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In arctic ecosystems, winter soil respiration can contribute substantially to annual CO2 release, yet the
source of this C is not clear. We analysed the 14C content of C released from plant-free plots in mountain
birch forest and tundra-heath. Winter-respired CO2 was found to be a similar age (tundra) or older
(forest) than C released during the previous autumn. Overall, our study demonstrates that the decom-
position of older C can continue during the winter, in these two contrasting arctic ecosystems.

� 2013 Elsevier Ltd. All rights reserved.
Arctic soils contain globally significant C stores (Post et al., 1982;
Ping et al., 2008). As these areas are warming rapidly (AMAP, 2011),
C may be lost if decomposition rates increase in response (Davidson
and Janssens, 2006). There is growing recognition that the CO2
released during the long winters in high-latitude/altitude ecosys-
tems can represent a substantial proportion (up to 30%) of annual
respiration (Elberling, 2007;Williams et al., 2009), but, for practical
reasons, flux measurements are biased towards the growing sea-
son. Furthermore, debate continues as to whether the source of the
CO2 released during thewinter is similar to that released during the
summer, or is derived mainly from recently-fixed, labile C (Grogan
et al., 2001; Grogan and Jonasson, 2005; Nobrega and Grogan,
2007). Importantly, climate change has greater potential to affect
rates of winter respiration in the long term, either positively or
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negatively, if there is a substantial contribution from the large re-
serves of older SOM, than if most of the respired CO2 is derived from
small labile C pools (Jones et al., 2005; Hartley and Ineson, 2008).
Here, by undertaking the first 14C analyses of CO2 released from
soils during the arctic winter, we investigated whether the
decomposition of older SOM continues during the winter.

The study took place in mountain birch forest (68�1903500N,
18�5000000E; elevation w520 m) and tundra-heath (68�1800700N,
18�5101600E; elevationw710 m), near Abisko, northern Sweden. We
collected samples of CO2 released over the 2007e2008 winter from
three non-vegetated plots in each ecosystem. To allow only soil-
respired CO2 to be collected, the plots were clipped and trenched
in late summer 2006. In the centre of each plot, 7-cm tall collars
were sealed to the surface using putty, with respiration rates and
14CO2 contents being monitored during the 2007 growing season
(Hartley et al., 2012). To collect winter-respired CO2, we developed
a new technique using molecular sieve cartridges (MSCs) to collect
passively (by diffusion) representative samples of CO2 over
extended time periods (Garnett et al., 2009).

In order to minimise chamber height and potential effects on
snow lie, lids were directly placed on top of the collars. MSCs were
then connected through the collar sides via auto-shut-off Quick
Couplings� (Colder Products Company, USA), with hydrophobic
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filters (Accurel PP V8/2 HF, Membrana GmbH, Germany) attached
inside each collar to prevent liquid water passing into the MSCs
(Fig. 1). For protection, the MSCs were then placed inside foam
insulation, PVC pipes and guttering. The lids were closed on 16the
17th September 2007 and the MSCs connected on 20th September.
MSCs were recovered on 23rde24th May 2008. Air samples were
collected at the tundra-heath site on 20th September 2007 and 24th
May 2008, by pumping air through MSCs for approximately 60 min.

Soil temperatures at 5 cm were monitored throughout the
winter (thermistor probes and CR10x datalogger, Campbell Scien-
tific, Leics, UK). After MSC collection, soil temperatures at 2, 5 and
8 cm depth (digital thermometer, E.T.I. Ltd., West Sussex, UK) and
soil moisture at 6 cm (Theta probe: ML2, Delta-T Devices, Cam-
bridge, UK) were measured inside and outside the collars.

All 13C and 14C analyses were performed on CO2 recovered from
the MSCs using established procedures (Hardie et al., 2005).
Fig. 1. Photographs showing the installation of one of the systems for passively sampling so
collar, prior to lid being attached. Panel (b) shows the MSC cartridge being attached, before t
has been covered in insulating foam, protected inside pipe and plastic guttering, pegged in p
tall, the stones were arranged to smooth out the vertical profile and minimise any impact
Following convention, 14C results were normalised to a d13C value of
�25& and expressed as %modern (Stuiver and Polach, 1977).
Because collars were not inserted into the soil, it was not possible to
avoid some atmospheric contamination. Samples were corrected
for atmospheric contamination using the approach of Hartley et al.
(2012), after accounting for the 4& 13C fractionation associated
with passive sampling (see Garnett et al., 2009).

After MSC collection, on the tundra, both soil moisture and
temperature were near identical inside and outside the collars. In
the forest, temperatures at 5 and 8 cm were 0.6e0.7 �C higher
within the collar, but there was no significant effect on soil mois-
ture. Therefore, the chambers appeared to have little effect on the
soil physical environment. During the winter, temperature at 5 cm
was greater in the forest (mean: 0.07 �C, range:�3.02 �C to 6.94 �C)
than the tundra (mean: �1.73 �C, range: e7.18 �C to 4.66 �C).
Warmer winter temperatures can increase winter CO2 production,
il respiration during the arctic winter. Panel (a) shows the hydrophobic filter inside the
he clips were removed, while panel (c) shows the final arrangement after the cartridge
lace, taped up and surrounded by stones. Although the sampling system was only 7 cm
on snow drifting patterns.



