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Abstract. Our objectives were to identify factors related to  The effect of moisture early in the season was confounded
temporal variation of soil C®efflux in a boreal pine forest by simultaneous advancement of the growing season and in-
and to evaluate simple predictive models of temporal varia-crease in temperature. In a dry year, however, the effect
tion of soil CG efflux. Soil CQ efflux was measured with  of drought was evident as soil G@fflux was some 30 %
a portable chamber in a Finnish Scots pine forest for threesmaller in September than in the previous wet year. Soil
years, with a fourth year for model evaluation. Plot averagesemperature was a good overall predictor of soil,Gilux,
for soil COp efflux ranged from 0.04 to 0.90g G@n2h1 possibly partly because its apparent effect was strengthened
during the snow-free period, i.e. May—October, and from by many environmental factors and ecosystem processes that
0.04 to 0.13gC@m—2h~1 in winter. Soil temperature was varied in concert with its variation. However, the consistent
a good predictor of soil Ceefflux. A quadratic model of In-  underestimation by the predictive models for the peak sea-
transformed efflux explained 76—82 % of the variation overson corroborates recent findings concerning the importance
the snow-free period. of seasonal changes in carbon inputs to processes producing
The results revealed an effect of season: at a given temCOz in soil.
perature of the organic layer, soil G@fflux was higher later
in the snow-free period (in August and September) than in
spring and early summer (in May and June). Regression €01 |ntroduction
efficients for temperature (approximations ofJag value)
of month-specific models decreased with increasing averaggoil respiration constitutes most of the total respiration in
soil temperatures. Efflux in July, the month of peak photo-forest ecosystems (e.g. Janssens et al., 2001). It originates
synthesis, showed no clear response to temperature or moifr-om root and mycorrhizal respiration as well as from respi-
ture. Inclusion of a seasonality index, degree days, improvedation by soil microbes and fauna associated with decompo-
the accuracy of temperature response models to predict ekition of organic matter. Soil respiration is often measured as
flux for the fourth year of measurements, which was not used flux of carbon dioxide from the soil surface i.e. as soil,CO
in building of regression models. During peak efflux from efflux, which approximately equals soil respiration at annual
mid-July to late-August, efflux was underestimated with the scale but is influenced by transport conditions over shorter
models that included degree days as well as with the model@ime steps (Raich and Schlesinger, 1992). Soil respiration
that did not. The strong influence of the flux of photosyn- has been reported to be regulated by two major environmen-
thates belowground and the importance of root respiratiortal factors, temperature and moisture, with soil temperature
could explain the relative temperature insensitivity observedusually having an overriding influence in forest ecosystems
in July and together with seasonality of growth of root and (e.g. Witkamp, 1966; Schlesinger, 1977). As soil tempera-
root-associated mycorrhizal fungi could explain partial fail- ture and moisture often covary in field conditions, it has been
ure of models to predict magnitude of efflux in the peak sea-difficult to separate their effects (Schlesinger, 1977; David-
son from mid-July to August. son et al., 1998), especially as in many cases the influence
of soil moisture in forest ecosystems has been small or indis-
cernible (e.g. Russell and Voroney, 1998).

Correspondence tdS. M. Niinist6 Other factors affecting soil respiration and consequently
m (sini.niinisto@iki.fi) soil CO, efflux are vegetation and substrate quality,
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ecosystem productivity, relative allocation of primary pro- 2 Materials and methods
duction above- and belowground, dynamics of the above-
and belowground flora, fauna and microorganisms and land2.1  Site and weather description
use and disturbance regimes (Rustad et al., 2000). Substrate
availability, in particular, has recently emerged as an impor-The study site was located in Huhus {62 N, 30°49 E),
tant factor behind temporal variation in soil respiration (Hog- some 30km from Mekrijarvi Research Station, University
berg et al., 2001; Davidson et al., 2006a). In addition to fac-of Eastern Finland, Finland. The mean annual tempera-
tors that influence C@®producing processes i.e. soil respi- ture at the nearby meteorological station is 1 with
ration, some factors such as snow cover, soil moisture andgnonthly means of 16.9C for July and—10.6°C for Jan-
pressure fluctuations, affect transportation of,G@m soil uary. Mean annual precipitation is 667 mm, of which an av-
to the atmosphere. erage of 400 mm falls between May and October (Drebs et
The seasonally fluctuating environmental factors andal., 2002). Precipitation in May—October during the exper-
ecosystem processes have been found to result in seasonéthent was 370, 545, and 265 mm in 1997, 1998, and 1999,
ity of soil CO; efflux, often studied as a seasonality of the respectively. The average air temperature of 1G.4t the
temperature response of the soil £6fflux (e.g. Janssens site in June—August 1998 was 1.5-2M@lower than the av-
and Pilegaard, 2003; Curiel Yuste et al., 2004). Seasonalitgrage for the other study years.
affecting soil respiration and soil G@fflux can be seenasa  The site was situated in a forested area of managed Scots
combination of the seasonal variation in environmental vari-pine standsRinus sylvestrid..). At the beginning of the
ables, in substrate availability and quality to differentLCO study, tree height in the area was 10-13 m for 76 % of the
producing processes, and their interactions. trees. The average leaf-area index was estimated to be
Boreal forest ecosystems are characterized by distinct se& m? m—2 ground area (Kellomaki and Wang, 1999). The
sons: long snow-covered winters and relatively short snow-ground was covered with mosses, suclPkirozium schre-
free seasons comprised of spring, summer and autumn. Inberi (Brid.) Mitt., Hylocomnium splendenBicranumspp.,
Swedish boreal pine forest, for instance, 95 % of the annuaPolytrichumspp., lichens, such aSladonia spp. andCe-
carbon gain can be obtained during the six warmest monthgraria islandica(L.) Ach., and dwarf shrubs, such as bilberry
(Linder and Lohammer, 1981). Intensity of the growing sea-(Vaccinium myrtillusL.) and lingonberry Yaccinium vitis-
son can be seen in the rapid increase in photosynthesis earlgiaeal.). The pine needle litterfall was 136 gtha ! in
in the season in pines growing in cold climates, compared taaverage. When soil particles smaller than 20 mm in diam-
a slower change in pines growing in warm climates, which eter were considered, the upper 30 cm of soil, i.e. the main
photosynthesize all year (Teskey et al., 1994). Recently, soitree-rooting zone, was classified as podsolized sandy till.
CO; efflux has been observed to be strongly influenced bySmall stones with a diameter of 20—-60 mm, however, made
the flux of recent photosynthates to the roots (Hogberg eup about one sixth of the soil volume. The average depth
al., 2001; Keel et al., 2006). Root production of woody of the top layer (Oi), which consisted of dead moss and other
plants and grasses as well as mycelial production of ectolitter, was 5.7 cm and that of the underlying organic layer (Oe
mycorrhizal fungi have been found to have a seasonal patand Oa), i.e. humus, was 2.5cm.
tern (Wallander et al., 1997, 2001; Steinaker et al., 2010),
which most likely influences temporal variation of forest soil 2.2 Measurement of soil CQ efflux and temperature
CO, efflux through root respiration and root-associated het-
erotrophic respiration. Microbial populations and litter in- Three plots for soil CQ efflux measurements were estab-
puts also vary seasonally (Lipson et al., 1999). Thus we hydished along a transect across a forested area that consisted
pothesize that, in addition to environmental variables such a®f pine stands of different age. A weather station (MILOS
temperature and moisture, soil g@fflux of a boreal forest 500, Vaisala Oy, Helsinki, Finland) was situated along the
is affected by other factors that vary according to season, thuransect, between Plots 1 and 3: 50m north-northwest from
resulting in seasonality of soil CCefflux. the centre of Plot 1 and 50 m south-southeast from the cen-
Here, we investigated temporal variation of soil £€f- tre of Plot 3. Plot 2 was situated 50 m south-southeast from
flux and environmental characters that affect this variation inPlot 1. Plots were placed in two forest stands representing
a boreal forest in Finland. Obijectives of the study were totwo stages of forest development; Plots 1 and 2 in a stand
assess the level of soil G@fflux in this pine ecosystem, to about 65 years old (thinned about 10 years before, diame-
identify factors related to its temporal variation and to eval-ter at 1.3m 18.4 and 21.5cm on average in 1998, with 600
uate simple predictive models of temporal variation. The 3-and 650 stems hd, on Plots 1 and 2, respectively) and Plot
year measurement campaign enabled us to analyse the effegtin a pole-stage forest about 40 years old (with an average
of season. For model evaluation, a fourth snow-free periocdiameter of 11.1 cm and 2000 stems hanot yet thinned).
of measurements at the same site and on a neighboring siteach plot was 20 mx 20 m and had 10 randomly chosen per-
was included. manent measurement points in a 2@ m grid. Plot means
were used as observations of soil £€¥flux.

