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Abstract. Spring time nitrous oxide (pD) emissions from  imately 6% of the radiative forcing of all greenhouse gases.
an old beechRagus sylvaticd..) forest were measured with In addition, NO takes part in ozone depleting reactions in
eddy covariance (EC) and chamber techniques. The aim wathe stratosphere. An atmospheric life time of 120 years and a
to obtain information on the spatial and temporal variability global warming potential of about 300 times higher than that
in N2O emissions and link the emissions to soil environmen-of carbon dioxide, in 100-years time horizon, makeNan
tal parameters. MeanJ® fluxes over the five week measure- important factor in the global climate system (IPCC, 2001).
ment period were 5:61.1, 10t1 and 16:11ugNm2h~t Forest soils are a source ohb® to the atmosphere but
from EC, automatic chamber and manual chambers, respeghe source strengths of different forests are still uncertain.
tively. High temporal variability characterized the EC fluxes Annual emissions range from near 0 to 20 kg ofONN per
in the trunk-space. To reduce this variability, resulting mostly hectare, depending on atmospheric N deposition, forest type
from random uncertainty due to measuring fluxes close toand management practices (Schmidt et al., 1988; Tietema et
the detection limit, we averaged the fluxes over one day perial., 1991; Papen and Butterbach-Bahl, 1999; Bowden et al.,
ods. The variability in the chamber measurements was muct2000; Beier et al., 2001). Several soil physical, chemical
smaller and dominated by high small scale spatial variability.and biological factors and their interactions control micro-
The highest emissions measured by the EC method occurregial N,O production in the soil. In forest ecosystems the
during the first week of May when the trees were leafing andkey factors regulating pD emissions are soil moisture, tem-
the soil moisture content was at its highest. If chamber techperature, and nitrogen availability (Butterbach-Bahl et al.,
niques are used to estimate ecosystem ley€® Bmissions  2002; Schindlbacher et al., 2004; Papen and Butterbach-
from forest soils, placement of the chambers should be conBahl, 1999). Increase in soil moisture, temperature or the
sidered carefully to cover the spatial variability in the soil availability of mineral nitrogen usually stimulates soil mi-
N20 emissions. The EC technique, applied in this study, iscrobial processes and consequentjONoroduction.
a promising alternative tool to measure ecosystem ley€l N High spatial and temporal variability characterizesON
fluxes in forest ecosystems. To our knowledge, this is theemissions from different ecosystems and makes it challeng-
first Study to demonstrate that the EC technique can be Usemg to re”ably estimate the i‘q) emissions on ecosystem
to measure RO fluxes in the trunk-space of a forest. level (Ambus and Christensen, 1995; Christensen et al.,
1996; Weitz et al., 1999; Ishizuka et al., 2005). This spatial
and temporal variability results from small scale differences
or changes in the substrates for microbialNproduction,
such as nitrate, ammonium and organic material contents. In
¢ forest ecosystems one source for the variability }ONemis-
sions is the death and decay of fine roots, a process that in-
greases the availability of nitrogen and carbon substrates for
the soil micro-organisms (Silver et al., 2005).
Correspondence tayl. Pihlatie The most commonly used technique inp@I emis-
(mari.pihlatie@helsinki.fi) sion measurements is the closed chamber technique (see

1 Introduction

Microbial activity in soil ecosystems is the major source o
nitrous oxide (NO) to the atmosphere. Nitrous oxide acts as
a greenhouse gas in the troposphere accounting for appro

© 2005 Author(s). This work is licensed under a Creative Commons License.
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e.g. Papen and Butterbach-Bahl, 1999; Schulte-Bisping aneveek campaign pD emissions were measured with manual
Brumme, 2003). It has the advantages of being relativelyand automatic chambers, and using the EC technique in the
easy and inexpensive to use, and it is especially appropriateunk-space of the beech forest. To link thgONemissions to
when soil fluxes are related to the chemical and microbiolog-environmental parameters, soil extractable mineral nitrogen
ical factors of the soil in small scale. However, soil cham- content, soil temperature and soil moisture, and meteorolog-
bers are prone to problems such as: possible modification aftal parameters were also measured.

the flow at the soil-air interface, un-representativeness of the

sampling places, and the disturbance of the chamber collars

to the soil ecosystem (see e.g. Hutchinson and Livingston? Materials and methods

2001; Pumpanen et al., 2003; Savage and Davidson, 2003).