Table 1
The 14C content and d13C values of samples collected from the tundra-heath and birch forest, with associated measurement uncertainty (�1s) and radiocarbon laboratory
codes. The d13C values have been corrected for fractionation during passive sampling (Garnett et al., 2009). The 14C content of the respired CO2 was calculated after correction
for contamination with atmospheric CO2 based on the average d13C value of the atmospheric CO2 at the site, and the d13C of pure samples of respired CO2 collected from
monoliths incubated on site in closed containers (see Hartley et al., 2012). The average age of the respired CO2 (relative to the sampling date) was calculated from its bomb-14C
concentration by reference to records of direct atmospheric 14CO2 measurements (Levin et al., 2008).

Site Collected CO2 Lab code Monolith Atmospheric CO2 Atmospheric
fraction

Respired CO2 Age
(years)14C (%modern) Measured d13C Corrected d13C d13C ratio 14C (%modern) d13C ratio 14C (%modern)

Tundra 108.30 � 0.51 �24.4 � 0.1 �20.4 SUERC-19528 �26.60 105.16 �8.8 0.350 109.98 9
Tundra 108.19 � 0.48 �25.3 � 0.1 �21.3 SUERC-19529 �26.60 105.16 �8.8 0.300 109.49 8
Tundra 108.61 � 0.51 �24.4 � 0.1 �20.4 SUERC-19532 �26.60 105.16 �8.8 0.349 110.46 10
Forest 108.70 � 0.51 �24.0 � 0.1 �20.0 SUERC-19533 �26.83 105.16 �8.8 0.380 110.86 11
Forest 109.67 � 0.49 �26.5 � 0.1 �22.5 SUERC-19534 �26.83 105.16 �8.8 0.243 111.12 11
Forest 110.25 � 0.52 �26.2 � 0.1 �22.2 SUERC-19535 �26.83 105.16 �8.8 0.259 112.04 13
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and thus influence annual carbon balances (Grogan and Jonasson,
2006; Nobrega and Grogan, 2007; Sullivan, 2010), potentially
contributing to the lower C storage in forest than tundra soils.
However, it should be emphasised that previous research at the
current field sites (Hartley et al., 2012), as well as studies at lower
latitudes (Mitchell et al., 2007), have identified the important role
plantesoil interactions and priming play in controlling soil carbon
storage in foresteheath transitions.

Consistent with warmer temperatures increasing winter respi-
ration, our molecular sieves collected more CO2 in the forest than
tundra (means of 102.3 ml and 71.8 ml, respectively). However, the
amount of CO2 collected on our MSCs depends on the average CO2

concentration within the chamber (Garnett et al., 2009). This is
controlled not only by respiration rates, but also by rates of ex-
change between the atmosphere and the headspace, which may
have been greater on the tundra due to higher wind speeds and
reduced snow cover; atmospheric contamination was greater in
tundra samples (Table 1). Therefore, volumes collected cannot be
translated directly into respiration rates.

On the tundra, the 14C content of the CO2 respired during the
winter was similar to that collected the previous September (Fig. 2),
Fig. 2. The bars indicate the 14C content of the CO2 respired from two sites during the
winter. Mean values� 1SE are shown (n¼ 3). The 14C contents of the CO2 released during
the previous growing season are also indicated (May/June, light grey line; July, dark grey
line; September, black line; see also Hartley et al., 2012). The dashed line indicates the 14C
content of the CO2 in the contemporary atmosphere (w105.16%modern). On the tundra-
heath, the 14C content of the winter respired CO2 did not significantly differ from the
growing season measurements made in July and September [All statistical tests were
carried out using the SPSS version 16 (SPSS Science, Birmingham, UK)]. In contrast, in the
birch forest, the ‘*’ indicates that thewinter respired CO2was significantly enriched in 14C
compared with all growing seasonmeasurements (P< 0.05, repeatedmeasures ANOVA).
The winter respired CO2 was also significantly more enriched in 14C in the birch forest
compared with the tundra-heath (P < 0.05, t-test).
while in the birch forest, the 14C content of winter-respired CO2 was
significantly greater than at any point during the growing season.
Mean residence time modelling, based on soil 14C measurements,
indicated that C fixed before the 1950s should contribute only a
small proportion to total CO2 release (Hartley et al., 2012). There-
fore, the increase in the 14C content of the winter-respired CO2 in
the birch forest indicates that more ‘older’ C, enriched in 14C from
20th century nuclear weapons testing, was being released (Fig. 2).
This was possibly caused by the gradual loss of recently-fixed, labile
C which would have been relatively 14C-depleted (atmospheric
CO2 ¼ 105.15 %modern). This process may have been more pro-
nounced in the forest due to both the smaller soil C stocks and the
greater inputs of contemporary C associated with the higher plant
productivity (Hartley et al., 2012). Overall, our results indicate that
the decomposition of decade-old SOM can continue during the
protracted arctic winter in both forest and tundra ecosystems
(Table 1). The fact that such C can be released during the Arctic
winter makes it possible for changes in winter conditions to affect
substantially the C balance of arctic ecosystems. Finally, in the
future, comparative analyses of the CO2 released from both plant-
free and vegetated plots, would help further identify the sources
of winter-respired CO2 in intact Arctic ecosystems.
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