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Abstract. Besides agricultural soils, temperate forest soilsfluxes of NO and C@ at weekly and monthly resolution
have been identified as significant sources of or sinks for im+easonably well (accounting for up to 59 % of the variance).
portant atmospheric trace gases@\ NO, CH,;, and CQ). However, for CH we so far failed to find meaningful corre-
Although the number of studies for this ecosystem type in-lations, and also for pD the predictive power is rather low.
creased more than tenfold during the last decade, studies covhis is most likely due to the complexity of involved pro-
ering an entire year and spanning more than 1-2 years rezesses and counteracting effects of soil moisture and temper-
mained scarce. This study reports the results of continuousture, specifically with regard toJ® production and con-
measurements of soil-atmosphere C- and N-gas exchangaumption by denitrification and microbial community dy-
with high temporal resolution carried out since 1994 at thenamics. At monthly scale, including information on gross
Hoglwald Forest spruce site, an experimental field stationprimary production (CQ, NO), and N deposition (pD), in-
in Southern Germany. Annual soib®, NO and CQ emis- creased significantly the explanatory power of the obtained
sions and Cl uptake (1994—2010) varied in a range of 0.2— empirical regressions (GOr2 = 0.8; NO:r2 = 0.67; NO,
3.0kgNO-Nhalyr1, 6.4-11.4kgNO-Nhalyr~1, 7.0-  all data:r? = 0.5; N;O, with exclusion of freeze-thaw peri-
9.2t CQ-Chalyr! and 0.9-3.5kgCHCha lyr1 re-  ods:r?=0.65).
spectively. The observed high fluxes of N-trace gases are
most likely a consequence of high rates of atmospheric ni-
trogen deposition X20kgNhalyr-1) of NHz and NQ
to our site. For NO, cumulative annual emissions were 1 Introduction
>0.8kgNeO-Nha tyr~1 in years with freeze-thaw events
(5 out 14 of years). This shows that long-term, multi-year Témperate forest soils are significant sources of the primar-
measurements are needed to obtain reliable estimategbf N ily and secondarily greenhouse gases>C®&,0 and NO
fluxes for a given ecosystem. Cumulative values of soil res{Brumme and Beese, 1992; Castro et al., 1993; Butterbach-
piratory CQ fluxes tended to be highest in years with pro- Bahl et al., 1998; van Dijk and Duyzer, 1999; Pilegaard et
longed freezing periods, i.e. years with below average annuail- 2006; Phillips et al., 2010), and significant sinks for
mean soil temperatures and high emissions (e.g. the atmospheric Chi (Borken and Brumme, 1997; Henckel et
years 1996 and 2006). al., 2000; Smith et al., 2000; Brumme and Borken, 1999;
Furthermore, based on our unique database on trace gdgutterbach-Bahl and Papen, 2002; Borken and Beese, 2006).
fluxes we analyzed if soil temperature, soil moisture mea-Based on an ISI search, studies on trace gas exchange be-

surements can be used to approximate trace gas fluxes B¥een temperate forest soils and the atmosphere have in-

that simple-to-measure environmental drivers such as soiflécade 2001-2010. Nevertheless, continuous field measure-

temperature or soil moisture are suitable to approximatgMents over long time periods-(-2 years) at high tempo-
ral resolution are still required to improve our understanding
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of the biogeochemical N and C turnover processes and thecosystem fluxes are controlled by climate variability and
temporal variability of trace gas fluxes on daily to multi-year ecosystem factors (Urbanski et al., 2007; Phillips et al.,
scales. 2010). Long-term, multi-year measurements of soikGidd

In forest soils, N trace gases are produced (and conN2O fluxes are much scarcer than measurements of soil and
sumed) mainly by the microbiological processes nitrification ecosystem C®fluxes. For temperate forest ecosystems the
and denitrification (Firestone and Davidson, 1989; Conradtime series obtained at the Solling, central Germany (Borken
1996). Soil microorganisms, for instance chemolithotrophicand Brumme, 1997; Brumme and Borken, 1999; Borken et
CH, oxidizers, also catalyze the uptake of atmospherigq CH al., 2002) started in the form of field campaigns in 1990.
by forest soils (Roslev et al., 1997; Schimel and Gulledge,For the spruce site atdglwald Forest, continuous soil trace
1998; Henckel et al., 2000). Like all other biogenic pro- gas flux measurements started in November 1993. Though
cesses, the soil microbiological processes involved in soilpart of the dataset has been published earlier (e.g. Papen and
atmosphere GHG exchange are strongly affected by a numButterbach-Bahl, 1999; Butterbach-Bahl et al., 2002; Wu et
ber of soil environmental factors and ecological drivers suchal., 2010), the entire dataset — covering the period from 1994—
as temperature, moisture, precipitation, soil aeration, pH 02010 (incl. a two-year break in 1998/1999) or meanwhile
texture. Among these parameters, soil moisture and tempert5 years of observation — has remained unpublished so far.
ature are identified as key drivers for soil-atmosphere ex-Moreover, this dataset has never been evaluated with regard
change in many field investigations (e.g. Gasche and Papeng multi-year relationships between soil environmental pa-
1999; Papen and Butterbach-Bahl, 1999; Borken et al., 2002rameters such as soil moisture, temperature, precipitation, N
Butterbach-Bahl and Papen, 2002; Wu et al., 2010) and proedeposition as measured in throughfall, or gross primary pro-
cess studies (e.g. Schindlbacher et al., 2004). The effects afuction and soil trace gas fluxes. Also inter-relationships be-
soil temperature on soil-atmosphere exchange 4D NNO, tween individual C- and N-trace gases have hardly been eval-
CH4 and CQ are mostly direct, and increases in temperatureuated so far, except for the study of Wu et al. (2010), with the
result in increasing emissions as long as other factors are ndatter study only using less than one-third of the full dataset.
limiting. In contrast, the effect of soil moisture is more com- Therefore the main objectives of this study are,
plex. In addition to its function as a transport medium for
nutrients such as NDand NI—Q, soil water influences the
rate of @ supply and thereby determines whether aerobic
processes such as nitrification or anaerobic processes such as
denitrification prevail within the soil (Schindlbacher et al., 2. to use the multi-year dataset to elucidate relationships
2004, Pilegaard et al., 2006). However, the relative impor-  between environmental parameters and soil trace gas
tance of a specific parameter is variable, and interactive ef-  fluxes,
fects of environmental drivers on soil microbial processes are
highly complex, specifically if competitions of microbes with
plants for nutrients, water, and nutrient leaching processes
are considered. Furthermore, many of these relationships re-
main unexplored due to the lack of sufficiently detailed ob-
servational data.

Interannual variability of soil trace gas fluxes other than 5  1aterial and methods
CO, has hardly been explored, while significant interan-
nual variations in soil C@ fluxes have been reported ear- 2.1 Experimental site
lier (Phillips et al., 2010). Specifically with regard to soil
N2O fluxes recent reports about the importance of freezeHoglwald Forest is situated in the temperate suboceanic
thaw NbO pulse emissions for cumulative annual emissionsbroadleaf zone in the south of Germany. The region is
from natural and semi-natural ecosystems such as grasslandbaracterized by interspersed forest in an agricultural area
(Wolf et al., 2010) or forests (e.g. Papen and Butterbach-used for maize and cereal production and livestock breed-
Bahl, 1999; Teepe et al., 2001) imply that fluxes may alsoing. Chronic atmospheric nitrogen (N) deposition at a rate
vary significantly. Therefore, soil flux datasets comprising of 20-30kgNhalyr~1, due to emissions from livestock
only sporadic measurements or not covering complete sedarming, N fertilizer use, and NQemissions from traf-
sons and/or years may not be representative for a site. Londic and industry, resulted in N saturation of the forests
term datasets are rare, but important to better understand eim this region (Butterbach-Bahl et al., 1997; 2002). Field
vironmental controls of ecosystem C and N turnover and asmeasurements of soil GHCO,, N2O and NO fluxes and
sociated exchange of C and N compounds between the bicsimultaneous monitoring of climate and soil environmen-
sphere and atmosphere. For example, more than ten yeatal parameters were performed in an old spruce plantation
(1992-2004) of eddy covariance (EC) measurements at Har48.50 N, 11.17 E), established around 1904. The site is
vard Forest demonstrated that interannual variability o CO 540 m above sea level and the mean annual precipitation

1. to summarize 15 years of continuous trace gas measure-
ments at Khglwald Forest and to evaluate seasonal and
interannual variability of fluxes,

3. to test if easy-to-measure environmental parameters
such as soil moisture and soil temperature can be used
to approximate trace gas fluxes at weekly, monthly or
annual time scales.
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is approx. 932 mm, while the mean annual temperature idlux calculation. For CH we predominantly observed a de-
8.6°C (values for the period 2004—-2010). The soil at the crease of Ch concentrations with time, which in most cases
experimental site is a Typic Hapludalf (FAO: dystric cam- could be best described with an exponential decay curve.
bisol), strongly acidified in the top soil and weakly aquic in Changes of MO concentrations in the closed chambers could
the argillic horizon (Kreutzer, 1995). The soil pH value (mea- mostly be best described by a linear regression.

suredin 0.1 M CaQ) is 2.9-3.2 in the organic layerand 3.6—  For measurements of soil NO and €@uxes, the dy-

4.0 in the uppermost mineral soil layer (Kreutzer, 1995). Fur-namic chambers were closed for 6 min and re-opened again
ther information about the éylwald Forest site can be found for 6 min. After re-opening of the measuring chambers, gas
in Kreutzer (1995), Kreutzer and Weiss (1998), Butterbach-samples were drawn from the reference chamber that was

Bahl et al. (2002) or Wu et al. (2010). sealed towards the soil. Since during a 6 min period gas sam-
ples could only be taken from one out of five chambers,

2.2 Measurements of soil CH, CO,, N»,O, and NO the respective 12 min cycle (measuring chamber + reference

fluxes chamber) was repeated five times to sample all chambers.