As opposed to the chamber techniques the micrometeorolog2.1  Site description

ical techniques do not disturb the soil and the fluxes are in-

tegrated over a large source area giving a tool for ecosysterihe experiment was conducted in Denmark in the forest
level flux measurement. Similarly to the automated cham-Lille Baggeskov (Small Beech-forest) near Sorg on the is-
ber measurements the micrometeorological techniques arand of Zealand (529 N, 11°39 E). The forest is located
often operated continuously and hence give information onin a flat terrain and covers about 1.5 square kilometers of
the temporal variability in the fluxes. mainly of 82 year old beech~agus sylvaticd..) trees. Ap-

The most direct micrometeorological flux measurementproximately 200 m on the south-east of the measurement site
method, the eddy covariance (EC) method, relies on the meahere is a small plantation of Norway sprudeidea abies
surement of variations in vertical wind velocity and trace gas(L.) Karsten). The campaign period extended from 2 May
concentration above the source surface with high time resto 5 June 2003. The average tree height of beech trees is
olution (see e.g. Baldocchi, 2003). The EC method is rou-25m and trunk diameter is 38 cm, and the stand density is
tinely used to measure fluxes of for example carbon dioxideabout 283 stems ha (Pilegaard et al., 2003). Total Leaf
(COy) and water vapor (kD) above vegetation canopies. It Area Index above the measurement height was %.2n?
has recently also been adopted for trunk-space measuremeras 26—27 May 2003, as measured with an LAl 2000 Plant
of COy, H20 and NO fluxes (e.g. Yang et al., 1999; Con- Canopy Analyzer (LI-COR, Lincoln, Nebraska, USA). The
stantin et al., 1999; Wilson and Meyers, 2001; Rummel etsoil in the area is either Alfisol or Mollisol according to the
al., 2002; Tang et al., 2005). The sub-canopy measurementdmerican Soil Taxonomy system, and it has a pH of 4to 5
require steady state conditions, no sources or sinks betweesnd a 10—40 cm deep organic layer with a C/N ratio of about
the soil surface and measurement height, and an extendeD in the upper organic layers and about 10 in the lower min-
level and horizontally homogeneous upwind fetch (Baldoc-eral layers. A detailed description of the site is given in Pi-
chi and Meyers, 1991). According to Wilson and Meyers legaard et al. (2003), and the placing of soil chambers, EC
(2001) the variability of measured fluxes on short time-scalesmeasurement system and soil sampling places are shown in
(~1h) results mostly from statistical random errors due toFig. 1.
single measurement point and finite sampling period. How-
ever, the long-term>1 day) variation of the fluxes is less 2.2 Eddy covariance measurement system
prone to these sampling errors.

Simultaneous EC and chamber measurements 8 N The eddy covariance (EC) measurement system consisted
fluxes have been conducted on agricultural grassland ecosysf an ultrasonic 3-D anemometer (Solent 1012, Gill Ltd.,
tems, but data from forest ecosystems is lacking (Smith eLymington, Hampshire, England) and a tunable diode laser
al., 1994; Christensen et al., 1996; Laville et al., 1997). The(TDL) trace gas analyzer (TGA100, Campbell Scientific
spatial variability of MO emissions from forest ecosystems Inc., Logan, Utah, USA). The TDL system consists of a
has only been addressed using chamber techniques (Ambugmperature and current controlled single mode diode laser,
and Christensen, 1995; Butterbach-Bahl et al., 2002). To outuned to an infra red pD absorption band, mounted in a lig-
knowledge, this is the first study to compare EC and chambetid nitrogen dewar. Concentration measurement is achieved
technigues to measure;® fluxes from a forest floor. The by passing the infra red laser beam through an absorption
aims of this study were 1) to obtain information on the spa-tube to the sample and reference cells. The reference gas
tial and temporal variability of BO fluxes, and 2) to link the (2000 ppm NO) is drawn through the reference cell under
variability in NoO emissions to soil environmental parame- same temperature and pressure conditions as the sample air
ters. in the sample cell.