Biogeosciences, 8, 3163486 2011 www.biogeosciences.net/8/3169/2011/



S. M. Niinistd et al.: Seasonality of soil Gfflux in a boreal forest 3171

The additional measurements for model evaluation pur-3E, Hartman & Braun AG, Frankfurt am M., Germany). The
poses were made in another Scots pine forest, at some 30 kftux was calculated based on a linear rise inG©ncentra-
distance in Mekrijarvi Research Station in 2000. The mea-tion in the headspace during the measurement. In connection
surement plot had the same surface area and an identical layith chamber measurements, air of undisturbed snow packs
out of 10 randomly chosen, permanent measurement pointeras sampled with a syringe and a metal straw that had an
as the plots in Huhus had. The Mekrijarvi stand was close toopening at the end. The GQoncentration of air sample
the developmental stage of Plot 3 in Huhus, the pole-stageywas analyzed with an infrared gas analyzer in the labora-
but pine trees were younger, i.e. 25 years in average. Tree®ry as described above. Snow was sampled and weighed,
were also smaller, with an average diameter of 5.1 cm. Theand its porosity was calculated using the density of pure
stand had a clustered structure with 4500 treesthaThe  ice (0.9168 g cm?), which resulted in porosities of 55 % to
Mekrijarvi site on podsolized sandy loam, with thinner litter 79 %.
and organic layers, was somewhat poorer in nutrients com- During the snow-free period, soil temperature was mea-
pared to Huhus, but similarly a well-drained site. Surfacesured adjacent to each collar at the time of the, @®lux
vegetation and soil are described in more detail in Niinistd etmeasurement. It was recorded at a depth of about 1-2cm in
al. (2004). the organic i.e. humus layer, i.e. about 7 cm below the top

Steel collars with a diameter of 10 cm and height of 6 cm of litter layer with a portable temperature probe (STP-1, PP
were inserted 2—-4 cm into the surface soil so that their topsSystems, Hitchin, UK). Temperature of the organic layer was
were level with the tops of the mosses or lichens. A set ofchosen to be monitored because the forest floor i.e. organic
five new collar locations were chosen to replace five old lo-layer had previously been identified as the layer in forest soils
cations on plots in 1998 to minimize effects of possible wearin which most of CQ was produced and where a large pro-
on measurement locations. No signs of wear were detectegortion of respiring root biomass was found (e.g. Bowden et
when the new and old locations were compared. ; @0 al., 1993). Surface temperature had also been successfully
flux was measured for 120 s with an infra-red gas analyzewsed in modelling of temperature response of soip @lux
and a portable closed system with an opaque chamber thah a previous study by our research group (Pajari, 1995 at
had a volume of 1.17 dA®(EGM-1 with SRC-1, PP Systems, Mekrijarvi site). Soil temperatures at equivalent depth in the
Hitchin, UK) (Niinisto et al., 2004). The type of measure- organic layer, measured by a weather station (MILOS 500,
ment chamber can lead to an overestimation of 10-20 % ofvaisala Oy, Helsinki, Finland) at the centre of the study area,
bare soil (Pumpanen et al., 2004). Values for soil,GH were used in the modelling analyses and to calculate annual
flux included dark respiration of mosses and lichens in thisestimates of soil C@efflux. Temperatures of mineral soil
study. Measurements were made twice per measuring dayvere recorded by the weather station starting in 1998, with
one or two days a week throughout the snow-free period othe most comprehensive series for temperature at 7cm depth
three years, i.e. from June to October 1997 and from Mayin mineral soil, i.e. at 9 cm from the surface of organic hu-
to October 1998-1999, with a three-week gap in Septembermus layer or at 15 cm from the top of litter layer. There were
October 1997 and in August 1998 due to equipment failure. some gaps in data in July and September 2000.

For purposes of model evaluation, measurements of sail CO  Soil temperature measurements made by the weather sta-
efflux were taken from Plot 1 in Huhus and from a plot with tion situated close to Plot 1 correlated strongly with those
an identical set-up in a young Scots pine stand at nearbynade next to soil respiration collars on Plots 1, 2, and 3:
Mekrijarvi Research Station in 2000. On occasions of soil CPefflux measurements in the pe-

Soil was covered with snow from November to late April riod 1998-1999, Spearman’s rho was 0.97 and Pearson cor-
or early May each year. Winter measurements were madeelation 0.97 p < 0.001,n = 394) between plot averages of
once a month at 4-6 locations in February—April 1999 andorganic layer temperature and the temperature of the same
March—April 2000. These supplementary measurementsayer measured by the weather station. Correspondingly,
were carried out to have annual estimates of soib@®  variation in the organic layer temperature measured by the
flux but were not used in modelling. Larger chambers with weather station explained 94 % of the temporal variation in
alarger surface i.e. source area and long measurement timggot averages of the organic layer temperatté=£ 0.94 of
were used to capture low winter fluxes for which the smallera linear regression analysis,< 0.001,n = 394).
surface area of the chamber that was used during the snow-
free period could have produced more erratic values. Along2.3  Soil moisture and auxiliary measurements
a transect on Plots 1 and 3, large closed chambers (volume
54—115 drf, surface area 60 cx 60 cm) were placed onthe  Soil moisture was monitored with three different methods:
ground that was cleared of loose snow and they were sealetnsiometers, water-content reflectometers and gravimetric
with snow along the edges. Airin the headspace was samplesampling (Table 1). Soil water potential was measured with
every 15 min during each 60 min measurement (Crill, 1991;tensiometers starting from the second year (1998) on days for
Larmola et al., 2004). The Concentration of samples was measuring soil C@efflux, with the exceptions being freez-
analyzed on the same day with an infrared gas analyzer (Uraimg conditions early or late in the season or on some very dry
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days in 1999. No soil moisture measurements were made ydb Plot 1 in 1999 according to a linear regression analysis
in 1997. Starting in 1999, water-content reflectometers mon{p < 0.001,n = 45).
itored soil water content continuously. In addition, the gravi- Needle litter was collected in netted buckets with a surface
metric water content of moss and upper soil layers includingarea of 0.15 rhat eight locations in the study area monthly or
litter layer, organic i.e. humus layer and 0-10 cm of the up-bimonthly, dried in the oven at 16% for 24 h and weighted.
permost mineral soil was determined on days for measuringn addition, the diameter growth of six pine trees (represent-
soil efflux (Table 1). Water content of moss was monitoreding median of the diameter distribution of the study area)
so that the contribution of dark respiration of moss layer towas monitored with continuously recording bands around
the surface soil C@efflux could be estimated. tree trunks starting in 1999.