Thus, the temporal resolution was 1 h. During sampling, am-

Continuous measurements of complete annual cycles of soilbient air was sucked at a constant rate (50 Ljrthrough
atmosphere trace gas fluxes started in late 1993 at the sprut¢ke chambers by means of a sampling pump and transferred
site. The automated measuring systems at thghtald For-  via PTFE tubing (inner diameter: 10 mm; length 20 m, in-
est sites have been described previously by (Butterbach-Bahkrnal volume: 1.6 L) to the analyzers, i.e. a chemolumines-
etal., 1997, 1998; Papen and Butterbach-Bahl, 1999; Gascheence detector for NO/NO(CLD 770 AL ppt and photol-
and Papen, 1999). ysis converter PLC 760, Eco Physics AG, Switzerland) and

In brief: five chambers of the static type were used for an infrared gas analyzer (BINOS 100, Rosemount, Hanau,
N2O and CH flux determinations, and five dynamic mea- Germany) for CQ. Calibration of the NQ analyzer was per-
surement chambers plus one reference chamber were uséormed weekly with a multigas calibrator (Eco Physics AG,
for NO and CQ flux measurements. All chambers (dimen- Switzerland) using standard gas (1 ppm NO in synthetic air,
sions: 0.5 mx 0.5 mx 0.15m, lengthx width x height) con-  Messer Griesheim, Germany), which was diluted with syn-
sisted of aluminum frames in which perspex panes werehetic air to a final NO concentration of 10 ppb. Determina-
fixed. A stainless steel frame of 2.0cm depth, which wastion of NO, NGO, and & concentrations in ambient air and
fixed to the frame of the chambers, was sunk into the or-at the outlet of the chambers, calculation of NO fluxes and
ganic layer of the soil with care in order to avoid cutting efficiency of photolytic cleavage of NOnto NO were de-
of the fine root mat. For measurements ofONand CH scribed in detail by Butterbach-Bahl et al. (1997). The calcu-
fluxes the covers of the chambers were opened and closeddtion of CQ, fluxes was in principle similar to the calcula-
automatically in an angle of 9y pneumatic actuators ev- tion scheme of NO fluxes, with the difference that the,CO
ery 60 min. Gas samples were withdrawn four times everyanalyzer detected the difference between reference and mea-
15 min within the 60 min closure time. The temporal resolu- suring chambers directly. The G@nalyzer was calibrated
tion of flux measurements was 2 h fop® and CH fluxes. regularly with two reference gases (400 and 450 ppm ©O
To minimize the effect of precipitation exclusion, chambers synthetic air, Messer Griesheim, Germany) by applying one
opened automatically — triggered by a rainfall sensor — ingas simultaneously to both cuvettes of the instrument for set-
case of rain. Furthermore, chamber positions were alternateting the zero point, and the two gases for setting the span. All
approximately on an annual basisx®land CH concentra-  fluxes were corrected for temperature and air pressure. De-
tions in the sample air were determined with a gas chromatotailed descriptions of the automated measuring systems in-
graph (Shimadzu GC 14, Duisburg, Germany) equipped withcluding design of chambers, gas chromatographic conditions
a%3Ni electron capture detector (ECD). Water vapor angCO and modes of calculation of flux rates can be found in pre-
in sample air were removed by a permapure dryer and a previous publications (Butterbach-Bahl et al., 1997; Gasche and
column filled with Ascarite (sodium hydroxide-coated sil- Papen, 1999; Rosenkranz et al., 2006; Wu et al., 2010). For
ica), respectively. The GC was equipped with a stainless steatalculation of cumulative annual emissions, gaps originating
column packed with Hayesep N (3 m, 1/8inch, 60/80 mesh) from instrumental failure were filled by linear interpolation
The oven and detector temperature was®@and 340C. between measured fluxes, if the number of total observation
The carrier gas (B flow rate was kept at 20 ml mirt. Drift days per year was 80 % (or 292 out of 365 days). Data gaps
of the NbO/CH; measuring system was monitored every 2 h were usually not longer than 10 days (in most cas8s5
by injecting standard gas (0.4 ppmw® and 4000 ppmv days), since equipments at the site were serviced in the first
CH4in 79% Ny and 21 % Q, Messer Griesheim, Germany). few years until 2002 2—-3 times per week and thereafter at
Fluxes were calculated on basis of the linear/non-linear indeast once per week.
crease/decrease of gas concentrations with time on the basis Gap filling of periods without measurements was done
of the Hutchinson and Moser (1981) approach, using-the with the regression models provided in Table 2. Since for
value to judge which type of curve fitting was finally used for N2O a robust regression model could not be found, also due
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to e.g. high pulse emissions during freeze-thaw periods, wesite or from the German Weather Service station Augsburg-
used shorter term periods of 4-5 weeks before and after meaviihlhausen. Since soil moisture was not only determined by
surement breakdown to derive individual regression modelbservations of the very day, meteorological variables were
for gap filling. aggregated to different additional cumulative sums (i.e. 1, 2,
Net ecosystem exchange of carbon dioxide, momentum5, 10, 15, and 30 days previously) for creating a training data
latent and sensible heat was quantified with the eddy coset. The best 13 variables, which could explain more than
variance method since August 2005. The instrumental setup3 % of the variance in the data set, were used to predict soil
consisted of an open-path infrared absorption analyzer (LIwater content for the years when soil moisture was missing.
7500, LI-COR Biosciences, Lincoln, NE, USA) and an ul- To train the support vector machines, the R-package e1071
trasound anemometer (CSAT-3, Campbell Scientific, Lo-was used (Dimitriadou et al., 2011; R Development Core
gan, UT, USA), mounted close to each other on top of aTeam, 2011). Volumetric water contents were converted to
50 m tower, approx. 10 m above the forest canopy. Incom-water filled pore space (WFPS). This was done by dividing
ing global radiation was measured with a star pyranometewvolumetric water content by total porosity, with total porosity
(GLOBAL 8101, UMS Minchen, Munich, Germany). Net being calculated as [1—(bulk density/particle densitip %
radiation was determined at the same height with a pyrra{bulk density in topsoil: 1.033gcn? and particle density:
diometer (BILANZ 8111, UMS Minchen, Munich, Ger- 2.65gcn73).
many). The calculation and correction of turbulent fluxes To fill observation gaps (17 % missing data) for in-situ
were based on the EUROFLUX methodology (Aubinet et soil temperature measurements we used air temperature val-
al., 1999). Gap filling and flux partitioning was performed ues as measured at the climate station at Augsburg in con-
by the “Online Eddy-Covariance Data Gap-Filling and Flux- junction with measured/gap-filled soil moisture data from the
Partitioning Tool” (Reichstein et al., 2005) including u*- Hdoglwald site using the following equation:
correction to replace unreliable data due to low turbulent con-

ditions. Soil temperatur¢scm soil depth Q)
= 10.095 + 0.557"air temperatur¢°C]
— 0.235*s0il moisturf WFPS in %, r?> = 0.74, p < 0.001

Daily precipitation and air temperature at 2 m above ground
level from 1994 to 2010 were obtained from the German2.4 Regression models for trace gas flux calculation
Weather Service station Augsburgallhausen, which is
about 20km northwest of the dglwald Forest site. Soil Long-term observations of soil trace gas fluxes are extremely
temperatures at various depths (organic layer, 5, 10, 1%ostly. Therefore, using simple though site specific empir-
and 20 cm) were measured every minute by PT100 probegal models based on easy-to-measure soil environmental
(IMKO GmbH, Germany) in close vicinity to the chambers. or meteorological parameters for estimating annual fluxes
Hourly soil moisture measurements were carried out withis an appealing approach for estimating annual emissions.
horizontally installed TDR probes (IMKO GmbH, Germany, To develop and assess empirical models on daily, weekly
or UMS, Germany) at 10 cm soil depth from 1994 to 2010. Toand monthly time scales data were aggregated (gap-filled
harmonize soil moisture measurements by different sensorand non-gap-filled data) and split randomly into two subsets.
we analyzed periods during which soils were water saturated®®ne of them with about 50 % data of the entire dataset was
(i.e. spring period) and corrected for the off-set between theused to determine model parameters using multivariate lin-
sensors. ear regression (first order), while the other half of the dataset
Due to instrumental failure and removal of the soil mois- was used to validate the obtained empirical model. Different
ture sensors, in situ soil moisture measurements from Julynodels were compared according to their explanatory power
1996 to August 1999 and from September 2004 to Decemand the explanatory variables (soil temperature, water filled
ber 2006 were not available. To fill these gaps, a machinepore space, precipitation, or air temperature and, in addition
learning technique — support vector machine (SVM) — wasat monthly scale, gross primary productivity and N depo-
employed. The SVM method was based on a statistical learnsition via throughfall) were selected stepwise according to
ing algorithm and had been successfully applied to bioinfor-their importance. In addition, the under- or overestimation of
matics, data mining, surface temperature prediction, and hythe mean flux was compared to the measured mean flux. To
drology. The fundamental principle of SVM and its formula- avoid non-linearity and non-normality of the residuals and to
tion were described in detail by Kecman (2001). Daily me- reinforce the prerequisites for multivariate linear regression,
teorological input data, required as model drivers, i.e. min-the logarithm-transformed fluxes were used in the regression
imum and maximum temperature, mean relative humidity, models. This transformation resulted in a normal distribution
total precipitation, sunshine duration, mean degree of cloudf measured values. To avoid negative values we added an
cover, mean wind force from 1994 to 2010, were either ob-offset of +20 pg N for NO and plus 30 pg C for CHfluxes
tained from continuous measurements at tbglwald Forest  prior to transformation.