The measurements took place during the five week field The sonic anemometer and the inlet of the TDL were
measurement campaign FOXNOTE (Forest Oxidized Nitro-situated below the forest canopy at 3.0m height (Fig. 2).
gen Transport Experiment). The experiment was part of theThe sample air was drawn to the TDL analyzer with a
EU project NOFRETETE and took place in an old bededr (  Busch rotary-vane pump (RB0021-L) via a diffusive dryer
gus sylvatical..) forest in Sorg, Denmark. During the five (PD1000, Perma pure Inc.) to remove excess water vapor

Biogeosciences, 2, 37387, 2005 www.biogeosciences.net/bg/2/377/
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Fig. 1. Site map of the beech forest Lille Bageskov. Black open cir-
cle in the origin represents the eddy covariance mast, black circles
the manual chambers, black square the automatic chamber, grey —

triangles the soil sampling places, and open squares the two mea-, 2 Sch i . f the edd ) EC
surement towers and measurement buildings at the site. Grey Iine'é'g' - Schematic p_resentatlon of the eddy covariance (EC) mea-
urement system with 3-D anemometer and a TDL analyzer. Ar-

around the site represent the footprint areas from which 50% (atS . L :
15m) and 85% (at 60 m) of the4D fluxes originate. Arrows indi- rows represent the sample and purge air flow directions in the mea-
cate prevailing wind directions during the campaign surement system and the line thickness expresses the inner diameter

of the tubing.

that could infer the analysis. Total flow rate of the air en- ) ) ) )
tering the dryer was 17 | mirt, from which the sample flow all signals were linearly de-trended prior to flux calculations.

was 141mirr® and the purge flow was 31mit, adjusted The lag-time due the residence time of the sample air in the
with a needle valve and a flow meter attached to the botton{nl€t tubing was determined using covariance function be-

of the dryer, respectively. Sample air leaving the dryer wastween the vertical wind speed and® concentration signals.
directed to the TDL analyzer via a 10 m long Teflon tubing However, as the fluxes measured were close to the detection

with i.d. of 4mm. The total volume of the inlet system was lImit of the system, the lag-time was not obtained separately
approximately 0.241 and that of the sample cell 0.481. Thefor each half-hourly averaging period. Instead, an average
residence time in the sample cell was approximately 0.1 s/ag-time for the whole period was calculated by averaging
During the measurement period, pressure inside the samplgfvariance functions from longer periods. The lag-time ob-
cells was kept at approximately 70 mbar and the measuret@ined by this method was two seconds and did not change
ments were conducted at 10 Hz frequency. The TDL Wasmark_edly during the measurements. Th(_a lag-time obtained
calibrated once during the measurement period using zer$/@s in the range of the one calculated using the sample flow
and span (290.3 ppb0) calibration gases. and volumes of the inlet tubing and the sample cell. The

Laurila et al. (2005) used the same system for mef:lsurinﬂzomiler averages of the covariance function as well as the au-
methane emissions from a municipal landfill. They found tocovariance function of the2D concentration behaved in a
the measurement system to have a good high frequency rémilar way than reported by Wienhold et al. (1994).

sponse with half power frequency of 1.6 Hz and high fre- Since trunk-space EC measurements lack a standard cri-
quency loss of 6% above an open area at the measuremel@rion for removing low turbulence periods, such dscti-

height of 2.5 m. terion used for above canopy measurements, we filtered the
flux data using a criterion for standard deviation of vertical
2.3 Eddy covariance data processing wind speed. All the measurements with standard deviation

of vertical wind speed less than 0.07 mswere discarded
The vertical flux of the MO is calculated as the covariance from further analysis. In these situations the EC-method
between the vertical wind velocityy) and the NO concen-  is not applicable as the turbulent mixing is not sufficient.
tration. Averaging time for flux calculations was 30 min and This threshold limit was found suitable for trunk-space EC