Tensiometer plots were situated on gentle slopes and smalll
depressions next to Plot 1 in the stand in which Plot 2 was2.4 Modelling and statistical analyses
also located, and on flat terrain next to Plot 3 in the younger
stand. Tensiometers were located some 2 to 3 meters frorifferent models of soil temperature and moisture response
the boundaries of soil C£efflux plots to avoid unnecessary were fitted to the data and data subsets (Table 2). Because
trampling inside the plots because of maintenance and meazsoil temperature recorded at the weather station was found
surements. Two to three tensiometers were placed at deptie be as good a predictor as temperature measured adjacent
of 5, 10, 20 and 30 cm of mineral soil, i.e. to the depth of theto each collar, it was therefore used in model analyses. For
main rooting zone. Precipitation sensors connected to theénalyses containing observations from 1997, however, tem-
weather station were placed in the vicinity of tensiometersperature readings next to the collars were used because of
next to Plots 1 and 3 as well. To convert tensiometer readthe discontinuity in weather station measurements in 1997.
ings to values for soil water content, the water retention curveln the efflux data for late summer of 1997, sudden extreme
was determined in the laboratory in desorption for depths ofvalues of 4 to 6gC@m~—2h~! from a measurement point
5-30 cm with a tension chamber and a pressure plate appavere excluded from the plot averages to allow assessment of
ratus (Klute, 1986). Soil water retention ranged, on averagethe effect of temperature on soil G@fflux. These obser-
from 0.55 n? m—2 at saturation{0.1kPa) to 0.25fm—3at  vations of extreme efflux persisted from the morning to the
—10kPa and 0.07 Am~3 at the wilting point 1554 kPa).  afternoon and from a day to another regardless of repeated
Water-content reflectometers were installed close to Plot lextra measurements and testing of equipment for measure-
and placed horizontally at mineral soil depths of 5, 15, andment errors. They were interpreted to be caused most likely
25cm. There was also a sensor in the surface layer, whiclby a rapid increase in fungal activity as suggested by Savage
consisted of both the organic layer and the topmost mineraknd Davidson (2003) in a comparable situation in a temper-
soil. Velocity of the electromagnetic waves along the 30-cmate forest. Similar sudden increases were found to precede
sensor rods was converted to volumetric water content usingippearances of fungal fruit bodies inside some collars at our
equations based on soil-specific calibration (Appendix A). site in the following years. Other biological factors cannot,

Differences in water content between measurement depthBowever, be excluded. The complete 6-month data from the
in mineral soil were small, but at all times of measurementtwo later years, 1998 and 1999, were used for further multi-
the surface layer was wetter than the mineral soil layers (Tavariable analysis, because the data of 1997 lacked soil mois-
ble 1). Water-content reflectometers were found to give abouture measurements.
0.10m?m~2 lower values than the comparable values cal- The temperature response of £@fflux was modelled
culated from tensiometer readings with the help of a cubicas an exponential function (as in Anderson, 1973; David-
model of water retention. This was probably due to smallson et al., 1998, Niinistd et al., 2004). Natural logarith-
stones, which were too big to be included in core sampleanic transformation of C@efflux (LnFIx) was used for both
for water retention analysis but were abundant in the soil.the linear and quadratic models tested because it linearized
Still, the seasonal patterns were similar, which resulted inthe temperature response and corrected for heteroscedastic-
a good correlation between the two methods (Spearman’gy as noted previously (Howard and Howard, 1993; Wang
rho = 0.89-0.97 for different depthg, < 0.001). et al., 2003). Heteroscedasticity was observed when resid-

Temporal variation of soil moisture measured next to Plotuals of temperature response of untransformead €fflux
1 was similar to variation measured next to Plot 3: Soil ma-increased greatly as temperature increased but natural loga-
tric potential measurements made next to Plot 1 correlatedithmic transformation of C@efflux corrected this. A linear
strongly with measurements made next to Plot 3. For the yeamodel was formulated as LnFlux &y + b1 x Tseil (Which
of great fluctuations in soil moisture,1999, Spearman’s rhois equivalent to Flux =?0t21xTsot) and a quadratic model
was 0.97 and Pearson correlation 0.97<0.001, n = 45) as LnFlux =bg+ b1 x Tsgil+ b2 x Tszoil, in which T is soil
between soil matric potential averaged for soil column be-temperature anby, b1, b, freely determined parameters. For
tween depths 5 and 30 cm on soil £€fflux measuring days. comparison purposes, the Lloyd and Taylor (1994) version of
Correspondingly, variation in average soil matric potential the Arrhenius function, with three freely determined param-
next to Plot 3 explained 97 % of the temporal variation nexteters @, Eo, Tp), was fitted to the pooled three-year data. It
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Table 1. Measurements of water potential and water content of soil on days when spgffdx was measured.

Variable and Make and Range of area mean
Method Manufacturer/ Method Unit Frequency  Time period Min Mean Max Soil layer
Soil water potential

Tensiometers Soil Moisture Inc., USA  kPa Once/ 15 May—-29 Sep 1998-11 -7 —4 5-30cm in mineral soil

twice aday 25 May-12 Oct 1999 —52 —24 —4 5-30cm in mineral soil

Soil water content

Reflectometers CS615 sensors $m—3  Every 26 Apr-19 Oct 1999  0.18 0.25 0.37 Surface (organic+mineral)

CR10X datalogger , 15min 0.07 0.15 0.28 2-28cm in mineral soil

Campbell Scientific,
Shepshed, LE, UK

Gravimetric Dry mass determined % Once a 15 May—22 Oct 1998 181 451 946 Litter (Oi)
after in oven at 108C day 147 260 456 Organic (Oe + Oa)
for 24 h. 29 38 53 0-10cm in mineral soil
1 Jun—19 Oct 1999 61 287 756 Moss (living moss)
68 228 758 Litter (Oi)
35 99 241 Organic (Oe + Oa)
9 23 46 0-10.cm in mineral soil

was formulated as Flux # x e~Fo/(Ts0i+27315-T0) (Eq. 10in 1998 and 1999. The minimum for individual point obser-
Lloyd and Taylor, 1994). In multivariable analysis, different vations was 0.02gCOn~2h~! in the freezing conditions
factors were tested as predictors of logarithmic transforma-of May 1999, and the maximum was 2.25g£0® 2h-1,
tion of soil CQ, efflux (Table 2). Degree days i.e. heat sum which was measured after thunderstorms in July 1997.
was calculated according to the guidelines of the Finnish Me- Sudden extreme values of 4 to 6g&£® 2h~1 from a
teorological Institute by cumulatively totalling those parts of measurement point were found in August—September 1997
the daily air temperature that exceeded a threshold°@ 5 that were possibly caused by a rapid increase in fungal respi-
which is used to define the start of the thermal growing searation although other biological factors cannot be excluded.
son in Finland. Summing up started when daily air tem-In the following years, similar but less extreme increases
peratures had continuously exceedetC5or five days in  were observed in individual points in August-October that
spring and ended when daily temperatures had been belovesulted in fungal fruit bodies found inside measurement col-
the threshold temperature for five consecutive days in autars (Fig. 2).
tumn. Winter fluxes ranged from a mean of 0.044 g® 2 h~1
Regression and correlation analyses were carried out withn February 1999 to 0.134gG@2h~1 in March 2000,
SPSS 16.0 software (SPSS Inc, Chicago, USA). Differenceshe average being 0.06gG®2h~1 for 1999 and
in regression coefficients and intercepts between linear re9.12 gCQ m~2h~1 for 2000. The snow layer decreased in
gressions were tested with Student’s t-test (Zar, 1999). Talepth from February to April and became more compacted
correct the bias caused by the logarithmic transformationand layered with icier streaks, trapping £€€fflux from the
half of the total residual variance was added to the logarith-soil more effectively. C@ concentration close to the soil
mic prediction for model evaluation. Root Mean Squaredsurface varied with the characteristics of the snow pack: Un-
Errors and Akaike’s Information Criterion were used for der well-aerated snow cover, in February 1999 it was 400—
comparing models and tolerance was used to assess mult00 ppm, whereas under the deep and layered snow of March

collinearity. 2000 it was, on average, 1050 ppm (Fig. 3).
3.2 Response to temperature and seasonality of the
3 Results temperature response
3.1 Temporal pattern and range of soil CQ efflux According to a linear regression model for the combined data