2.3 Soil environmental and climate measurements

Biogeosciences, 9, 1741763 2012 www.biogeosciences.net/9/1741/2012/
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Fig. 1. Comparison of measured and modeled values of volumetric water content at 10 cm depth from 1994 to 2010. Simulation of soil
volumetric water content was done using a support vector machine modeling approach.

2.5 Statistical analysis the spruce site, though simulated values generally tended to
underestimate measured soil moisture values by in ac-

Linear and nonlinear regression analysis and Pearson Correordance with the fitted curve (Fig. 1).

lation were used to identify significant positive or negative

relations between trace gas fluxes and environmental drivergg.2  Variability of environmental drivers

Significance of differences was either tested by using F-

statistics in ANOVA (analysis of variance) or by using a para- Following gap filling and harmonization of soil moisture

metric T-test (SPSS 10, SPSS Inc.). In multivariate linear re-measured by different sensors in different periods we calcu-

gression analysis, the co-linearity diagnostics, homoscedasated annual mean temperature, annual mean soil moisture,

ticity, normality of residuals, and the Durbin-Watson test for and annual cumulative precipitation (Table 1). As shown in

autocorrelation were included. Table 1, soil temperature, soil moisture, and precipitation
had a pronounced interannual variability. For instance, an-
nual precipitation in the relatively dry years 1997 and 2003

3 Results was much lower than in the relatively wet years 2000 and
2002, leading to a large range of annual precipitation (627—
3.1 Soil moisture modelling 1265 mm). The mean value of 932 mm for the whole obser-

vation period 1994-2010 was approx. 80 mm higher than the
Measured and simulated soil volumetric water contents werdong-term average (850 mm) value for the period 1951 to
compared from 1994 to 2010 in order to validate the perfor-1980 (Kreutzer and Weiss, 1998). Maximum soil moisture
mance of SVM regression modeling. Fig. 1 shows that thevalues were observed in early spring, due to snow melt, soil
SVM approach was able to capture the seasonal dynamics dhawing, and spring rains (Figs. 2 and 3). 2003 was an ex-
changes/? = 0.83,n = 3855). The magnitudes of simulated ceptionally dry year with only 633 mm of rainfall. In this
soil volumetric water contents [in %] were in good agreementyear mean annual soil moisture in 10 cm soil depth was
(RMSE=1.26 %) with measured values at 10 cm soil depth a6.1 %, i.e. approx. 4 % lower than the mean for the entire
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Fig. 2. Weekly averaged values of environmental parameters (upper panel: precipitation (black bars), temperature (red line: soil temperature,
red dashed line: air temperature), soil moisture (black line) and trace gas fluxes (second panel to lowest paGély QTD, N,O) at the
Hoglwald Forest spruce site for the years 1994 to 2010. Error bars for fluxes are representing the standard error of the mean of hourly data.

observation period. The mean air temperature was@.ié atmospheric Chl Highest mean monthly uptake rates of
our study period (1994-2010), which was@ higher as  20-30 pug CH-C m~2hr—1 were usually observed at the end
compared to the long-term average (1951-1980; Kreutzeof summer or in autumn (Fig. 3). Seasonal patterns of soll

and Weiss, 1998). N2O fluxes were characterized by pulse emission events,
which were mostly associated with spring soil thawing (2—
3.3 Seasonal and interannual dynamics of trace gas 10 weeks) following long soil freezing periods. Therefore,
fluxes highest mean monthly MO fluxes were observed in Febru-

ary and March with average monthly mean values being in
Subdaily measured fluxes were stepwise averaged to dailghe range of 25-35 pgd®D-N m2hr1 (Fig. 3). A seasonal,
weekly, monthly, and annual average values. The antemperature-driven variation in the magnitude ofNluxes
nual mean soil-atmosphere trace gas exchange was calas also evident, but less pronounced. In contrast 40 N
culated based on the subdaily measurements. Our analyemissions with late winter maximum values, the seasonal
sis revealed substantial seasonal and interannual variatiopatterns of NO and C£soil-atmosphere exchange followed
(Figs. 2 and 3). Over the entire observation period the soithe seasonal course of soil temperature, with the maximum
of the Hoglwald spruce forest functioned as a sink for

Biogeosciences, 9, 1741763 2012 www.biogeosciences.net/9/1741/2012/
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Table 1. Annual means£SE) of soil temperature (5 cm depth), air temperature, soil moisture (10 cm depth), and cumulative precipitation.

Year Soil temperatureC] Airtemperature{C]  Soil moisture [vol %] Precipitation [mm]

1994 9.1+:0.4 10.1£0.4 33.0:0.2 1006
1995 7.2+0.3 7.9+£0.4 33.0+:0.2 997
1996 57403 6.1+ 0.4 32.3:£0.1 778
1997 6.940.2 9.4+0.4 29.1£0.2 627
1998 n.a. 8.%+0.4 30.2£0.2 952
1999 6.6£0.4 8.8+0.4 29.0+0.2 1052
2000 6.9£0.2 9.4+0.4 30.0+:0.1 1135
2001 59:0.2 8.6£0.4 29.6+0.2 1047
2002 8.7+0.2 9.1+04 30.4£0.1 1265
2003 8.6:0.3 8.9+:0.5 26.1+0.2 633
2004 11904 8.4+04 29.3+0.2 754
2005 11.9:0.4 8.0+0.4 30.5£0.1 1067
2006 7.3:0.3 8.7£0.4 29.4+0.2 908
2007 7.9£0.2 9.4+04 30.5£0.1 986
2008 8.0+0.3 9.1+04 29.6+0.1 816
2009 7.4:0.3 8.6+:0.4 28.0+£0.1 834
2010 7.2£0.3 7.5+0.4 29.5+0.1 984
Mean 8.0£0.5 8.6£0.2 30.0+£0.4 932+42

n.a.: not available due to the removal of the sensors.

Table 2. Regressions used at daily time scale for gap-filling periods without measurements.

r2 p
CO, COyflux[mgCnr2h=1]=-17.33+7.2T+1L.F*WFPS  0.43 <0.001
NO NO flux [ugNm—2h~1]=18.19 + 7.60T + 0.66'WFPS  0.27 < 0.001
CHy CHyflux[ugCm2h~1]= —35.97-0.42T + 0.66*WFPS 0.10 < 0.001
No>O  For NbO individual soil moisture/soil temperature regression
models were developed using data 4-5 weeks before and
after breaks in measurements

of mean NO and C®emission rates in July and August, re- 2005, 2006, and 2009. This meant that out of 15 observa-
spectively. A notable finding was that monthly meanCO tional years significant freeze-thaw pulses efINemissions
emissions also slightly increased in February as compared taere observed only in five years. We also found a strong ten-
mean fluxes in January and March, due to an increased sodency that the length of the frost period was positively cor-
microbial activity during the period of soil thawing in some related to the magnitude of soilo® emissions (Fig. 4). A
years (Fig. 3). NO fluxes were on average approximately onguadratic fit between the duration of frost and the cumula-
order of magnitude higher than,® fluxes (Figs. 2, 3; Ta- tive emission was found. Annual atmospheric uptake of, CH
ble 3) during most of the observation period. ranged from 0.9 to 3.5kg CHC ha lyr—1. The mean an-
The pronounced interannual variability in meteorological nual uptake rate of atmospheric gitas 1.86+ 0.2 kg CH;-
parameters was also mirrored by an evident interannual variC ha 1yr~1. Highest CH uptake was observed in 1997
ability in soil trace gas fluxes (Table 3). Annual soil emis- (3.5kg CH;-C ha 1yr—1), a year with low annual precipita-
sion of bO, NO, and CQ fluxes varied between 1994 and tion, whereas in 2002 — a year with high annual precipitation
2010 in arange of 0.2-3.0kgp®-Nhalyr-1 6.4-11.4kg - the rate of atmospheric GHiptake was only 0.9 kg CH
NO-N halyr1 and 7.0-9.2t C@Chalyr ! respec- Chalyr i
tively. The mean annual emissions 0@, NO, and CQ
from the Hoglwald Forest soil for the years 1994—2010 were .
0.8+ 0.2kg NeO-Nha tyr—1 (+SE), 7.890.7kg NO-N 3.4 Environmental controls over trace gas fluxes
halyr-1, and 7.9 0.3tCQ-Chalyr-1, respectively.
Compared to NO and Cfluxes, large interannual fluctu-  seil CO, emissions were significantly positively correlated
ations of NO were observed due to peak emissions dur-(Figs. 5 and 6) with soil temperature (5cm), whereas they
ing spring thawing after long frost periods in 1996, 1997, were only weakly negatively correlated with soil moisture
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Table 3. Annual soil trace gas fluxes of GOCHg, N>O, and NO for the individual observation years.