www.biogeosciences.net/bg/2/377/ Biogeosciences, 2,38772005
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measurements of carbon dioxide at a pine forest site in Finmeasurements were conducted with an automated gas sam-
land (Launiainen et al., 2005) and also at the site of this studypling system (UIT, Dresden, Germany). A 10 cm high stain-
(data not shown). The data filtering removed approximatelyless steel collar covering an area of .7 n? was pushed
78% of the night time (22:00-08:00) data points and about5 cm into the soil. During a chamber measurement the collar
35% of the day time (08:00-22:00) data points. During thewas sealed by a 10cm high chamber box sliding automat-
first two weeks of the campaign less data was lost than durically on the collar. During one enclosure three gas sam-
ing the rest of the campaign when on occasional days almogbles were taken at 40 min intervals. The automatic chamber
all of the night time data was removed due to low turbulence.was operated in three hour intervals during 7 to 14 May, and
The Lagrangian stochastic trajectory calculation proce-thereafter twice a day. All chamber collars had been in place
dure (Thomson, 1987) was used for estimation of flux foot-at least 16 weeks prior to the campaign. The gas samples
print functions. The simulations were performed releasingfrom both manual and automatic chamber systems were in-
3x10* particles from the ground and followed until the up- jected to 3.5 ml pre-evacuated glass vials (Venofxtsn-
wind distance from the observation point accounted overil analysis by a Shimadzu gas chromatograph 14B (Shi-
99% of the total flux. A one and half order closure model madzu, Kyoto, Japan) equipped with an Electron Capture
for neutral stratification by Massman and Weil (1999) was Detector, and an automatic headspace sampler (Mikrolab,
used to parameterize flow statistics within the canopy. A de-Arhus, Denmark). The detection limit for the chamber mea-
tailed description of the model used is given by Markkanensurements during the measurement period was estimated as
et al. (2003) and Rannik et al. (2000). 2ugNm—2h-1,
According to the footprint analysis, the area contributing
85% to the EC flux lies within 60 m from the EC mast, and 2.6 Soil measurements
the area contributing 50% to the eddy flux lies within 15 me-
ters around the measurement mast (Fig. 1). Soil samples were collected on daily basis from 6 to 14 May
and thereafter twice a week. The samples were collected
2.4 Flux detection limit of the eddy covariance system from the top 10 cm layer with a 2.5cm diameter soil core;
six samples from the area close to manual soil chambers,
The detection limit of the EC measurement system dependand six samples from an area adjacent to the EC measure-
on the signal noise of the TDL instrument () and the stan-  ment system (Fig. 1). In total 12 soil samples per each sam-
dard deviation of vertical wind speed {) at the observation  pling day were obtained and frozen on the day of sampling.

level. Flux detection limit¢,) was calculated as The soils were melted at +& and sampled for gravimet-
OO, ric soil moisture (10%5C; 24 h) and soil extraction with 1M
%= g (1)  KCI (1:5wvol~1). Soil extracts were immediately frozen

and later analyzed for nitrate (N@and ammonium (Nbg)
where T is the averaging time and f the measurement frewith aBran+Luebbe AutoAnalyzer 3 System (Bran+Luebbe,
quency. The noise level of TDL for 2D (o.)has been esti- Norderstedt, Germany). In the field, soil temperature at 2
mated to be 1 ppb, and the typical standard deviation of verand 10 cm depths (Pt-100, Risg National Laboratory, Den-
tical wind speedd,,) below forest canopy at 3m height is mark) and soil volumetric moisture content at 10cm (TDR,
about 0.15m<s!. For a 30 min averaging period with 10Hz ThetaProbe ML2x, Delta-T) were measured continuously.
measurement frequency the detection limit of thegONlux
(o) at Sorg measurement site is 4GNm2h~1. For 2.7 Statistical analysis
daily mean values of pD emissions, the detection limit de-

creases to approximatelydg Nm=—2h1. Difference between the daily mean fluxes measured by the
automatic chamber and the EC were tested during one week
2.5 Soil enclosure measurements period (7 to 14 May) when the automatic chamber was oper-