for the snow-free periods of years 1997, 1998 and 1999, vari-
Soil CO, efflux peaked in July—August, in general, follow- ation in soil temperaturelf,;) next to the collars explained
ing changes in soil temperature (Fig. 1a, b). However, a67 % of the variation in the natural logarithm of soil €O
drop in July 1999 on 20th and 22nd appeared to be relate@fflux (LnFlux) (Fig. 4). A quadratic LnFlux model cap-
to a steep decline in soil water content at the same timdured low efflux rates at the lowest soil temperatures better
(Fig. 1b, d). In general, plot averages ranged from 0.04than the linear LnFlux model and did not overestimate efflux
to 0.90 g CQ m—2h~1 during the snow-free period in 1997, at the highest temperatures as the linear model did (Fig. 4).
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This resulted in a significantly smaller root mean square error Monthly averages of soil CO efflux observations in
(RMSE, by about 20 %) and greater coefficient of variation 1997—-1999 ranged from 0.14gG@® 2h-! for May to
(R%2=0.76 for 1997-1999 in Fig. 4, 0.82 for 1998-1999 in 0.58gCQ m~2h~! for August (Fig. 5a). At a given tem-
Table 2) than the linear model. The further developed ver-perature, soil C@ efflux was higher later in the snow-
sion of the Arrhenius function, the so-called Lloyd & Tay- free period than in spring and early summer (Fig. 5a).
lor model (Lloyd and Taylor, 1994), also performed satis- Based on month-specific temperature response models
factorily (R% = 0.64, Fig. 4), with some heteroscedasticity in for pooled 1997-1999 data, regression coefficients for
residuals. temperature, and thus approximations f@rg values,
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soil temperature< 20°C). The 24h and 48 h averages for
soil or air temperature failed to explain the variation in soil
CO, efflux in July 1999.

Daily Precipitation, mm

3.3 Response to soil moisture

AL |\‘ \H | ‘ I A decrease in soil moisture was correlated with an increase in
0.0 - oL g soil COp efflux during the first three months of the snow-free
May Jun Jul Aug Sep Oct period in both years (Spearman’s rho between LnFlux and
soil water content was-0.68 in May—July 1998 and-0.80
Fig. 2. Three examples of sudden increases in the level of soj co In May—July 1999 compared te0.51 and—0.73 between
efflux from a point. Plot averages of 9-10 points are representecsOil temperature and soil water content in May—July 1998
by black circles and efflux from an individual point by open circles, and in May—-July 1999, respectively,< 0.001). There was
one or two measurements per measuring day. Daily precipitation isa strong negative correlation between soil water content and
depicted with grey bars. Arrows point at occasions when a fungaliime in May—-July. Soil water content decreased with time
fruit body was found in a collar and removed. after the maximum water content in May, after the snow-melt
(Spearman’s rho between soil water content and Julian Day
was—0.801in 1998 and-0.94 in 1999 P < 0.001). A similar
decreased with increasing average soil temperature (Fig. Sstrong, but positive correlation was found between soipCO
c). The month of May had the lowest predicted £€-  efflux and time (Spearman’s rho between LnFlux and Julian
flux, 0.24gCQm—2h~1, at 10°C and August the highest, Day was +0.81 in May—July 1998 and +0.87 in May—July
0.47gCQ@m~2h1, 1999, P < 0.001). There was no clear correlation between
Efflux observations in July showed no clear response tosoil CO, efflux and soil moisture during the latter part of the
soil temperature at the time of measurement: no responssnow-free period, August—October, in either year.
to temperature in pooled three-year data or in 1998 and When observations for which the soil matric potential
1999 separately, but a weak positive response to temperavas smaller than-10 kPa were selected, soil G@fflux
ture in July 1997 R2=0.15, p =0.013, n =41). Cor- increased linearly with increasing soil moisture. The neg-
respondingly, for 12 of the 15 collars that remained theative effect of dry conditions was notable in 1999. For in-
same for the three-year period, analyses of the efflux ofstance, soil C® efflux at 10°C was one third smaller in
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Fig. 4. Modelled temperature response of pooled three-year data on g
soil CO, efflux (1997-1999). Solid lines illustrate linear regression £ Sept R?=0.39*
. . ) - ——e—
model for natural logarithm of soil C&efflux, LnFlux and a dashed et 2.0 —e— Aug R?=0.37*
. . . . . . = —e——
line indicates quadratic regression model for LnFlux. A dotted line < June R%=0.60%
indicates the Lloyd & Taylor (1994) version of the Arrhenius func- 15 -
tion fitted for soil .CQ efflux observation data. Observations are e p<0.001 for temperature relation July (R?=0.04%)
plot averages. Soil temperaturgg;) was measured next to collars * p=0.02 for temperature relation *
with hand-held probe. Equations for the models in the upper graph 10 ' ' ' ' ! !
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are given below the figureQg of the linear regressions was cal-
culated ax)19= e10% b1 p, from the temperature response model Tooil (Mean temperature at the moment of flux measurements)
formulated as LnFlux $g+bq x Tsoj. All relations for whichr?2
is given were statistically significant, as were regression coefﬁcientsFig_ 5. (A) Means for soil CQ efflux and soil temperature for
and constantsy(< 0.001). monthly subsets of three-year data (1997-1999). Error bars rep-
. resent standard deviation. Number of observations varied from
September 1999 (soil water contefifean = 0.08+0.018 50 (May) to 126 (July).(B) Month-specific temperature-response
(s.d.) m? m~3) than in September 1998{ean=0.19£0.016  models based on three-year data (1997-1999). Models formu-
(s.d.)mPm=3, estimated from matric potential measure- lated as LnFlux =bg+ by x Tei. (C) Q1o calculated as
ments) although mean soil temperature during the measure21o = e10xb1 p, from the temperature-response model formu-
ments was the same and the range of temperatures was sinted as LnFlux =bg+b1 x Tsejl. Constantspg’s were 4.302
lar (Fig. 1c, d). (May), 5.121 (Jun), (6.042 (Jul)), 5.475 (Aug), 5.182 (Sep), and

Accordingly, for observations for which soil moisture was 4-851 (Oct). Regression coefficients,’s, did not differ statisti-

below 0.10 8 m=3 in 1999, mainly in August and Septem- cally significantly between May and Octobt_er, but the constants did
S . . . (p <0.001). The same was true for comparisons between June, Au-

ber, variation in water content of mineral soil alone explained ust and September
64 % of the variation in LnFlux # < 0.001, n = 89); and g P '
addition of soil temperature added only some 8% more to
the explained variation. Correspondingly, the month-specific However, residuals calculated by subtracting efflux pre-
temperature models based on 3-year data overestimated aficted by the month-specific temperature models from ob-
flux in the driest conditions, i.e. when soil water content wasserved efflux did not, in general, show any trend with soil
below 0.08 ¥ m~3 in August and September 1999. water content for the entire range of soil moisture for 1998
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and 1999. Variation in mineral soil moisture did not explain model, occurred on a typical spring day in May: air and
the variation in CQ efflux in July 1998 or July 199%(= 38 surface soil temperatures were clearly abovéQ®ut ef-
(1998) and 47 (1999)), but there was some positive correlaflux was still relatively low, 0.21gCem~—2h~1. The great-

tion between LnFlux and gravimetric water content of mossest consistent underestimation occurred in Huhus during the
and the organic layer measured at the time of flux measurepeak season in August: an average of 35 % by the linear tem-
ments in July of the dry year 1999 (Spearman’s rho 0.70 ancperature model, about 25-30 % by the quadratic temperature

0.45,p <0.001 and<0.02,n = 29). model with or without soil moisture and an average of 17 %
by the quadratic temperature model with the degree days
3.4 Multiple regression models and their evaluation (Fig. 6). For Mekrijarvi, the greatest underestimations with

the quadratic temperature and degree days model were also

In multiple regression models for the entire snow-free pe-made for two days of peak flux that occurred there in July.
riod, soil temperature was the dominant predictor of In-  On the whole, the guadratic temperature and degree days
transformed soil C@efflux (LnFlux). Addition of the square  model performed best with a high correlation between mea-
of soil temperature markedly improved the model (Table 2).syred and predicted flux both in Huhug%= 0.90, p <
Multiple regression models were based on pooled data fop,001) and in Mekrijarvi 2 = 0.89, p < 0.001). Inclusion
the years 1998 and 1999 because the data for 1997 |aCkQ§* degree days in the temperature model resulted in a no-
observations on soil water content. table decrease in average difference between measured and