CO, [tCha=lyr—1] NO [kgNha=1yr—1] N2O [kgNha=1yr=1] CHylkgCha=lyr—1

Year g M F NC L N M F NL L N M F N L N M F NL L

1994 n.a n.a n.a n.a n.a 357 6.4 6.4 8.9 9.0 345 0.4 0.4 0.5 0.8 352 -16 -16 -04 -03
1995 287 .na (118 (82 (7.6) 342 8.5 8.7 8.4 7.1 358 0.8 0.8 0.5 0.8 360 —28 -28 -04 03
1996 355 9.2 9.1 7.3 6.7 350 9.0 9.0 7.5 6.3 343 3.0 2.9 0.5 0.8 346-1.8 -18 -04 -03
1997 362 7.8 7.8 7.3 6.8 359 7.6 7.7 7.9 6.5 346 0.7 0.7 0.4 0.6 34135 -34 -04 -04
2000 164 n.a (6.5 (7.5 (6.8) 285 n.a (1290 (79 (64 304 0.5 0.5 0.4 0.6 281 .na (—=1.4) (-04) (-0.4)
2001 188 n.a (7.6) (6.8) (6.3) 270 n.a (8.2 (7.3) (6.0 329 0.4 0.4 0.4 0.6 324 -15 -15 -04 -04
2002 .n.a n.a n.a n.a n.a 277 n.a (6.5) 9.3) (7.8 343 0.7 0.7 0.5 0.7 316 -09 -10 -05 -04
2003 .n.a n.a n.a n.a n.a 209 n.a (10.3) (8.6 (7.4 339 0.4 0.4 0.2 0.5 309 -19 -19 -05 -04
2004 299 7.0 7.6 8.7 10.8 314 9.1 9.4 9.6 10.3 296 0.2 0.2 0.4 0.7 29919 -19 -05 -04
2005 334 7.9 8.0 9.3 10.2 322 6.7 7.1 9.9 9.6 343 1.0 1.0 0.5 0.7 34515 -15 -05 -05
2006 331 8.4 8.4 79 7.4 263 .n.a (113) (8.9 (7.0 264 n.a (3.2 (1.6 0.7) 267 n.a (=18 (-04 (04
2007 228 n.a (74 87 (79 263 n.a (72) (9.0 (75 295 0.6 0.6 0.5 0.7 253  n.a (—=1.7) (=0.5 (-0.5)
2008 237 n.a (6.6) (82 (7.7) 242 n.a (76) (87 (7.3) 338 0.8 0.8 0.5 0.6 304 -13 -13 -04 -04
2009 297 7.2 7.2 7.6 7.3 214 n.a (8.3) (8.3) (7.1) 320 1.0 0.9 0.4 0.6 288 n.a (-1.1) (=04 (-04)
2010 285 .n.a (9.00 (76) (720 295 114 10.5 8.1 6.9 267 .n.a (0.4 (05 (0.7) 260 n.a (—0.8) (-0.5 (-0.5)
Mean 7.91 8.01 8.02 8.20 7.89 8.39 8.61 7.95 0.80 0.80 044  0.67 —-1.86 —1.86 -0.42 -0.39
(£SE) +0.3 +03 +03 +0.7 +0.7 +05 +03 +0.6 +0.2 +0.2 +0.02 +0.02 +0.2 +0.2 +0.01 +0.01
Mean* 8.13 7.99 7.74 8.74 8.52 7.47 0.93 0.51 0.65 —-1.69 -044 -041
(£SE) +04 +0.2 +£0.3 +0.5 +0.2 +0.3 +0.2 +0.07 =£0.02 +0.2 +£0.01 +£0.01

N: number of days per year with valid observations. M: measured annual fluxes (gap-filled using linear interpolation}&82180% of a year (365 days). F: annual fluxes after

linear regression gap filling at daily time scale (Table 2). NL and L: annual fluxes as calculated by the developed non-linear (NL) or multi-linear (L) regression models on daily time

scale as given in Table 4. Mea#t$E): mean of all measuring years for years with number of measuring dag82daysMear* (+SE) mean of all measuring years including years
with number of measuring days<\t92days. n.a.: not available either due to missing.
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Fig. 4. Example for the temporal dynamics of dailg® emissions in a year with freeze-thaw pulsgNemissions (year 2006). The gray bar
indicates the frost period (soil temperature at 5€@7 C). Daily air temperature (2 m) and soil temperature (5 cm), soil moisture (10 cm) and
the sum of precipitation are shown. The insert shows the cumulagi@fxes during and immediately following the freeze-thaw period in
years with significant freeze-thaw,l® emission pulses.

(10 cm). Figure 7a showed that highest fluxes were observednvironmental factor affecting the magnitude ofNfluxes

during warm and wet periods. was soil moisture for soil temperatures3°C. The highest
The individual effects of soil temperature and soil mois- fluxes were observed for cold/moist or warm/moist environ-

ture on CH uptake were generally weak%(<0.1). An ex-  mental conditions (Fig. 7c).

ponential regression could explain best the soil temperature- Figure 8 demonstrates how monthly NQ®I ratios de-

CHg4 uptake relationship, while the relationship of soil mois- pended on soil moisture and soil temperature. The dominant

ture to CH; uptake was described best with quadratic func-environmental factor affecting the ratio was soil moisture

tion (Figs. 5 and 6). Figure 7b showed that highest rates ofather than soil temperature, especially for periods with soil

CHg4 uptake were observed under warm and dry conditions. temperature-10°C and soil moisture<26 vol %. Higher ra-
NO emission was positively correlated with soil tempera- tios of NO fluxes to NO fluxes were found for drier and

ture, being the better predictor than soil moisture. Lorentzianwarmer environmental conditions. In contrast, the smallest

function was used here to describe the relationship betweeratio was found for cool and wet conditions.

soil moisture and NO fluxes (Figs. 5 and 6), while between The CQ:N2O ratio was highest for warm/dry conditions.

soil temperature and NO fluxes the relationship was best deFor cool/wet conditions low soil COfluxes but high NO

scribed by an exponential function. Interactive effects of soilemissions resulted in the lowest @850 ratio. CQ:NO ra-

temperature and soil moisture on the fluxes showed that NQios were highest when soil temperature wel?°C and soil

fluxes were highest when the temperature was higtb( C) moisture was>34 vol %. Figure 8c shows that at soil tem-

but the soil moisture was in the range of 24—-30 vol % (Figs. 5,peratures<10°C, or if soil temperature was 10°C and soill

6, 7d). moisture was<32 vol %, the CQ:NO ratio was close to 1,
Similar to CH, the correlations between,® emissions  which means that under these conditions,@Demissions

and both drivers were weak but significart (<0.1) (Figs.5  were approx. 1000 times higher than NO-N.

and 6). Generally, both increase in soil moisture and soil

temperature led to an increase i@ emission, though 3.5 Regression models for approximating trace gas

both effects were clearly biased due to highONemis- fluxes

sions during freeze-thaw events. However, after excluding

the freeze-thaw periods for data analysis,thealue of the  On daily and weekly time scales, the tested variables in-

soil moisture-NO relationship increased to more than 0.1 cluded soil temperature (organic layer, 5cm, 10cm 15cm

(data not shown), and the® value of the soil temperature- and 20cm  soil depth), soil moisture (WFPS at 10cm

N>O relationship increased to more than 0.2. The dominangj depth), air temperature at 2m above ground (average,

www.biogeosciences.net/9/1741/2012/ Biogeosciences, 9, 1I783-2012
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Fig. 6. Dependencies of soil trace gas emissions on soil moisture

(at 10 cm soil depth). For this analysis monthly mean values as ob-
tained for the period 1994-2010 were usedONfreeze-thaw peri-

Soil temperature [°C] ods included

Fig. 5. Dependency of soil trace gas emissions on soil tempera-
ture (in 5cm soil depth for C®and N,O, in 10 cm soil depth for
NO, and in 15cm soil depth for Gi). For this analysis monthly i xes (accounting for up to 81 % of the variance at monthly
mean values as_obtalned for the period 1994-2010 were uséd. N scale; Tables 4, 5 and 6), specifically when also gross pri-
freeze-thaw periods were excluded. mary production was considered beside soil moisture and
soil temperature. However, forJ® and CH we only found
rather weak (NO: 2 values up to 0.5 for monthly data, when
maximum, and minimum air temperature), and precipitation.N deposition was considered) or no meaningful correlations
On monthly time scales we also included gross primary pro-(CH4, weekly data;>2 = 0.1) (Tables 4, 5 and 6). How-
ductivity and N deposition as measured in the throughfallever, for monthly mean pO fluxes, correlations were highest
in our analysis. The results of the multiple linear and (only when in addition to soil moisture and soil temperature also N
at daily scale) non-linear regression analyses for predictingleposition in throughfall and gross primary production were
soil-atmosphere fluxes of /0, NO, CQ, and CH, due to  considered (Table 6). The performance of the obtained sim-
changes in environmental drivers are given in Tables 4, 5 anglle empirical models was validated by using these models
6. to predict GHG fluxes based on the remaining observational
For daily datasets, nonlinear regression didn't show in-data. Monthly soil fluxes were on average underestimated by
creased explanatory power (Table 4) except feONluxes 3.2 % with regard to C@ 14 % with regard to NO and 5%
during freeze and thaw periods (weekl6). For all datasets with regard to NO if empirical relationships were used to
the models had high explanatory power for NO and>CO approximate fluxes (Table 6, Fig. 9).
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Fig. 7. Conjunct effects of soil moisture (in 10 cm soil depth) and temperatures (in 5 soil depth) on monthly means of soil trace gases fluxes
(a) COy; (b) CHgy; (c) NoO fluxes; note that for the analysis 0bM fluxes freeze-thaw periods were exclud@t);NO fluxes. Prior to the
calculation of contour lines, data were smoothed with the Loess algorithm (sampling proportion = 0.3-0.5).