ated every three hours and hence produced up to eight mea-
Enclosure measurements were conducted with six manuaurements per day. Separate comparison of the daily mean
static chambers and one automatic static chamber locateBHC data and the daily mean chamber data was conducted
north to north-west from the EC mast (Fig. 1). The manualduring two separate days, 7 and 15 May, when both auto-
static chamber collars, made of 30 cm diameter and 15 crmatic and manual chambers were operated. The EC data was
long PVC pipes, were pushed ca. 5cm depth into the soilsorted to night (22:00-08:00) and day-time (08:00-22:00)
giving a headspace volume of 7.18mAt the time of gas  data, and separately to wind direction sectors each sector
sampling the chamber collars were closed with Perspex lidsovering 45 degrees (see Fig. 1). The tests of significance
equipped with butyl rubber stoppers. Four gas samples weref differences between mean fluxes were performed either
taken at 20 min intervals from the headspace by syringe andising a parametric T-test for independent samples or a non-
needle through the stopper. The manual chamber measur@arametric Kruskal-Wallis test (SPSS 12.01, SPSSInc.). The
ments were conducted on weekly basis. Automatic chambePearson correlation analysis was used to test dependencies

Biogeosciences, 2, 37387, 2005 www.biogeosciences.net/bg/2/377/
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Table 1. Mean, median, minimum and maximump@® emissions, and the coefficient of variation in the daily averaged eddy covariance
(EC), automatic chamber and manual chamber measurements.

Method NoO flux pgNm—2h~1 CV%?, CV%,
Mean Median Min Max dail9 whole period
EC daily mean 5.3 42 -08 203 310 257
Auto chamber 10.0 9.2 0.2 29.4 43 45
Manual chambers  16.0 84 —-43 935 138 148

& CV%, Coefficient of Variation = (stdev/mean)100%

b Mean of all daily coefficients of variation. Daily CV% for the EC includes 3-44 half-hourly flux values per day, automatic chamber
includes 5-8 flux values per day (7—14 May), and manual chambers includes 7 flux values from the 7 chambers per day (6 manual chamber:
and 1 automatic chamber).

¢ Mean of the CV% over all measurements

between NO fluxes and soil ammonium, nitrate and mois- Temporal variability in the automatic chamber measure-
ture contents. ments was smaller than that of the EC measurements. The
daily coefficient of variation in the automatic chamber data
was on average 26% during 7 to 14 May and on average 50%
thereafter. NO emissions measured by the automatic cham-
ber peaked on 12, 18, 25 and 28 May with a maximum daily
. o o emission of 17.t.gNm~—2h~1 on 28 May (Fig. 3b). The
3.1 The magnitude and variability of® emissions emissions with manual soil chambers ranged from small neg-
ative fluxes to the maximum of 93ig N m—2h~1 on 7 May.
Average NO emissions measured with the EC, auto- Spatial variability between the chambers was higher than the
matic chamber and manual chambers during the meatemporal variability within the chambers. The temporal co-
surement period 2 May-5 June were 5161, 1Gt1 and  efficient of variation, calculated as the mean of the coeffi-
16+11ugNm-2h~1, respectively (Table 1). The 10% and cients of variation for a single chamber, was 101%, whereas
90% percentiles were-6.9 and 19.4gNm2h~1in the  the spatial coefficient of variation, calculated as the mean of
half hourly EC data, 6.0 and 15.@Nm~2h~' in the au-  daily coefficients of variation between the fluxes measured
tomatic chamber data and1.5 and 36.ugNm~2h~tin  py different chambers, was 138% (Table 1). One out of
the manual chamber data. Variation i@(NﬂUXGS over the six manual chambers gave Constanﬂy h|gher emission val-
whole measurement period, expressed as coefficients of varizes than the other five. If the data from this “hot spot” soil
ation, was approximately six times higher in the EC data tharchamber was excluded the averaggONemission over the

in the automatic chamber data, and two times hlgher in thGNho|e measurement period was gN m—2h~1instead of

EC data than in the manual chamber data (Table 1). Mos6.0.gNm-2h~1 from all the chambers.

of the variation in the EC fluxes resulted from two factors: ) )

statistical uncertainty due to the use of a single measurement Comparison of the EC and automatic chamber fluxes dur-
point and a rather short finite averaging period (Wilson andNd 7 t0 14 May shows that on three out of seven days, 7,

Meyers, 2001), and random instrumental errors as the fluxed® @nd 11 May, the fluxes from the automatic chamber were

were measured close to the detection limit. significantly higher than those from the EC measurements
Daily mean emissions measured by the EC were on aV_(p<0.05, T-test). When the data from the automatic and man-
erage ugNm-2h-1 during the first week of May and ual chambers were combined, on 7 and 15 May, the chamber

on average #4gNm-2h-1 during the rest of the cam- and EC fluxes did not differ significantly from each other

paign (Fig. 3a). The highest daily J® emission to (p=0.27-0.31).