Degree days, i.e. cumulative sum of daily air temperaturespredicted flux for both sites (Fig. 7). It especially improved
exceeding 3C or its alternatives day of year and degree dayspredictions at low temperatures in May but also, in general,
divided or multiplied by day of year, were better auxiliary in June to September, although not in October (Fig. 6).
predictors of LnFlux than soil moisture was (Table 2). A For Huhus, the difference between measured and predicted
multiple regression model with soil temperature, degree daysyas, on average, 14 % of the average (0.45¢ @ h1)
as an index of seasonality and their squares as predictors wagr the measured flux using the quadratic temperature model
found to have a good fit for the entire snow-free period, es—yith degree days. There was a small bias connected with
peCiaIIy due to its evenly distributed residuals with reSpeCtobservations from the three days of peak flux, Juiy 18 and
to measured efflux. Inclusion of the square of degree days\ugust 1 and 15. In comparison, the linear and quadratic
was justified on the basis of the decrease in RMSE, but soitemperature models gave unbiased estimates; i.e. regres-
moisture was not found to be a significant predictor in thegjgn intercepts were not significantly & 0.001) different
step-wise regression analysis that had soil temperature, dgrom 0 nor did the regression coefficients differ significantly
gree days and their squares to chose from in addition to soifrom 1 (1:1 line), but the correlation between measured and
moisture. Inclusion of an interaction variable of soil temper- predicted efflux was notably smalleR{ = 0.56 and 0.61,
aturex degree days was statistically supported at 0.05 level,, - 0.001). Predictions made by the quadratic soil tempera-
with further justification from the comparison of Akaike’s In- tyre model with moisture differed slightly from the 1:1 line
formation Criteria. However, its inclusion was not Supported of predicted versus measured efﬂu)(, indicating small bias.
by a notable decrease in RMSE and the effect of its inclusion pegpite a small bias, a quadratic temperature and de-
to the coefficient of determination was smallgR? = 0.002). gree days also gave good predictions for the nearby Scots
Residuals for the model with soil temperature, degree daygjine site in Mekrijarvi; the difference between measured
and their squares did not vary with soil moisture. and predicted was, on average, 12% of the average

The performance of different regression models was com{0.47 g CQ m~2h~1) for the measured flux. Exclusion of a
pared to independent sets of soil £€fflux data collected  measuring point with a burst of efflux possibly related to fun-

on two SiteS, Huhus and Mekrijérvi, in the year 2000. The gai growth Starting in August, at maximum four-fold com-
chosen LnFlux models based on pooled 1998 and 1999 datgared to the plot mean, improved the fit.

measured in Huhus, a simple linear temperature model, a

quadratic temperature model, with or without soil moisture, 3.5 Estimates of annual efflux

and a combined quadratic temperature and quadratic degree

days model (Table 2) were used to predict efflux on Plot 1 inDifferent models of LnFlux (Table 2) resulted in simi-

Huhus. In addition, the quadratic temperature models withlar cumulative estimates of soil GCefflux. For the six

and without degree days were used to estimate the efflux on snow-free months in 1998, the estimate predicted with the

plot of identical design in another young pine stand in nearbyquadratic temperature and continuous weather data was

Mekrijarvi. 1509gCQ m2 whereas the estimate by the quadratic
In general, models overestimated the efflux at low tem-temperature and degree days model was not significantly

peratures, i.e. in May and October at both sites. The relgreater (a 3% difference). For the six snow-free months of

atively greatest single overestimation, up to 110-140 % by1999, estimates with the quadratic temperature and degree

models without degree days as a seasonality index and aptays model and the quadratic temperature and soil moisture

proximately 60 % by combined temperature and degree daysodel were within 1 % of the estimate of 1533 g 0® 2 by
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Table 2. Comparison of multiple regression models for the pooled 1998 and 1999 data.

Dependent Independent Estimates for
variable Model variables;x Fmodel dfmodel  dferor SS  RMSE R? AlC Bo B B2 B3 PBa
Ln(Flux in LnFlux = Bo+ B1X X1+ B2x Xot...+ Bi xX;
mgCOom—2h~1)
Temperature & Water content Models
1 Tsoil 980.68* 1 392 10394 0.326 0.71 —882 4.7796 0.0980
2 Tsoil: Tsoil 901.06* 2 391 11954 0.258 0.82 —1066 4.3462 0.2210 —6.081x 1073
3 Tsoil, SWC 592.62* 2 391 10339 0.304 0.75 —-935 52101 0.0899 —1.188
4 Tsoil, SWC, SWé 441.25* 3 390 11237 0.291 0.77 —-968 4.7559 0.0852 5515 —22.563
5 Tsoil, Tsoil%, SWC 665.40* 3 390 121.70 0.247 0.84 —1098 4.6512 0.2050 —5.548x 1073 -1.215
6 Tsoil, Tsoil%, SWC, swé  601.10% 4 389 12522 0.228 0.86 —1159 4.1447 0.2025 —5.673x 1073 6.841 —24.535
Models with Seasonality Index
7 Tsoil, Tsoil, DD 779.00* 3 390 12468 0.231 0.86 —1151 4.2078 0.2031 —5.088x 1073 2.890x 10~
8 Tsoil, Tsoil%, DD, DD?  912.38* 4 389  131.47 0.199 0.90 —1304 4.1330 0.1814 —4.787x 1073 1.732x10°3 —1.137x 107

Independent variables: soil temperature at 1-2 cm in the organic i.e. humusigygr Water content of the upper 30 cm of mineral soil (swc), degree days i.e. cumulative sum of
daily air temperatures exceeding G (DD). Variables also tested included mineral soil matric potential, water content of moss, litter or organic layer, plot, time of measurements,
day of year, month, interaction variables suclfgsy x swc, degree days/day of the year dhg x degree days (models not shown). RMSE = a square root of mean squared error,
AIC = Akaike’s Information Criterion. ** denotes statistical significance at the 0.001 risk level.
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Fig. 6. Model evaluation: Soil C@efflux and soil temperature at the time of measurements in 2800r( Huhus andB) in Mekrijarvi) and
difference between measured and predicted effi@) ih Huhus andD) in Mekrijarvi). Models formulated as LnFlux &g+ b1 x Tsej+
by x TSZOiI and LnFlux =bg+b1 x Tsoil+b2 X T520“+b3 x degree_days #4 x degree_days Note: Degree days (DD) = Cumulative sum
of daily air temperatures exceeding®. See Table 2 for values of regression coefficients.

the quadratic temperature model. The difference in the estithe winter 1998—-1999 and 25 % for the snow-free period of
mated sum of soil C@efflux between the snow-free periods 1999 combined with the winter 1999-2000. The greater ef-
of 1998 and 1999 was small, 1-1.5%. The period from Jundlux in winter 1999-2000 compared to the winter before re-
to August represented 50-60 % of the annual estimate. sulted in a 15 % greater annual sum for the latter 12 month
. ) ) period (i.e. 2050gCem—2a1). The efflux of the latter
Accumulated efflux during winter was calculated using the \yinter was twice that of the previous winter which had a
average of the winter measurements in February—April 19999reater effect on the estimate of the annual soib@®lux

for 1998 and the average of the measurements in Marchan a correction of +15 % for model underestimation during
April 2000 for 1999. The six winter months, from November peak efflux (in July—August) would have had.