All soil trace gas fluxes correlated strongly (NO andZO the published datasets lasted such a long period of time. For
or weakly (CH, and NO) with soil temperature, though best instance, continuous automatic chamber measurements of
fits for individual trace gases differed with regard to the mea-soil CO; fluxes (Griffis et al., 2004), covering a 7-year period
suring depth of soil temperature. For example, soib@dd (1994 and 1996-2001), were made at an old aspen forest site
NO emissions were positively correlated with surface layerin Saskatchewan, Canada, resulting in an overall mean value
temperature (either measured at 2 cm [organic layer] or 5 cnof 13.15tC halyr—1. For the Harvard Forest, USA, Phillips
soil depth). In contrast, for soil }0 emission and atmo- et al. (2010) published a 4-year dataset for the period 2003—
spheric CH uptake, soil temperatures measured at deepeP007, using eight automated chambers. Average values of
soil depths (20 cm and 15 cm, data not shown) were best tsoil respiration were 8.19tC hayr—1 at the upland site and
explain temporal variations in fluxes. 6.27tChalyr—! at a wetland margin. Wang et al. (2010)

reported on soil respiration and its relationship to soil car-
bon content, forest floor mass, root biomass, soil tempera-

4 Discussion ture, and soil moisture at three different temperate forest sites
] ) ] in the Changbai Mountains, northeastern China. Average an-
4.1 Comparison with other studies nual soil CQ efflux over a measuring period of three years

(2003-2005) at a site with mid-aged, broad-leaved secondary
forest was 14.& 0.6t CQ-C ha Lyear! and, thus, signifi-

. . cantly higher as compared to a young coniferous plantation
Soil CO, flux measurements started in May 1995 and were ite (8.3+ 0.5t CQy-C ha L year1) or an old-growth, mixed

performed continuously, except for the period January 199 . i . i
to June 1999 and the years 2002 and 2003, with subdaily resc_omfelrous aln d broad-leaved primary forest (38.5tCQ-
) . . C ha - year ). These long-term measurements of soil respi-
olution. The obtained multi-year dataset on £iuxes and . ;
fluxes of NO, CHs and NO — for which even more observa- ratlon as well as_observgtlonal data fro_m other temperfa\te for-
' est sites worldwide (Raich and Schlesinger, 1992; Raich and

tion years are available — is to our knowledge unique. Only ! ) . i
few studies covered so many trace gas species, and noneazl)-{‘J fekcioglu, 2000; Savage and Davidson, 2001; Rosenkranz

411 CO
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et al., 2006) showed that the observed soil respiration fluxesongest continuous soil freezing period (approx. 2 months),

at the Higlwald Forest spruce site (7.0-9.2tChgr1; and annual rainfall (778 mm) which was approx. 20 % below
mean: 7.91tC hal yr—1) are at the lower end of the reported the average of the entire observation period. The lowest an-
ranges for soil respiration. nual soil respiration rate (approx. 7tG@ ha 1yr-1) was

Our long-term measurements of soil respiration alsoobserved for the year 2004, the year with the highest mean
showed that soil respiration rates varied largely from yearannual soil temperature (11°€), but also approx. 20%
to year by>30 %. Highest annual soil respiration 9t CO,- lower annual rainfall (754 mm) as compared to the entire ob-
Chalyr~1) was found for the year 1996, which was the servation period (932 mm). These patterns suggest, that in
year with the lowest mean annual soil temperature{8)/  cold years freeze-thaw events seem to stimulate soil carbon

Biogeosciences, 9, 1741763 2012 www.biogeosciences.net/9/1741/2012/
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Table 4. Results from linear (log-transformed date) and non-linear regression analysis ob&b[kad N m=2h~1], NO [ugNm~2h=1j,
CO, [mgCm2h~1]and CHy [rg C M2 h—1] fluxes on daily scale. Due to pulse® emissions during freeze-thaw periods we calculated
regressions separately for periods during which freeze-thaw may occur giggk

Nonlinear Regression function R? P
CO, F =7.28E09e 05 (I51p01)2 | (WEES-282904)2) 051 <0.001
NO F =6.03E03e 05(154f.22)2 4 (WELS-149136)2) 0.28 <0001
NoO  F=13.09e 05 (L5810)2 | (WEES-2489)2) \eek-16 ~ 0.23 <0.001
F =756E03e 05[(I; 032 + (WELS A009)2) weeke16  0.27 <0.001
CHy F=-72.89-0.45T + 1.8FWFPS + 0.005872-0.0134WFPE 0.10 < 0.001
Linear Regression function R? P
CO, F =3.262 + 8.658E 02T + 9.157E-03*WFPS 0.57 <0.001
NO F =3.365 + 8.576E 02T + 6.151E-03*WFPS 0.33 <0.001
N20 F =2.464 + 1.612E 02T + 1.366E-02*WFPS, week 16 0.22 <0.001
F = 3.090-4.06E-02*T + 7.675E-03*WFPS, week = 16 0.07 <0.001
CHy F=4.313 + 7.294E 03T — 1.00E — 02"WFPS 0.13 <0.001

T = soil temperature in 5cm soil depth@], WFPS: water filled pore space [%)]

Table 5. Results from linear regression analysis of log-transformed sgd feg N m=2h=1], NO [ugNm~2h~1], CO, [ngCm2h~1
and CH [1g C m2 h~—1] fluxes on weekly scales. For this regression analysis soil temperature in 5 cm H&pémfl soil moisture [WFPS
in %] in 10 cm depth were used as describing parameters.

weekly averaged fluxes Flux=A*saiemperatureC] +B*WFPS [%]+constant

log-transformed fluxes R2(N) A B constant
CO, 0.51*(291)  0.094t+0.012 0.003t0.013 3.46+0.692
Gap-filled CQ 0.59**(391)  0.088t 0.008 0.006t 0.008 3.40:0.454
NO 0.22**(381)  0.08H0.018 0.0110.018 3.12+1.041
Gap-filled NO 0.33**(420) 0.08%0.012 0.005£0.013 3.48£0.66
CHy 0.10** (416) 0.00+0.005 —0.009+0.004  4.23:0.243
Gap-filled CH, 0.10**(433) —0.007+0.005 0.01H0.005 3.39:0.28
N-O 0.06** (424) —0.003+0.008  0.015t0.008 2.62£0.41
Gap-filled NO 0.10** (478)  0.00H 0.013 0.0410.013 0.16:0.73
NoO8§ 0.32**(270)  0.019t 0.004 0.018t 0.003 2.22+0.20
Gap-filled NoO§ 0.32**(295)  0.036t0.011 0.054£0.011 —0.809+0.56

8freeze-thaw NO fluxes excluded; **Significant at level < 0.001

mineralization, whereas in warm and dry years soil respira-effects were observed forJ® as well (1996, 1997, 2005,
tion is hampered due to soil moisture deficits, which might 2006, 2009), but also in other years (e.g. 2004, 2007), the
impede not only heterotrophic, but also root respiration duecontribution of spring C@fluxes for cumulative annual soil

to a reduction in photoassimilate supply to the roots as a reCO, fluxes was of little importance.

sult of dry conditions, as current photosynthesis of the domi- A tendency to higher C®fluxes was observed in years
nant plant species has been shown to be a major driver of soith below average mean soil temperature (e.g. in 1996,
respiration (Hbgberg et al., 2001). However, even though soil 2006), i.e. years with rather cold winters and springs. This
thawing led to small peak emissions of soil £i@ the early  may indicate that extended freezing periods are increasing
spring not only in those years when pronounced freeze-thawhe pool of easily degradable organic matter, e.g. due to the

www.biogeosciences.net/9/1741/2012/ Biogeosciences, 9, 1I783-2012
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Table 6. Results from linear regression analysis (Flux = A*deinp+B-soil_ moisture+C*Ndeposition+bgrossprimary-
production+constant) of log-transformed sod® [g N m~—2h~1], NO [ugNm—2h~1], CO, [mgCm2h=1]and CH, [ugCm2h™1]
fluxes on monthly scale. For this regression analysis soil temperatyeg 6 cm depthqC], soil moisture (M) [WFPS in %] at 10cm depth,
N deposition (N) as measured in the throughfall [g N%Tmonthfl], and gross primary production (G) [g Cth month~1] as derived from
net ecosystem exchange measurements at digbntdld Forest tower site were used as describing parameters.

predictors R2 (N) A B C D constant measured predicted

CO M 0.54*(65)  0.10+0.24 0.02+0.03 2.8+1.2

Gap-filled CQ T.M 0.59*%(69)  0.09+0.02 0.02+0.03 2.8+1.3

Gap-filled CQ TMN,G 0.80*%(20) 0.10+0.04 0.014+0.02  —-5.41E-05+0.001 —-1.58E-03+0.0015 3.11.0

Gap-filled CQ T.M,G 0.81*(31) 0.11+0.03  0.002:0.001 —1.72E-03+0.0015 2.8:1.0 86.8+6.9 84.0+£6.3
NO M 0.41*%(86)  0.08+0.02 0.01+0.03 34t1.4

Gap-filled NO M 0.53**(91)  0.08+0.02 0.01+0.02 3.8:1.0

Gap-filled NO T,M,N 0.50*(51)  0.08+0.03 0.01+0.03 6.598E-04+0.001 3.2£15

Gap-filled NO T.M,G 0.67*(31)  0.08+0.05 0.04+0.03 1.372E-03+0.0025 1.8:1.7 109.6-12.6 94.6:9.2
Gap-filled NO TMN,G 0.63(20) 0.10+0.08 0.05:0.04  1.267E-04+0.0015  8.275E04+0.004 1.3t21

CHy M 0.14%(95) 0.01£0.01 —0.01+0.01 4.2+05

Gap-filled CH; M 0.11%(95) —0.01+0.01  0.010.01 3.74£05 —-19.0+1.0 -20.1+0.4
NoO§ M 0.34*(62) 0.02+0.01 0.02£0.01 2.3t04