201gNm2h~1 were measured on the first measurement There was no diurnal cycle in the® emissions measured
day, 2 May (Fig. 3a). Low fluxes were measured betweenby the EC or chamber techniques. Night-time (22:00-08:00)
14 and 24 May after which the emissions peaked again orN2O emissions measured with the automatic chamber aver-
25 and 31 May at g Nm~2h~1. Short term variability in  aged to 9.51.1ugNm~2h~1, and day-time (08:00—-22:00)
the fluxes measured by the EC system, expressed as daimissions to 1041.3ugNm2h~1 (emission+2xSE).
coefficient of variation, was on average 400% during the firstThe EC night and day time fluxes averaged tot712 and

half of the measurement period and on average 260% during.1+2.2ugNm-2h~1, respectively. The differences be-
the last half of the period. The change in the variation wastween night and day emissions were not statistically sig-
largely due to the change in the TDL setting on 10 May. nificant. Mean daily coefficient of variation of 43% in the

3 Results

www.biogeosciences.net/bg/2/377/ Biogeosciences, 2,38772005
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open squares stand forn® emissions measured by manual soil chamber. Error bars denoteSIBr(rehambers6), (€) Comparison of
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over all the soil sampling places (open circleg) NOg, (b) NHg4, (c) soil temperature at 10 cm, soil moisture as percentage of water filled
pore space (WFPS%) at 0—6 cm, and rainfall.

automatic chamber data indicates that the diurnal variabilityb). Soil NOs; peaked on 12 May, after a rainfall event. The
in the NbO emissions is very low at that chamber location minimum NQ; content close to the chambers was measured
(Table 1). on the same day as that of Y19 May). Soil NH; content
during the measurement period was on average 9.3mgN per
3.2 Influence of soil environmental parameters ofON kg of dry soil (Figs. 4a, b). Temporal variation in soil IiyH
emissions was larger than that of soil N9 Soil NH, content peaked

o . , on 8 May, decreased to a minimum on 19 May, and increased
Soil nitrate (NQ) content fluctuated very little during the again at the end of May (Fig. 4b).

measurement period (Fig. 4a). The two areas, close to the

soil chambers and close to the EC mast, differed from each At the start of the measurement period, soil moisture and
other with respect to soil N9content (p<0.01). In the area  NH4 contents were at their maximum and soil temperature at
close to the chambers, N@ontent was on average 2.7 times its minimum (Figs. 4b and c). The decrease in soil moisture
higher than in the area close to the EC mast (Figs. 4a andontent throughout the measurement period was disrupted by

www.biogeosciences.net/bg/2/377/ Biogeosciences, 2,38772005
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16 dashed line is drawn to guide the eye of the reader. Numbers in the
top of the figure stand for the number of data points from each wind
sector.

14 4 =0.80
<0.01
24 °

—
(=}
1

3.3 Wind direction dependency ob® fluxes

E The average DD flux was 2-4gNm2h-1 from the
{ south west direction and aboveu§Nm-2h=1 from all

N,O flux (ug N m? h'])