to April, thus represented, on average, 14 % of the annual soil
CO, efflux for the snow-free period of 1998 combined with
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10 10 The range of soil C@efflux, 0.044—-0.134gCe&m2h~1
A B o measured in winter in this study in a pine forest was smaller
08 & 08 than that measured in a Finnish spruce stand (Domisch et al.,
06 e v 06 2006) but similar to the range of efflux in other boreal forests
° 0 8 (Winston et al., 1997; Kurganova et al., 2003; Pumpanen et
o 5 Oq@ o 04 al., 2003a). Our estimates of soil G@fflux for the 6-month
£ 02| o o 8 7 g? o=oaaal 02 winter period were 240 g COn~2 for the winter of 1998
S oo RMSE=0.134 © RMSE=0114 1999 and 510 g C&m~2 for the following winter. The con-
O 00 02 04 06 08 1000 02 04 06 08 10 tribution of the snow-covered period to the annual estimate of
5 10 10 soil CO, emissions corresponded to the previously reported
iy 08 c D ¢ 08 estimates, 5 to 22 %, for boreal forests with an equally long
g ”' ' snow-covered period (Kurganova et al., 2003; Wang et al.,
g 06 . 0.6 2003; Domisch et al., 2006). However, there is some uncer-
2 o4 ° ® 04 tainty in winter CQ efflux from soil in this study, because
nea4 =72 of the low frequency of measurements in winter. Auxiliary
0.2 p=0.947 p=0.944 | 02 measurements in Novembers 1997-1999 (results not shown)
0.0 RMSE=0.082 RMSE=0.074 | made on thin snow cover of the time either on summertime
00 02 04 06 08 1000 02 04 06 08 10 collars or next to them depending on snow depth, with the

same methodology than summertime efflux measurements,
indicated that using observations made only during winter
. . . . ._months with a well-insulating, i.e. thick snow cover could
Fig. 7. Predicted versus measured efflux in evaluation data in . . .
2000. (A) Predicted efflux in Huhus in 2000 with the quadratic have lead to an overestimation of Wlnterfluxgs by some 1_0%
soil temperature mode(B) Predicted efflux in Mekrijarvi in 2000~ and of annual sum by some 1-3 % depending on the winter
with the quadratic soil temperature mode(C) Predicted efflux i question. Thus more measurements with large chambers,
in Huhus in 2000 with the quadratic soil temperature and degreeespecially early in the winter, would have been needed to ac-
days model. (D) Predicted efflux in Mekrijarvi in 2000 with the — quire more accurate estimates of winter efflux.
quadratic soil temperature and degree days model. Models formu- The greater efflux in winter 1999-2000 compared to win-
lated as LnFlux o+b1 x Tsoil+b2 x T2, and LnFlux =ho+  ter 1998-1999 could be explained by higher soil tempera-
b1 x Tl + by x T2, + by x degree_days b4 x degree_days tures in January—April 2000, when temperatures remained
around O°'C, as winter flux has been suggested to be sensitive
to interannual variation in temperature (Winston et al.,1997).
4 Discussion Differences in substrate availability and in snowpack struc-
ture could also have been contributing factors. The more
layered snowpack early in 2000 could have caused @O
accumulate in soil more than it had under the better-aerated
snowpack in 1999, which could have still been reflected in
measured efflux after a snow removal because of slow diffu-
sion of gases through a frozen surface of soil. Melt-freeze

Predicted Efflux, g CO, m?h™

4.1 Range of soil CQ efflux and annual estimates

The temporal range of plot averages of soil {Z&lux mea-
sured here, 0.04 t0 0.90 g G&—2h~1, was within the range
reported for boreal Scots pine forests (e.g. Hogberg et al.

;OO;Lr;OIr:’nurln%aBnteg 2e(g5a(|) zé);ié)z fgfrlgggu;r:desltgggteasl’sgan%—rusts in snow appeared to restrict transportation of €O
g g ' at least a month or two in late winter, contrary to earlier ob-

f:orresponded to those obtained for some fore§t eCOSyStemsservations (Winston et al., 1997); but the extent of the restric-
in the boreal zone (e.g. Kurganova et al., 2003; Wang et al.

2003) but were smaller than others (Russell and Voroneytlon appeared to be dependent on the weather pattern in this

1998; Rayment and Jarvis, 2000; Domisch et al., 2006).bllmate.

Overestimation of soil surface efflux for the site covered
mainly with a feather mos®&leurozium schrebergan be es-

. 0 . . S
timated to be some 10 % for including moss dark respirationy; o given temperature, soil GOefflux was observed to

; it ; —2 -1
in conditions with an average efflux of 0.42¢ e@ h ’ be higher later in the snow-free period than in spring and
average water content in moss of 250 %, average air temper.

he ti f 05N 1999. and early summer, which is similar to findings in a Douglas-fir
fe\ture a}t t. N tlmg of measurement n ;andassum- ¢, ot (Drewitt et al., 2002) and is supported by the month-
ing a similar optimum of moss water content for dark respira-

i has b found for ohot thesi Silvola. 198 pecific models and results for model evaluation in this study.
1'335)5 as been found for photosynthesis (see Silvola, vonthly averages and models agreed with earlier findings

of greater efflux in autumn compared to spring at compa-
rable temperatures in a temperate forest (Crill, 1991). Our
monthly models resulted in a pattern of predicted soil,CO