Gap-filled NO§ T,M 0.36*%(62)  0.05+0.03 0.06+0.02 —-1.7+1.2

Gap-filled NO§  T7,M,N 0.35¢(37) 0.05+0.04 0.06+0.03 0+0.001 —-1.3+1.6

Gap-filled NO§ T,M,G 0.57(21) 0.05+0.10 0.05+0.04 0.002+ 0.0035 —-1.1+1.9

Gap-filled NO§  T7,M,N,G  0.65(14) 0.10+£0.13 0.06+0.05 0+0.0025 0.001 0.0055 —-1.9+2.6 7.7+1.2 9.8+1.4
Gap-filled NO  T,M 0.13%(95) —0.01+0.04  0.05:0.03 —-0.2+1.8

Gap-filled NO  T,M,G 0.34(31) —0.06+0.07  0.04:£0.04 0.005t 0.004 —0.4+23

Gap-filled O 7 MN,G  0.50%(20) 0.01+0.09 0.05+0.05 0.00H:0.0015 0.003: 0.0045 —-1.3+25 9.8+1.4 9.3+£0.9

§: freeze-thaw pulse emissions of O were excluded.
* or ** Significant at levelP < 0.050r 0.001

dieback of part of the microbial biomass during frost (Pa- the system (Kreutzer et al., 2009). For that reason it is un-
pen and Butterbach-Bahl, 1999). This increased availabilitylikely that short term variations in N deposition will affect
of substrate at the end of the freezing period may finallyecosystem productivity or soil respiration. Years with sum-
prime also the decomposition of organic matter in the fol- mer droughts, as e.g. the years 1997 or 2004, showed reduced
lowing growing season (Kuzyakov et al., 2000). Based onannual soil respiration rates. This observation is in line with
four years (2003—-2006) of sub-daily measurements of soilexperiments at a spruce site at Solling, Germany, where ar-
respiration at adjacent upland and wetland forest sites at Hattificially prolonged drought of 172 days during the summer
vard Forest, Phillips et al. (2010) found that annual soil res-period resulted in a reduction of soil respiration while during
piration decreased, although air temperature increased duthe following rewetting period soil C&emissions in the first

ing this period. Instead, mean spring soil temperatures de30d significantly increased by 48% in 1993 and 144 % in
creased over the same period. Thus, they concluded that ari994 (Borken et al., 1999). Strong interannual variations up
nual soil respiration rates might be positively correlated withto 2.3t C ha' year ! due to extended summer droughts were
mean spring soil temperature. This, as well as our findingobserved for the Harvard Forest, Northeastern USA (Savage
that years with strong freezing periods tended to show high-and Davidson, 2001). Re-wetting of soil following a drought
est annual C@respiration rates, indicated that climatic con- period was often associated with a period of pulse soip CO
ditions during the dormant or early growing season mightemissions. The intensity of these pulses may depend strongly
determine annual soil respiration rates in temperate foresbn soil temperature (Borken et al., 1999, 2002). Our results
ecosystems. However, increased soil respiration rates matpgether with observations by Borken et al. (2002) from soil
also result from increased plant carbon assimilation and as€O; flux in the years 1998 and 1999 at forest sites at Un-
sociated litter production in the previous year. This could notterliss, Germany, further revealed that higher soil respiration
be tested since eddy covariance measurements of ecosystamates due to soil re-wetting after a prolonged drought period
CO, fluxes were only available for the years 2006—2010 anddid not compensate for the previous decrease in soil respira-
litter fall data (aboveground) are not available for all measur-tion.

ing years. Nevertheless, our data also showed a close correla- Besides, the observed reduction of soil respiration in years
tion of gross primary production and soil respiration (Fig. 10) with summer droughts at our site are supported by observa-
as e.g. found by Migliavacca et al. (2011). Temporal variabil-tions from several forest sites across Europe during the ex-
ity of N deposition, measured as throughfall, did not increasetremely dry and hot year 2003 (Yuste et al., 2005; Nikolova
the explanatory power of our models for g@uxes, which et al, 2009). In this respective year, for which soil res-
may be a consequence of already existing N saturation opiration measurements atokjlwald were missing, Europe
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200 spruce site for the years 2002-2004. Comparably high an-

co, nual fluxes (6.6 kg NO-N hal yr—1) of NO as observed for

1 Y=0.95X the Hoglwald Forest in this study were only documented for

150 | R?=0.96.n=24,p<0.001 the Speulderbos Douglas fir forest site in the Netherlands,
a site also receiving high loads of atmospheric N inputs of

approx. 40kg N hat yr—1,

Together with other studies carried out in N-affected
forests in central (Brumme and Beese, 1992; van Dijk and
Duyzer, 1999; Butterbach-Bahl et al., 2002; Jacinthe and Lal,
2004; Jungkunst et al., 2004) and northern Europe (Pilegaard
et al.,, 1999, Skiba et al., 1998) our dataset shows that at-
mospheric N deposition has obviously changed the emission

T T strength of forest soils as compared to non-N-affected tem-
50 100 150 200 perate forest elsewhere (Williams et al., 1992; Castro et al.,
Measured monthly fluxes[mg C m*h™] 1993). For example, Bowden et al. (1991) as well as Castro et
300 NO al. (1993) reported meanJ® fluxes of less than 2.5 pg-
: Nm~—2h=1 (or approx. 0.2 kg N hal yr—1) for both a pine
25°‘Y2=0-73X and a spruce-fir forest in the US, with both sites receiving
1R"=0.76,n=24,p<0.001 low atmospheric N-input of less than 10 kg Nttar—2.
200 The high fluxes of both ND and NO at our site are
most likely a consequence of high nitrogen deposition at the
Hoglwald Forest in a range of 20-35 kg NHayear ! since
more than three decades. This high N deposition has led to
elevated N trace gas emissions, a decrease of needle C:N ra-
tios (Kreutzer, 1995), accelerated forest growth (Rothe et al.,
2002) and N-cycling (Kreutzer et al., 2009; Rosenkranz et
al., 2010), and finally high nitrate leaching rates of more than
8  B&  d09 458 20B 955 508 20kg N halyr~1 (Rothe et al., 2002; Weis et al., 2006; Hu-
o 4 ber et al., 2004), which all together are signs of ecosystem
Measured monthly fluxesfjug N m~h'] N-saturation (Aber, 1992).
) ) ) Our multi-year dataset shows that occasional freeze-thaw
Fig. 9. Monthly mean measured versus monthly S|mglated sop CO 1 jIse emissions are dominating annuaiNfluxes in cer-
and NO fluxes using the best empirical relationship as presente&am years. In five out of 15 observation years the annual

in Table 5. The red line shows the linear regression of simulated L
monthly vs. measured monthly flux. Note that the green and blue'\Izo budget was significantly affected by freeze-thagON

lines represent the 95 % confidence limits for slope and expecte@miS.SionS' Linked to the met(.aorological conditions among
data point distribution, respectively. the five years, we found that in these years average annual

soil temperatures were significantly lower, and the period of
soil frost lasted at least 3—4 weeks. This is in accordance with

experienced a particularly extreme climate anomaly with€arlier publications stating that severity and duration of frost
July temperatures up to’€ above long-term means, and an- determined the strength of freeze-thaw puls©Nemissions
nual precipitation deficits up to 300 mmyk, or 50 % below  (Papen and Butterbach-Bahl, 1999; Wu et al., 2010). Teepe

100

Simulated fluxes[mg C m”h™]
z
1
[ ]

150
100

50

Simulated fluxes[ug N m'zh'1]

the average (C|a|s et a|_, 2005) et al. (2004) found that the duration of the frost periOd de-
termined the overall effect on freeze-thaw pulsgONemis-
4.1.2 NOand NO sions, which may be related to the release of nutrients due

to the dieback of soil microorganisms as well as due to the
Cumulative annual soil emissions fop® and NO varied in  physical cracking of soil aggregates and associated nutrient
arange of 0.2-3.0kg?0-N halyr-tand 6.4-11.4kgNO- release with increasing time of freezing. Our long-term mea-
N ha1yr—1 for the observation period 1994-2010, respec-surements confirm that evidently the duration of freezing has
tively. Datasets spanning entire years and providing estimatea remarkable influence on the amount ef0Nemitted during
of annual fluxes of NO and D on the basis of contin- the following thawing period.
uous measurements are scarce. The most relevant datasefThe years with highest annual 2@ fluxes of ap-
is the one of Pilegaard et al. (2006), as obtained withinprox. 3kgNhalyr—1, i.e. 1996 and 2006, pulse emis-
the EU-funded NOFRETETE project. These authors re-sions during freeze-thaw periods were contributing 88 %
ported on annual NO andJ® fluxes at various forest sites (1996) and 87 % (2006) to total annual emissions. This
across Europe, also including data for théghvald Forest  reflects the necessity of performing continuous, all-season
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Fig. 10. Correlation of monthly aggregated gross primary production (GPP) with sail 80 and NO fluxes. GPP measurements were
available from March 2006 onwards.

measurements of /D fluxes over multiple years in order conclusion is further supported by the modeling study of De

to obtain a more realistic estimation of monthly and annualBruijn et al. (2009). The observation that soil €@missions

fluxes. The data base obtained by short-term continuous meaturing such periods were also slightly increased (Fig. 3) con-

surements — even if performed at different season — mayirms measurements of Wolf et al. (2010) in steppe ecosys-
lead to a significant under- or overestimation of the trace gagems that indeed not only denitrification but also microbial

source strength of soils. Therefore, there is a need for a newctivity is generally increased during freeze-thaw periods.