other wind directions (Fig. 7), however, this difference
was statistically insignificant (p=0.49). Soil chambers were
located north to north-west from the EC mast, a wind
: : : sector from which the EC measured a measONemis-
45 46 47 48 49 sion of 6.4:2.2ugNm~2h~!, mean+SE (Figs. 1 and
Soil moisture (wfps %) 7). This flux value is less than the average emission of
15.0£4.94g N m—2h~1 measured by the soil chambers on
Fig. 6. Dependency of daily BO emissions measured by the EC 7, 15 and 22 May.
on soil moisture (wfps%) during 8 to 19 May 2003.
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several rainfall events. Soil surface temperature at 10cmt  Discussion
depth increased during the measurement period from ap-
proximately 7 degrees of Celsius to 12 degrees of CelsiusVe have shown that the chamber techniques and the EC tech-
(Fig. 4c). Fluctuations at the surface were greater than deepetique deployed in the trunk-space give comparable estimates
in the soil (data not shown). of the N,O fluxes. During the study period the spatial vari-
The N,O emissions measured with the EC technique fol- ability in the N O emissions was greater than the temporal
lowed the pattern of soil N9and NH; contents (Figs. 3a variability. The EC and the chamber fluxes did not differ sig-
and 4a, b). Emissions of JD correlated positively with soil  nificantly from each other except when the EC results were
NH4 content during a period 8 to 19 May?0.74, p<0.05) compared to the fluxes from the one automatic chamber only
(Fig. 5). The minimum MO emission was measured on the that exhibited a very small temporal coefficient of variation
same day, 19 May, as the minimum in soil pl@nd NH; (45%). Christensen et al. (1996) compared EC and cham-
contents. The highestJd® emissions were measured on 2 ber techniques to measure® emissions from an agricul-
May when soil moisture was at its highest (above 50% wfps)tural field. They measured 31 to 55% higherQNemissions
(Figs. 3a and 4c). The emissions peaked on 13 and on 2&ith the EC technique than with the soil chambers. Still,
May after a rainfall and consequent increase in soil moisturethis difference between the two techniques was within the
Soil N2O emissions correlated positively with soil moisture uncertainty given by the spatial variability of the flux over
content from 8 to 19 May €=0.80, p<0.01) (Fig. 6). the measurement area.
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In general, we measured much higher variation in th®N in this beech forest site. They found that the soil \e&hd
fluxes with the EC than with the chambers (Table 1). As theNH,4 contents were similar in areas close to and between tree
fluxes were close to the detection limit of the instrumenta-stems indicating that the input of nitrogen to the forest floor
tion, large part of the variation probably resulted from instru- via stemflow was insignificant to the soil pool of nitrogen.
mental random errors in addition to the statistical samplingSimilarly, Ambus et al. (2001) found no differences in the
uncertainties (Wilson and Meyers, 2001). To decrease thisumulative NO emissions measured by chambers from two
variation and to lower the detection limit we averaged theareas that differed from each other in soil moisture condi-
half hourly flux values over one day periods. This allowed ustions. The results of Ambus et al. (2001) indicate that the
to compare the low EC fluxes to the results from the cham-ecosystem level variability in §O emissions in this beech
bers. forest floor is relatively low and, hence, the soil chambers

Other causes for the variation in the measured fluxes caprobably cover the spatial variability in the soil fluxes rel-
be the real temporal and spatial variation in th&ONemis-  atively well. In our study, however, the soil NGontent
sions. At times the soil may have acted as a sink fgON  varied between the two areas of the forest being higher in the
as reported by Butterbach-Bahl et al. (1998), Goossens edrea adjacent to the soil chambers than in the area close to
al. (2001) and Rosenkranz et al. (2005). Indeed, we meathe EC mast (Fig. 4a). As the soil chambers were located be-
sured occasionally soil uptake ob@ with the manual soil  tween 40 to 50 m from the EC mast they contribute less to the
chambers. The EC system, averaging fluxes over the footeddy flux than the closest tens of meters (Fig. 1). Hence, one
print area, may have measured not only zero fluxes but alsoeason for the lower pD fluxes measured by the EC may be
alternating NO emissions and PO uptake. An additional the lower levels of soil substrates, such asaNfr micro-
process, which may increase the variability in the EC databial N2O production in the area surrounding the EC mast as
is N2O emissions from the leaves of the forest trees reporteccompared to the area close to the chambers. The lack of soil
recently by Pihlatie et al. (2005). chambers around the EC mast lowers the reliable compari-

The loss of data during low turbulence periods such asson of the EC and the chamber based fluxes. Other factors
night time has been one of the most negative characterisaffecting the comparison are the fact that wind blew only oc-
tics of the EC method when measuring the exchange of CO casionally from the north-west direction where the chambers
and HO. Because we found no diurnal variation in thgON  located, and that the EC fluxes were very close to the de-
emissions, measured by the automatic chamber, the lack dection limit of the measurement system resulting in a large
night time measurements does not bias the EC data in thigelative random uncertainty.
study. The placement of soil chambers is critical in covering the