4.2 Seasonality of temperature response
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efflux identical to that found in a Siberian pine forest study been suggested to be proportionally largest in the middle of
(Shibistova et al., 2002), with the month of May having the the growing period; consequently, soil temperature may not
lowest CQ efflux at 10°C and August having the highest. exert major control on root respiration at that time, but re-
Variation in soil moisture did not explain the seasonality of cent aboveground weather conditions affecting photosynthe-
the temperature response. sis may have an effect (Russell and Voroney, 1998; Ekblad
In our study, peak C@efflux occurred in July—August, et al., 2005). In the girdling experiment, sensitivity of root
and the highest soil COefflux at a given temperature was respiration to soil temperature was correspondingly found
found in August. Our results can be partly attributed to tem-to be lower than that of heterotrophic respiration in mid-
poral variation in root-associated respiration. Although rootJuly and early August (Bhupinderpal-Singh et al., 2003). A
growth was not monitored at our site, maximum root produc-greater proportion of soil C&originating from roots and
tion usually lags by several weeks behind the abovegroundoot-associated respiration and greatly influenced by flux of
growth of trees (e.g. Steinaker et al., 2010). At our site diam-photosynthates could help to explain the relative temperature
eter growth typically started by the third week of June (Kel- insensitivity of soil CQ efflux in our study in July compared
loméki, S. unpublished data). The annual increment in diam-o other parts of the snow-free period, especially as the high-
eter of pines was small, about 1 mm'aat a height of 1.3m,  est monthly mean photosynthesis at our site has been mea-
which made day-to-day monitoring of growth difficult. In sured for July (Zha et al., 2007). Others have also found a
our region, however, the fine root biomass and root growthweak or no correlation between G@fflux from forest soil
in Scots pine forests have been observed to peak late in thand soil temperature during the peak period of soib@D
summer or early autumn, in July, August or September, dif-flux and temperature in summer (Russell and Voroney, 1998;
fering in different stands and from year to year (MakkonenKelliher et al.,1999; Curiel Yuste et al., 2004) or between ef-
and Helmisaari, 2001; Helmisaari et al., 2009). flux and soil temperature and moisture (Schlentner and Van-
Correspondingly, the peak root and mycorrhizal respira-Cleve, 1985). In our study, variation in soil moisture did not
tion in a Swedish tree-girdling experiment was observed inclearly explain the variation in COefflux in July, contrary
August, following a pattern similar to ours for maximum to the results of a study in a Siberian pine forest (Kelliher et
solar irradiance at the end of June and a period of highal., 1999).
air- and soil temperatures in July (Hogberg et al., 2001; The differences in the level of soil Gfflux at low tem-
Bhupinderpal-Singh et al., 2003). Results from this borealperatures between spring and autumn are most likely due
pine-girdling experiment suggest a correlation between soito differences in temperatures within the soil column dur-
CO, efflux and biomass of the external mycelium of ecto- ing warming and cooling (see Reichstein et al., 2005) and
mycorrhizal fungi, which can contribute 30—40 % of the soil to differences in size of the volume of soil that is active,
microbial biomass in our type of Scots pine stands (Hogberg.e. not waterlogged or frozen (Rayment and Jarvis, 2000).
and Hogberg, 2002). In addition to the fact that flux of pho- A similar hysteresis-type of pattern in the temperature re-
tosynthates supports a considerable portion of soil microbiasponse of the soil C&efflux has been observed in other for-
biomass consisting of ectomycorrhizal fungi, dissolved or-est studies with single-depth measurements of soil temper
ganic carbon from mycorrhizal fungi is also a potentially im- ature during a snow-free period (e.g. Morén and Lindroth,
portant source of carbon for other soil microbes (Hogberg2000; Drewitt et al., 2002). A hysteresis of temperature re-
and Hogberg, 2002). sponse was also found in laboratory incubations of forest
Soil COy efflux during the peak season in mid-July— soils during warming and cooling treatments (Reichstein et
August was underestimated by the soil temperature and deal., 2005). Although most of the soil GGemissions have
gree days model of this study. Similar underestimationbeen estimated to originate from the organic humus layer in
of CO, efflux with a temperature response model covering Finnish boreal forests throughout the year (Pumpanen et al.,
the entire snow-free period was also observed by Kolari e2003b), the depth from which soil temperature is measured
al. (2009) for July—August in another Finnish Scots pine for- can cause seasonal differences in the perceived level of soil
est. The seasonal pattern of root growth and rapid growthCO;, efflux at a given temperature (e.g. Drewitt et al., 2002).
of external mycelium of ectomycorrhizal fungi in coniferous In addition to a possible discrepancy between the soil layer
boreal forests later in the season, from July to September ofrom which most of the C@originates and the soil layer in
October, compared to the earlier part of the snow-free pewhich temperature is measured, momentary temperatures in
riod (Wallander et al., 1997, 2001), could explain underes-the surface soil may not reflect the conditions in which soil
timation of CQ efflux in mid-July—August by our models. CO, emissions have been produced and transported during
Correspondingly, appearance of fruit bodies of ectomycor-a period preceding the measurements. The greatest overesti-
rhizal fungi inside individual collars occurred in our study mations with temperature models in this study were thus of-
from August to October which was associated with higherten associated with cool conditions in May and October with
soil CO;, efflux from these measurement points. afternoon surface temperatures that were noticeably higher
The influence of fast flux of photosynthates on soilLCO than the morning temperatures.
efflux, through the roots and root-associated respiration, has
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In this study, a lack of appropriate temperature data preincluded temperature measured in mineral soil could not be
vented a thorough comparison and evaluation of modelssomprehensively evaluated with independent soil, GH
based on temperatures at different soil depths. The modiux data measured in 2000 because of scarcity of the soil
comprehensive series of temperatures of the deeper soil lafemperature data. Yet, our auxiliary analyses indicated that
ers was obtainable for the depth of 7 cm in the mineral soilsoil CO, efflux was underestimated during the peak efflux
in 1998-2000, with some gaps in 2000. A similar data seriesn July—August also when the temperatures in the organic
was not available for the evaluation measurements made iand topmost mineral soil layer were both included as predic-
Mekrijarvi. The fact that the temperature had been measuredbrs. The model with the temperatures measured at the two
in the organic layer, i.e. close to surface, contributed for thedepths overestimated the soil g@missions in spring and
most part to the observed greater level of Cé&flux at a  early summeri.e. in May and June but its performance in au-
given temperature in October compared to May. Auxiliary tumn could not be tested against independent sofl €fux
analyses with mineral soil temperatures at 7 cm produced adata because of the lack of appropriate soil temperature data.
opposite pattern. Similar reverse hystereses of the tempera- Although difference in temperature response between
ture response were observed for the surface and central tenearly and late in the snow-free period mostly originated from
peratures of forest soil columns during warming and coolingthe use of temperature measured at a single, constant depth
treatments in laboratory (Reichstein et al., 2005). Yet in ourin soil, seasonally variable factors such as substrate availabil-
study, the temperature of the organic layer was a better preity and composition of the microbial population could have
dictor of soil CQ efflux in May than the temperature at 7 cm influenced soil CQ efflux as well. Microbial populations
depth in mineral soil was. In October, variation in these two have been observed to decline in spring after snowmelt but
temperatures explained approximately an equal proportion ofncrease during autumn (Lipson et al., 1999, 2000). Corre-
the variation in soil CQ efflux. In modelling temperature spondingly, mineralization of soil carbon has been found to
response with multiple soil temperatures, temperature of théve greater in samples collected in Finnish forests in October
organic layer was the only predictor selected in a step-wisghan in samples collected in May (Kahkonen et al., 2002).
procedure of a regression analysis for May. For October, arThe supply of photosynthates to the roots has also been found
inclusion of temperature at 7 cm in mineral soil as an auxil-to be smaller in forests in spring than in autumn (Keel et
iary predictor did not notably improve the model fit although al., 2006), which in our study could have resulted in lower
the inclusion was statistically supportegl£ 0.03 for anin-  root respiration and, through a priming effect, also in lower
crease of 0.02 irR?). Inclusion did not change the differ- microbial respiration in spring. Growth of ectomycorrhizal
ence in the level of C@efflux at a given temperature of the fungi has correspondingly been observed to be more rapid
organic layer between May and October (as in Fig. 5b). from July until September or October than in spring or early

The most appropriate depth to measure soil temperature isummer (Wallander et al., 1997, 2001). Also in our study,
therefore not necessarily constant, as the soip €fflux is appearance of fruit bodies of ectomycorrhizal fungi inside
influenced by the temperature of the soil column that shouldindividual collars occurred from August to October which
be taken into account as a whole (e.g. Morén and Lindrothwas associated with higher soil G@fflux from these mea-
2000). On the other hand, a contribution of the organic layersurement points.
to soil CQ; efflux and its seasonal and annual variation have |n addition, fresh carbon inputs in the form of needle lit-
been found to be significant in many forest studies. Contri-ter during the latter part of the snow-free period may have
bution has been estimated to be over 40 % of the total annudiad a positive effect on level of soil G@fflux. Needle lit-
soil CQ, efflux (Davidson et al., 2006b) and two thirds of terfall peaked at our site in late summer and early autumn,
the mineralized carbon of soil column samples (Kahkonensimilarly to a study on a the temporal pattern of needle litter-
et al., 2002; Reichstein et al., 2005). However, combiningfall in Finnish pine forests (Ukonmaanaho, 2007). Together
temperatures at different depths, or a multi-layer approachhe needle litterfall in August and September formed half of
such as applied by Pumpanen et al. (2003b), Reichstein ahe annual needle litterfall at our site (Niinistd, S. M. unpub-
al. (2005) and Davidson et al. (2006b), could be ideal, espetished data). Although the amount of litter from dwarf shrubs
cially for a season-specific modelling. In continuous, multi- of the understorey can be small compared to tree litter in this
year modelling in a temperate forest, the partitioning 0,CO kind of pine forests (Hilli et al., 2008), the senescence of
production by horizon did not, however, improve the overall dwarf shrubs, especially. myrtillus at our site, could have

prediction of soil CQ efflux based on temperature functions provided a fresh input of carbon to G@roducing soil mi-
(Davidson et al., 2006b). crobes in the autumn.

It was, however, encouraging to find that according to our
auxiliary analysis, the quadratic surface soil temperature and.3 Response of C@efflux to moisture
degree days model explained as much of the variation in soil
CO efflux in 1998—-1999 as did a model with a combination The overall response of soil GCefflux to moisture at our
of the temperatures of the organic layer and that at 7 cm irsite in the dry year 1999 resembled the response measured
mineral soil as predictors. On the other hand, models thain a temperate forest where dry conditions decreased soill
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CO, efflux in August and September, whereas with increas-with simultaneous measurements of natural variation of soil
ing moisture there was a decreasing trend early and late imoisture, do not, however, enable us to properly distinguish
the year (Davidson et al., 1998). Negative effects of drybetween the effects of soil moisture and time, i.e. seasonality
conditions on soil CQ efflux previously found in temper- or temperature.

ate and boreal forests (Savage and Davidson, 2001; Subke et |nclusion of the moisture of moss, litter or the organic

al., 2003; Kolari et al., 2009) were evident in our forest also |ayer did not improve models that already included moisture
when shorter periods of time were compared. Efflux wasof mineral soil as a variable. The intensity of soil £&fflux
30 % lower in September of the dry year 1999 (precipitation measurements or gravimetric sampling may not have been
in the snow-free period 50 % of that in 1998) compared togreat enough to capture short-term efflux fluctuations from
the previous September, with a similar mean soil temperaturgnese layers nor to capture the effect of smaller rain events,
and temperature range. A corresponding decrease in micrQyhich has been found to be transient, but possibly significant

bial respiration was observed in Finnish forest soils during a(kelliher et al., 1999; Savage and Davidson, 2003).
dry August (Vanhala, 2002).