type of monitoring network which aims at the measurement

of biosphere-atmosphere exchange over multiple yearsinorg 1 3 cp,

der to get more reliable estimates of trace gas exchange for a

lar_?ﬁ;?rl:]n;gs;g(f::'ﬁspifggssnigg?gf(;‘Sr?nzlsfre(xgzr_fhaw pe_In the year 2000, Smith et al. sgmmarlzed re_sult_s of an Ep
. ) : project on measurements of soil methane oxidation rates in
riods as major determinant of the annual exchange @ N

nmark rmany, Norway, Polan weden, and the UK
has also been demonstrated for other ecosystem types su I%e ark, Germany, Norway, Poland, Sweden, and the UK,

fncluding not only agricultural land, peat bogs, and moor-
as temperate grasslands (e.g. Wolf et al., 2010) or arable sys- L ’
tems (Teepe et al., 2001; Koponen et al., 2004; Kurganov?and but also forest and woodland soils. Compared to other

X Fand uses, temperate forest soils showed the highegt CH
et al., 2004; Matzner and Borken, 2008). The most likely ex'uptake rates (up to 150 ug GHC m~2h~1). Nevertheless,

plgr)at|qn of freeze—thaw pu_l;e emissions, which were IargeIyrates of atmospheric Cfbxidation for European forest soils
driving inter-annual variability of MO fluxes at Hglwald

o e e . were varying widely in a range of 1-165 pug g8 m2h—1
F(.)rest,. IS mcreasgd m|crob'|al acjuwty |n'vx{ater-sat.urated SOIIS(Ambus and Christensen, 1995; Borken and Brumme, 1997;
with microbes being supplied with sufficient easily degrad- utterbach-Bahl et al. 1998° Brumme and Borken. 1999
able C af‘d N s_ubstrates due_to the dlebacl_< of the mlc_r_obl orken and Beese, 2006). Some rather acidic forest soils
community during the preceding freeze period (De Bruijn et.

) . in Germany with pH values of the organic layer below 4.0,
al., 2009, V.VOh.( etal, 2.010)' Our _obser\./a_'uon_ thatOy buF . as found at the Solling site in central Germany (Borken and
not NO emissions (which are mainly originating from nitri-

fication (Conrad, 1996), are elevated certifies that denitrifi-Brumme’ 1997; Brumme and Borken, 1999), showed rather

gt _ —2 -1
cation is the main driver of elevatecb® emissions during low oxidation rates of approx. 10-20 ug G m—=h,

freeze-thaw periods rather than nitrification. In these period which is in line with the low Cli oxidation rates found
o P j >S€ PENOUS,, the acidic and N-deposition-affected soils at our site
nitrification seems to be closely coupled to denitrification,

: 8.7 ug CH-Cm~—2h~1). Brumme and Borken (1999) hy-
as was already pointed out by Papen and Butterbach-Bah(I:L . . I s
(1999), and Né groduced by zitrifigation did not escape tOpotheS|zed that the reduction of gbixidation rates in highly

acidic soils was partly due to a reduction in bioturbation by

the atmosphere but got further reduced by denitrification O il fauna. Consequently organic material, inactive with re-

N->O (and possibly B) in the water-saturated top soil. This gard to CH, oxidation (Butterbach-Bahl and Papen, 2002)
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may accumulate at the soil surface and a more compact minpositive relationships between temperature and soil, CO
eral soil may develop, hampering GHdiffusion to the sites fluxes were in agreement with numerous field studies that
of microbial CH; oxidation. had documented a strong relationship between them for dif-
Another reason for reduced rates of £hptake by for-  ferent temperate forest sites (Saiz et al., 2007; Graf et al.,
est soils is that many forest ecosystems in Europe have ex2008; Wu et al., 2010; Wang et al., 2010) and could be
perienced increased atmospheric nitrogen input for severatéxplained by stimulation of the biological activity of au-
decades. Nitrogen deposition has resulted in the acidificatotrophic (roots; Bouma et al., 1997) and heterotrophic or-
tion and eutrophication of many forest soils and triggeredganisms (microbial communities and soil fauna) by temper-
changes in plant and soil microbial community composi- ature.
tion as well as in soil chemistry (Butterbach-Bahl et al., Inthe frame of a 15-months study at a Norway spruce for-
2011). Chan et al. (2005) performed 8-year-long measureest in the north of Zealand, Denmark (Elberling et al., 2005),
ment of soil CH exchange in a temperate deciduous forestCO;, efflux correlated well with near-surface soil tempera-
in northwestern Pennsylvania and found that in situ atmo-ture. This was in line with our finding that soil respiration
spheric CH uptake rates had been reduced by 35% afterwas more closely correlated to temperature measurements in
8 years of N amendments (100 kg NHar—1). The result  the organic layer than to temperatures measured in deeper
confirmed the suggestion made by Castro et al. (1993) thasoil layers. Comparable results were also found by Borken et
soils in ecosystems receiving high N-deposition were likelyal. (2002) for mature beech, spruce and pine stands at both
to exhibit higher NO emission and lower CHuptake com-  Solling and Unteiiss, Germany. Exponential functions, as
pared to soils in ecosystems receiving lower N-deposition.also used in our study, were employed to describe the re-
Comparable results were also obtained by the metadata andhitionship between soil respiration and soil temperature in
ysis by Liu and Greaver (2009), who estimated the detrimen-many studies before (e.g. Wang et al., 2006; Jacinthe and
tal effects of reactive nitrogen ¢(Naddition to forest soilson Lal, 2004; Borken et al., 2002; Bagherzadeh et al., 2008; Pi-
CH, uptake as 0.016 0.004 kg CH-Chalyr—! for non-  legaard et al., 2006).
agricultural ecosystems per 1kghi1yr—1 being added The influence of soil moisture on soil respiration was more
to the ecosystem. Theddlwald Forest soil received annu- variable. In general, gas transport within the soil cannot be
ally approx. 20-30kg atmospheric N deposition and had aan important constraint for soil CAlux, since soil fluxes are
mean annual ClHuptake rate of 1.82kg CHC ha lyr—1, mostly the result of production processes in the highly porous
This suggested reduction of the annual uptake rate of 0.34itter humus and uppermost mineral soil (Borken et al., 2002;
0.5 kg CH;-C per year or a reduction of more than 20 % as Subke et al., 2003; Elberling et al., 2005). In fact, soil water
compared to a situation assuming zero atmospheric N infimitation of the CQ production appears mainly under se-
put. This value is close to the N assessment study on forvere drought conditions which could be best explained by
est soil CH uptake by Bowden et al. (1991) and Steudler eta reduction in the temperature-insensitive basal respiration
al. (1989), who found that fertilization of a pine forest soil rate, with no discernible effect on the temperature sensitivity
with 37kgNhalyr-1 as NHyNO;3 resulted in a 24% re- (Davidson et al., 2006; Epron et al., 2004). However, a no-
duction of CH, uptake rates as compared to untreated plotstable finding for our site is that maximum soil respiration oc-
The effects of N inputs on the GHoxidation capacity of curred under wet and warm environmental conditions. This
soils are complex. The inhibiting effect of ammonium has was specifically remarkable when monthly soil temperatures
been ascribed to a stimulation of ammonia-oxidizing bacte-increased to values-8°C and explained why more than a
ria, allegedly at the expense of @idxidizing bacteria, al- half of the annual soil C®emission occurred from June to
though the mechanisms involved in this competition are un-September. Our observation is in line with observations at
clear. An alternative explanation for persistent effects of am-other temperate forest sites in Europe (Pilegaard et al., 2006;
monia could be that the competitive inhibition of methane Saiz et al., 2007; Graf et al., 2008).
monooxygenase by ammonia is sufficient to kill a substan-
tial proportion of the CH-oxidizing bacteria (Smith et al., 4.2.2 CH,

2000).
Monthly mean CH fluxes at our site correlated only weakly
4.2 Soil moisture and soil temperature control on flux with soil moisture (negative) and soil temperature (posi-
rates tive). Also in other studies, such as the work of Borken et
al. (2006), only weak correlations were found between tem-
421 CQO peratures and forest soil Ghiptakes, as long as temperature

ranged between 5 and 1Q (Castro et al., 1995). However,
Our observations spanning several years showed sigthe missing correlation of CHuptake rates at thedglwald
nificant positive correlations between monthly mean Forest site to changes in soil moisture is somewhat surpris-
fluxes of CQ and soil temperature, whereas changesing, especially since it is widely accepted that the diffu-
in soil moisture were of minor importance. The strong sivity of soils is a primary controller of CiHuptake rates.

www.biogeosciences.net/9/1741/2012/ Biogeosciences, 9, 1I783-2012



1758 G. J. Luo et al.: Decadal variability of soil CG;, NO, N2O, and CHg4 fluxes

For example, Borken et al. (2006) showed that soil moistureWFPS for a clay-dominated soil texture at a beech forest site
strongly controlled the uptake of atmospheric methane, sincén Austria. In this respect the value found at our site, with a
at higher soil moisture values diffusion of methane into theloamy clay soil, is well within the range of reported values.
soil was limited. Castro et al. (1994) even used soil moisture

alone as a predictor of methane uptake in temperate fores{ 2 4 Trace gas ratios

soil at Harvard Forest.