The highest MO emissions measured with the EC were spatial variability of the soil MO emissions if the data is
measured during the first week of May. This week was rainyused to estimate the ecosystem scale emissions. Since the
and the soil moisture content was at its highest, above 50%patial variability in this forest ecosystem was found to be
of water filled pore space (wfps). In such conditions, anaer-greater than the temporal variability in the fluxes, the empha-
obic microsites may have been created in the soil increasingis should be put on spatial coverage rather than high tem-
N2O production by denitrification. Another and parallel rea- poral resolution in the measurements. However, our results
son for higher fluxes during the first week may have been thaepresent sites with a closed N cycling and lowNemis-
micrometeorological conditions. As during the period whensions. In ecosystems with greater seasonal changes in the
trees were leafing the requirements for sub-canopy micromesoil available nitrogen, the #D pulses can contribute more
teorological measurements were better fulfilled than later orsignificantly to the total NO emissions and hence make tem-
in the campaign: the canopy of the beech forest remainegboral variation more important. Our results support the con-
open and turbulence was more intense in the trunk-spacelusions of Rummel et al. (2002) that the eddy covariance
The beech trees were fully leafed in the middle of May af- technique is a promising tool to measure N trace gas fluxes
ter which also turbulence intensity decreased. A short in-in the trunk-space of a forest. The EC technique used in this
crease in mean wind speed inside the trunk-space was megtudy can well be run continuously over extended periods,
sured during the last measurement week, in June (data ndtom several months to years requiring only filling with lig-
shown). uid nitrogen and routine checks twice a week. Thus, it can

In previous studies, based on manual chamber measureiso give information on the seasonal variability in thegON
ments, the average annuap® emissions from this beech fluxes at ecosystem level.
forest floor was 5 to ggNm—2h~1 (Ambus et al., 2001;

Beier et al., 2001). Our spring time measurements of 6 to

16gNm2h~1 with the EC and chambers, respectively, 5 Conclusions

are in line with this, and also with other emission measure-

ments from temperate forest soils (Schmidt et al., 1988; Am-We have demonstrated that the EC and the enclosure tech-
bus and Christensen, 1995; Bowden et al., 2000). In moreniques give comparable results of theNemissions from
detail, Beier et al. (2001) studied the total nitrogen cycling a forest floor, although these techniques measure fluxes at
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different spatial and temporal scales. Measurements with the and Wienhold, F. G.: Nitrous oxide emissions from an agricul-
chamber technigue show a large spatial small scale variation tural field: comparison between measurements by flux chamber
in the NpO fluxes, whereas the EC technique integrates over and micrometeorological techniques, Atmos. Environ., 30(24),
the areas of high and low4® emissions from the soil. For ~_ 4183-4190, 1996.
a true comparison of the two techniques the methods shoul&onstantin, J., Grelle, A., lbrom, A., and Morgenstern, K.: Flux
be applied in a forest ecosystem which has markedly higher Prtitioning between understorey and overstorey in a boreal
N,O fluxes. The data suggests that femission measure- spruce/pine forest determined by the eddy covariance method,
Agr. Forest Meteorol., 98-99, 629—-643, 1999.
ments are based on chamber measurements 9“'3" the emp nhalt, D., Prather, M., Dentener, F., Derwent, R., Dlugokencky,
sis should be put on the placement of the soil chambers to g Hojland, E., Isaksen, I., Katima, J., Kirchhoff, V., Matson, P..,
cover the spatial variability in the soildD emission. For the Midgley, P., and Wang, M.: Atmospheric Chemistry and Green-
estimation of ecosystem levebl emissions the large scale  house Gases, in: Climate Change 2001: The Scientific Basis,
integrative techniques, such as the EC technique, can be a edited by: Houghton, J. T., Ding, Y., Griggs, D. J., et al., 2001
substitutive technique to the enclosure method. Cambridge University Press, Cambirdge, 881 pp, ISBN 0521-
80767-0, 2001.
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