There was a decline in measured soil L&flux with an
increase in soil moisture at the high end of the range.
is unlikely that even at the high levels of soil moisture at
our site, the requirements of sufficient aeration would not Temperature probably functioned as such a good predic-
have been met in the coarse and well-drained sandy till intor because many environmental factors and ecosystem pro-
question, i.e. the production processes oh®@@re probably ~ CeSSes, such as solar irradiation, carbon uptake and plant
not hindered by excess moisture. According to calculationsdfowth, varied in concert with its variation in this bo-
based on 45 % porosity with stoniness accounted for, the soif€a@l ecosystem over a typical “arch’of the snow-free pe-
air space in our experiment ranged from 0.21to 0.3em3  fiod (e.g. Euskirchen et al., 2003). Temperature may also
(1998) and to 0.40 Am—3 (1999). Moreover, the approxi- have acted as a proxy for other environmental variables,
mated optimum water content in the B horizon for soil O conditions and processes, thus calling temperature models
efflux, 0.25-0.30 im~=2 for our soil (based on the model by “temperature-associated response models” may be justified.
Skopp et al. (1990) and adapted for a Finnish till by Pumpa-Although temperature of the organic humus layer was found
nen et al., 2003b), was not exceeded even in the wet year dP be a good predictor of soil GCefflux in this study, use
1998. Similarly, no decrease in microbial €@roduction, of temperature from several depths could further improve
and consequently CCevolution, was detected for a type of the ability of models to predict COefflux, especially dur-
mineral soil similar to ours nor for a similar type of organic ing warming and cooling periods (Reichstein et al., 2005).
layer, i.e. boreal mor in conditions close to saturation, at wa-Taking into account deeper soil layers would especially be
ter contents exceeding ours (lIstedt et al., 2000; Schjzmnin%dv'Sable when soil Cfemissions are modelled in similar
etal., 2003). oreal forests during late autumn or winter and during severe

The negative relationship between soil £6¥flux and soil ~ droughts (Pumpanen et al., 2003b).
moisture at high soil moisture observed in our study could Different processes producing soil @@fflux respond to
thus have been an artifact, reflecting not the influence ofchanges in environmental conditions with different time lags;
soil moisture per se but rather some other covarying factothus averages of environmental factors, such as the 24 h av-
—such as temperature (Carlyle and Than, 1988; Davidson etrage of soil temperature in this study, make reasonable pre-
al., 1998). On the other hand, the negative relation betweemlictors of soil CQ efflux. Transport of substrates to GO
CO, efflux on the soil surface and soil moisture could be producing processes and transport of produced &® also
partly due to high moisture slowing or preventing the trans-influenced by prevailing conditions, which further compli-
portation of CQ. In our case, there was a strong correlation cates assessment of response times. For instance, flux be-
between time and soil moisture during the first half of the tween photosynthesis of tree canopy and soib@@lux has
snow-free period, which suggests that in our multivariablebeen found to be relatively rapid, 1-6 days through root and
regression models soil moisture, with its negative regressiomhizosphere respiration, i.e. autotrophic respiration together
coefficient, could have been a surrogate for time, i.e. progreswith mycorrhizal and free microbial respiration (Ekblad and
of the growing season and associated processes when sdilégberg, 2001; Ekblad et al., 2005), but seasonally variable
moisture decreased steadily after snow melt in early Mayin magnitude (Keel et al., 2006). The link between canopy
The same temporal pattern of soil moisture and the similaphotosynthesis and soil GCefflux will not, however, ren-
negative correlation between soil moisture and coniferousder the concept of temperature response of soip Efflux
root growth have been observed during a snow-free periodiseless in boreal forests, partly due to the proxy-like quality
in Canada (Steinaker et al., 2010). In our month-specificof temperature and partly because of the controlling effect
analyses there was also no evidence of a decline associated temperature on heterotrophic respiration, the proportion
with high soil moisture. As noted before (e.g. Kane et al., of which may be greater in boreal coniferous forests than in
2003), our data, i.e. soil COefflux observations together temperate forests (Subke et al., 2006).

It4'4 Multivariable approach
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There is a need for more process-based models that tak&ppendix A
into account the question of substrate supply and distinguish
between the direct effects of temperature and moisture an&oil-specific calibration on Campbell's CS615
their effects on substrate diffusion and availability (David- water content reflectometers
son et al., 2006a). The phenology of the ecosystem regulates
the substrate supply to the soil G@fflux and to ecosys- Soil-specific calibration was carried out separately for the
tem respiration in general. It can explain some of the vari-topmost 30cm of mineral soil (density 0.98gc# and
ation not accounted for by temperature-associated variatiofior the undisturbed sheet of the organic layer, which also
(Goulden et al., 1997). Accordingly, the basal rate of soil contained some of the topmost mineral soil (density of
respiration has been found to vary seasonally with photosyn0.31gcnT®).  Samples in large buckets (diameter 28 cm,
thesis in temperate forest stands (Sampson et al., 2007). Int = 3) were saturated with water; eight measurements were
clusion of additional, seasonally changing variables such aghade for each water content, and samples were weighed dur-
needle litter input in our models proved to be difficult partly ing drying at room temperature. Finally, to determine the
because of different intensity of the measurements. Alsodry mass, mineral soil samples were dried at 10%nd
time lags after which these variables could be considered téhe organic/surface soil layer at 70. During calibration,
influence soil CG efflux, were difficult to define. However, Water content was 0.14-0.43m~3 for the surface layer
an addition of an index of seasonality, such as the degre@nd 0.06-0.51fhm~3 for the mineral soil; the sensor out-
days, improved the accuracy of models in this study, as hagut was 0.88-1.30 ms for the surface layer and 0.80-1.25ms
been reported previously for respiration and soil,Geflux for mineral soil, which corresponded to the range in the
in boreal forests (Goulden et al., 1997; Lavigne et al., 1997field during May—October. Linear regressions were run with
Richardson et al., 2006). This addition was supported by sn output period ) in milliseconds at 20C as the inde-
model-evaluation exercise, although the consistent underestpendent variable and the volumetric soil water contént (
mation of flux during the peak season from mid-July to late-in m®*m~3 as the dependent variable for mineral and sur-
August was not corrected for. Differences between annuaface soil separately. Regression models were the following:
estimates produced with different models were yet smallf = —0.679+ 0.923 7, with r? = 0.98 (mineral soil),
Our results from the peak flux period in July and August,and6 = —0.374 + 0.616- 7, with r2=0.96 (organic
however, lent support to previous conclusions concerning thdayer/surface soil).
importance of inclusion of canopy processes (e.g. Irvine et  The equation for mineral soil was similar to a previous
al., 2005; Sampson et al., 2007), for upper-storey trees asalibration made for sandy soils with the same sensor (Kim
well as understorey dwarf shrubs. Model predictions couldand Benson, 2002). Compared to the soil-specific calibra-
also be improved by inclusion of the dynamics of root and tion, the manufacturer’s standard calibration underestimated
mycorrhizal fungi production, which can be significant co- Some 3 to 20-30 % or 0-0.07mm~2 for mineral soil within
varying processes of soil Gfflux in boreal forests (Hog- the output range in the field in 1999. This was considerably
berg and Hogberg, 2002). Extremely high, but sporadic, valless than, for instance, in a case of tropical clay soils (Veld-
ues of efflux that were possibly related to fungal activity, ap- kamp and O'Brien, 2000). The manufacturer’s standard cal-
peared to be difficult to predict. Our observations on theibration equation applied here was for conditions in which
timing of these maximum values possib|y related to funga|e|eCtriC8.| conductivity was equal to or smaller than 1d§m
activity stress the need to link predictions of fungal respira-(Campbell Scientific Inc., 1999).
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