown in Fig. 4. 
The obtained cumulative CO2 evolution over the 
winter periods 1997–1998, 1998–1999 and 1999–
2000 (a total of 4840 measured hours) was 238, 
270 and 330 g m–2, respectively. The fluxes from 1 
November to 31 December (Fig. 4) were on aver-
age around 100 mg of CO2 m

–2 h–1, i.e. practically 
identical to those emitted by the soil (Fig. 2), but 
later in the winter the eddy covariance effluxes 
differed from the soil surface flux measurements. 
The annual total ecosystem respiration measured 
by the eddy covariance method at the same site 
in years 2000 and 2001 were 2900 and 3300 g of 
CO2 m

–2 a–1, respectively (Kolari et al. 2004).
To keep the chamber attached to the soil 

surface operating during the deep-snow period 
(January–February), a part of the snow around 
and within the chamber had to be removed. This 
removal of insulation may have reduced the soil 
temperature underneath the chamber, explaining 
partly the low efflux rates measured with soil 
chambers in late winter.

Fig. 2. The spatial and inter-annual variation in the 
carbon dioxide efflux from the soil surface measured 
by in situ chambers in the Hyytiälä Scots pine stand. 
The measurements of chamber one are shown by solid 
lines, and those of chamber two by dotted lines.
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The contribution of the Hyytiälä Scots pine 
canopy to the CO2 efflux was measured using the 
shoot chambers in situ. The shoot response was 
transformed to the values expressed as g of CO2 
m–2 soil surface by applying the needle biomass 
(g m–2) of the stand (Ilvesniemi and Liu 2001). 
The cumulative wintertime CO2 efflux (between 
1 November and 28 February) of the shoots was 

around 15 g of CO2 m
–2 over the two first winters 

studied (Fig. 4). The rate of photosynthesis was 
so high in the early winter 1999 that the cumula-
tive CO2 showed net carbon accumulation.

Figure 5 shows the coupling of the shoot CO2 
efflux with air temperature and solar radiation over 
a selected period. The shoots were photosyntheti-
cally active also during winter, when the air tem-
perature was near 0 °C over more than one succes-
sive day, and when the global radiation exceeded 
20 mmol m–2 s–1. On 5 and 6 February when PAR 
was high and air temperature was around –10 °C, 

Fig. 3. Soil endogenous CO2 production at 7 °C as measured in the laboratory from freshly cored soil cores. The 
soil cores were separated into successive horizons.

Fig. 4. The cumulative net efflux of CO2 (NEE) from the 
forest over the winter period (1 November to 28 Febru-
ary). An eddy covariance method was used to measure 
the above canopy fluxes (continuously increasing solid 
lines) and continuously operated shoot chambers for 
the canopy flux (lines going almost asymptotically with 
x-axis, showing also net photosynthesis). The dotted 
lines show the estimated cumulative CO2 emission 
based on the laboratory measurements, corrected for 
the measured actual soil temperature (Fig. 1) and the 
measured values of Q10, 2.8 in December and 2.3 in 
January and February.

Fig. 5. The effect of temperature and radiation on shoot 
carbon exchange in spring 1998 (5–14 February). The 
dashed line denotes PAR, thin solid line CO2 exchange 
(mg m–2 h–1) and thick line air temperature, (°C) at 4.2 m 
height.
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a negligible carbon exchange was found. On 8 
February the air temperature increased to near 
zero, but because a very low amount of PAR was 
available, shoot respiration instead of photosyn-
thesis could be observed. On 11 February when 
the average air temperature was near 0 °C for 
two successive days and the sky was cloudless, 
a significant uptake of CO2 was detected, reflect-
ing closely the diurnal changes of PAR. On 12 
February the amount of PAR was comparable to 
that on 11 February, but no uptake of CO2 could be 
detected due to the preceding cold night.

The conclusion from the results shown in 
Figs. 2–5 is that during the winter, the Scots 
pine forest emitted around 250 g of CO2 m

–2, the 
main source (> 90%) being the forest soil. The 
reason for larger wintertime emissions from the 
Hyytiälä soil as compared with that measured in 
France (Epron et al. 1999) can lie in the shallow 
soil frost and simultaneous high soil moisture 
content in Hyytiälä (Davidson et al. 1998), as the 
wintertime soil temperatures were quite similar 
at both sites. The snow cover not only effectively 
insulates the soil against the cold air (Fig. 1) but 
also protects it against evaporation of water.

The endogenous respiration in the Hyytiälä 
soil, measured from freshly sampled soil cores 
incubated in the laboratory, showed extrapolated 
zero activity at –5 °C to –10 °C (average –7 °C). 
The zero CO2 efflux for the soil chambers was 
extrapolated to humus and eluvial layer aver-
age temperature of 0 °C (Fig. 6). Respiration 
(CO2 efflux) and photosynthesis (CO2 influx) of 
the Scots pine were observed when the air tem-
perature (at 4.2 m height) was higher than –5 °C 

(Fig. 7). The data obtained with laboratory meas-
urements showed that the temperature depend-
ence of forest soil carbon dioxide metabolism 
was approximately the same as for that measured 
for the Scots pine shoots, averaging at –7 °C. 
This is also similar to the zero point measured for 
organic litter decomposition in Harvard Forest in 
Massachusetts (Goulden et al. 1998).

The temperature responses obtained in this 
study (Q10 of 1.8–3.0) are similar to the data 
shown for Harvard forest and for Siberian tundra 
humus (Boone et al. 1998, Christensen et al. 
1999), but lower than the values of Q10 between 
4.5 and 8 presented by Kirschbaum (1995) for 
various types of soil and geographic regions. 
Considering the already high carbon dioxide 
emissions from the soil, and the relatively low 
temperature response, the 10% loss of soil organic 
carbon as a response to 1 °C increase of tempera-
ture proposed by Kirschbaum (1995) does not 
seem to apply for this type of boreal forest soils.
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