Figure 8a shows that the dominant environmental factor af-
fecting the ratio of NO to MO emissions was soil mois-
ture rather than soil temperature, especially for conditions
with soil temperatures-10°C and soil moisture values26
vol%. For such conditions NO emissions were typically

4.2.3 NO and NO

For the spruce site at dglwald Forest, NO emission in-
creased exponentially with soil temperature. This is in line

with results of others who found exponential relationshipshigh’ since soil aeration and, thus, oxidative microbial pro-

?etv:/es\?”.so'l N? f||UXi$S)9a8r.ldRSOII|| teTp(Iaraztl(J)Bels for ag:;cw'cesses such as nitrification were favored. On the other hand,
fura; (Wi |ar.r|13 ?/ a.lé)"k ’dlvcl)e. €e 2001 S %.azl\t/)ve has the NO:NO ratio shifted toward MO at high soil water
or forest soils (Van Dijk and Meixner, » SCNINGIDACNET o, ant as well as high or low temperature, without reveal-

et al., 2004). The strong temperature response of soil NQng a distinct pattern. However, annual NO emissions at our

ﬂ?xis.f?t ;)_ur snethmay not ogly b.e due 10 th? ;t(l)mulagon sites were always approx. one order of magnitude higher than
or hitrification as the assumed main process o Producy, o emissions (Fig. 2), indicating that N trace gas emissions
tion at our site (Gasche and Papen, 1999), but may also b

lained by i . ibuti £ NO production b &t our site were primarily driven by nitrification rather than
explained by increasing contributions o production by by denitrification as already pointed out earlier by Gasche

chemo-denitrification in the acidic organic layer (pH of forest and Papen (1999) and Papen and Butterbach-Bahl (1999)
floor <3.2) at in_creasing 'Femperatures (Kesik et _al., 2005)' The contour plot showing the combined effect of soil
In algrieggg.ngwgz_othe(rjfgld. ?]ndz(l%tic.)rgtohry jltll;dl?]s (Sm'tlhtemperature and moisture on the £80 emission ratio
etal, ; Dobbie and Smith, ; Schindibacher et a'(Fig. 8c) indicated that both gases were controlled in the

2004), which reported that not only nitric oxide but also ni- same way by changes in temperature and moisture. Even

trous oxide emissions increased exponentially with soil tem-though magnitudes of both fluxes were different by a factor

p_eratqre, also our Iong-tt_e:lm d_z:rt]atset shovtvs ”?? Iﬁmls-th of 1000 the C@:NO correlation showed that NO production
sions Increase exponentially with temperature It reeze-thaw, , o pissjon at our site was closely coupled to the microbial
periods are excluded. The exponential relationship dimin-

; ; . . mineralization of organic matter and subsequent nitrification
ished in some years (data not shown) due to soil moistur

limitation of microbial activity and MO production in soils 'of mineralized N.
during summer time. o . )

Due to the hypothesized main production process for soi*-3 Empirical models to describe soil GHG fluxes
NO emissions at our site, i.e. nitrification, soil moisture may
both hamper and stimulate emissions. Soil moisture limita-4.3.1 CQ
tions for NO production can be expected if soils are too dry,
thereby restricting substrate (IS[Bi diffusion to micro-sites  For the Higlwald Forest spruce site soil respiration rates at
with microbial activity and exposing soil microbes to water weekly or monthly scale could be successfully approximated
stress. On the other hand, if soils are too wet, which results ifrom prevailing soil moisture and temperature values. Using
increased anaerobiosis, NO production may decrease due ¥WFPS and soil temperature as parameters, we were able to
oxygen deficiency or NO produced by microbes may alreadyexplain approx. 57-59 % of variation in daily, weekly and
be further reduced in the soil profile tox® by denitrifying monthly soil respiration rates. This result is consistent with
microorganisms (Skopp et al., 1990; Cardenas et al., 1993findings for other forests. For example, based on two years
Gasche and Papen, 1999; Roelle et al., 2001). Maximunof measurements of soil respiration at six temperate forest
soil NO fluxes were often observed at low to medium wa- stands (mature beech, spruce and pine stands) in Germany,
ter content (Pilegaard et al., 2006; Wu et al., 2010). LudwigBorken et al. (2002) found that soil temperatures at 5cm and
et al. (2001) suggested an optimum at approximately 20 %10 cm depth were able to explain 83 % of the temporal vari-
WEFPS. In contrast, maximum NO emissions were reported aation in soil respirations. Similar results were also reported
WFPS between 43 %—85 % by other studies (Gasche and Pdy Subke et al. (2003). In their open dynamic chamber sys-
pen, 1999; van Dijk and Duyzer, 1999). In our study the soiltem measuring the soil COflux intensively and continu-
moisture optima for NO emissions ranged from 20-24 vol % ously throughout a growing season in a mature spruce for-
or 33-39 % WFPS. Schindlbacher et al. (2004) compared thest in Southern Germany, soil temperature alone explained
optimum soil moisture for NO production at different forest 72 % of the variation in the flux rate, and including soil wa-
sites across Europe and found a wide range from 15 % WFP&r content as an additional variable increased the explained
for sandy textured soils of the Po floodplain, Italy, to 65 % variance to about 83 %.
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Mariko et al. (2000) and Davidson et al. (2000) pointed periods for the calculation of regression equations, the em-
out the limitation of using a simple temperature function pirical relations of NO fluxes with soil moisture and soil
from one soil depth (5cm in the present work) to describetemperature were able to explain up to 36 % of the observed
CO, production by microbial mineralization activity and root temporal variation of MO fluxes at weekly and monthly time
respiration throughout the profile due to the heterogeneityscales. This rather low predictive power showed that sim-
of substrate availability as well as temperature and mois-ple regression models using measured soil environmental pa-
ture gradients. Splitting the temperature response into severabmeters hardly work to simulate soib® fluxes. This was
components to represent the flux contribution from differentclearly due to the complexity of processes involved in the
soil layers is one step towards a better understanding of theoil surface emission of 20, which included not only aero-
origin of CO, within the soil and temporal fluctuations of soil  bic (autotrophic and heterotrophic nitrification, nitrifier den-
CO, efflux. However, doing so would also increase the nume-itrification) and anaerobic (denitrification, dissimilatory ni-
ber of parameters in a regression model, thus requiring morérate reduction) microbial production processes but also pos-
data points to yield a significant regression result (Draper angible N;O consumption (Baggs, 2008; Conen and Neftel,
Smith, 1981). Despite sufficient data obtained in our study,2007). Inclusion of gross primary productivity and specifi-
it was not possible to further improve simulation results by cally of N deposition as measured in the throughfall signifi-
including soil temperature measurements from different soilcantly increased the predictive power of our empirical model
depths, since the temperature measured at a depth of 5cat monthly time scale, demonstrating a close link on the one
alone was adequate to describe observed variations gf COhand between C and N cycling at our site and the importance
fluxes at the soil surface, as reported by Subke et al. (2003)0of N deposition as driver of actual soil,® emissions (De-

At monthly time scale inclusion of gross primary produc- nier van der Gon and Bleeker, 2005).
tion as an additional variable strongly increased the predic-
tive power of our empirical model (see also Fig. 10). This 4.3.3 Comparison between temporal scales, trace gas

further confirms earlier reports on the importance of plant fluxes, samplings

C fixation for actual soil respiration @jberg et al., 2001;

Migliavacca et al., 2011). In our study we evaluated the performance of regression
models from daily to annual time scales. However, for longer

4.3.2 NO, NO and CHg4 time periods, such as three months, six months or entire

years, correlations deteriorated or even disappeared. Only

With regard to NO a multiple linear regression including soil daily, weekly or monthly regression models were meaning-
moisture and soil temperature as parameters explained aful, at least for NO and C@ This is in line with results
most 33 % of the observed variation of weekly aggregatedrom the study by Pilegaard et al. (2006), who failed to un-
NO emission rates. At monthly scale, variations in soil mois-ravel any significant relationship between soil temperature
ture and soil temperature explained up to 53% of tempo-and N.O emission at annual scale for a series of investigated
ral variations in soil NO fluxes. Against our expectation, forest sites across Europe. The question, whether accuracy
the inclusion of N deposition as measured in the through-of flux prediction (for example BD) could be increased by
fall did not result in improved regression models at monthly examining relationships between fluxes and environmental
scale. Significantly higher values were only obtained if standparameters at larger spatial and temporal scales, was also as-
gross primary production was considered for model developsessed by Groffman et al. (2000). They compared relation-
ment. The positive link between soil NO fluxes and gross pri-ships between annual rather than hourly or daily fluxes and
mary production may be related to root exudation and stimu-ecosystem-scale variables such as soil types and annual cli-
lated soil microbial decomposition and nitrification activity, mate rather than field-scaled variables such as soil moisture
though such a mechanism needs further exploration. and temperature. They found that there were coherent pat-

For CH, fluxes the dominant controlling variables at terns in annual MO flux at the ecosystem scale for forest,
monthly time scale were soil moisture and temperature cropland and rangeland ecosystems, but that ecosystem-scale
though the correlation remains weak. The main active zonecontrols of NO fluxes varied within and between regions
for CH4 oxidation at our site (Butterbach-Bahl and Papen,and only emerge with continuous — at least daily — flux mea-
2002) as well as temperate forest sites (Smith et al., 2000yurements over multiple years.
is located in the mineral soil (approx. 10—20 cm soil depth).
Therefore, if soil layers may get water-logged following rain-
fall events or snow melt at various times throughout the year5 Conclusions
gas diffusion may get limited and thus reduces,Glgtake
activity in the respective layer. Fluxes of trace gases were measured with automated static or

Due to freeze-thaw effects on,® fluxes, regressions dynamic chamber systems at an approx. 100yrs old spruce
based on the entire dataset of the present work yieldedorest site in subdaily resolution (hourly/2-hourly) between
no meaningful correlations. After excluding the freeze-thaw 1994 and 2010. Our dataset represented the most complete
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