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Abstract. Soil emissions of NO and D were measured derived from nitrification whereasJ0 was mainly derived
continuously at high frequency for more than one year atfrom denitrification. In general, soil moisture is lower at
15 European forest sites as part of the EU-funded projectoniferous sites (at least during spring time) and the litter
NOFRETETE. The locations represent different forest typeslayer of coniferous forests is thick and well aerated favouring
(coniferous/deciduous) and different nitrogen loads. Geo-nitrification and thus release of NO. Conversely, the higher
graphically they range from Finland in the north to Italy in rates of denitrification in deciduous forests due to a compact
the south and from Hungary in the east to Scotland in theand moist litter layer lead to 40 production and NO con-
west. sumption in the soil.

The highest NO emissions were observed from conif- The two factors soil moisture and soil temperature are of-
erous forests, whereas the lowest NO emissions were oben explaining most of the temporal variation within a site.
served from deciduous forests. The NO emissions fromWhen comparing annual emissions on a regional scale, how-
coniferous forests were highly correlated with N-deposition. ever, factors such as nitrogen deposition and forest and soil
The site with the highest average annual emissionu$2 type become much more important.

NO-Nm2h1) was a spruce forest in South-Germany
(Hoglwald) receiving an annual N-deposition of 2.9gm
NO emissions close to the detection limit were observed] |ntroduction

from a pine forest in Finland where the N-deposition was

0.2gNnT2aL. No significant correlation between,® Increasing emissions of N-oxides from combustion pro-
emission and N-deposition was found. The highest averageesses and Nidvolatilisation from agriculture have led
annual NO emission (2Q.g N,O-Nm2h1) was foundin  to an increase of N-deposition in Europe during the last
an oak forest in the [itra mountains (Hungary) receiving an decades. Atmospheric N-deposition is estimated to be at
annual N-deposition of 1.6 gm. N>O emission was signif- least 0.5gNm?a~! in most parts of Europe, in central
icantly negatively correlated with the C/N ratio. Europe significantly above 2gNTAa ! (Umweltbunde-

The difference in N-oxide emissions from soils of conif- samt, 1997), and in The Netherlands, parts of Northern Ger-
erous and deciduous forests may partly be explained by difmany, and UK up to 5gNm?a! (e.g. van der Eerden
ferences in N-deposition rates and partly by differences inet al., 1998). As a result, natural ecosystems, especially
characteristics of the litter layer and soil. NO was mainly forests which have a huge filtering capacity, receive an N-
fertilization equivalent to approx. 15% of N-fertilizer input
Correspondence tK. Pilegaard to arable land (Kristensen et al., 2004). Due to this high
(kim.pilegaard@risoe.dk) atmospheric N-deposition the N-status of forest ecosystems
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652 K. Pilegaard et al.: Emission of NO ang® from forest soils

Forests cover a large part of the European continent (ap-
prox. 35%), but the exchange of nitrogen oxides (NQON
and NQ) has so far only been investigated in a few Euro-
pean forests. These studies in N-affected forests in Central
(Butterbach-Bahl et al., 1997; van Dijk and Duyzer, 1999;
Brumme and Beese, 1992; Gasche and Papen, 1999) and
Northern Europe (Pilegaard et al., 1999; Skiba et al., 1998)
have shown that European forests have a much higher NO
and NO emission than other temperate forests in the world
(Williams et al., 1992; Castro et al., 1993). It has been sug-

Glencorse Sorg gested that the high emissions found in European forests
st e are due to the high atmospheric N-input to these forests.
The contribution of oxidised and reduced nitrogen species

Hyytiala
o

Speulderbos o - . _ -
e to the total deposition varies according to location, and is
Schottenwald Matra miris. dominated by NH in intensively farmed countries (e.g. The
H6g|wa|d% o © Netherlands), but by oxidised species in the remote parts of
Achepkirgr @ __Klauseg™Leopoldsadrt Europe. Comparing earlier results from forest sites with dif-
frarce-ficino ferent N-input (Butterbach-Bahl et al., 1997) and studies of

Saf Rosgore NO and NO emission at various distances from poultry and

pig farms support this hypothesis (Skiba et al., 1998).

The limited information on the impact of anthropogenic
influences like e.g. atmospheric N-deposition on N-trace gas
emissions from forest soils, the limited number of field stud-
ies, restricted temporal coverage of field measurements and
the lack of information on the effect of forest types on the

Fig. 1. NOFRETETE field stations. magnitude of N-oxides emissions from forest ecosystems are
the reasons why the contribution of forest ecosystems to re-
is changing from naturally N-limited to N-saturated (Aber gional and global budgets of atmospherigONand NO still
etal., 1989; Dise and Wright, 1995; Fenn et al., 1998). Nitro-have a high degree of uncertainty.
gen saturation of forest ecosystems has serious environmen- NO and NO emissions are known to vary considerably
tal consequences by changing the soil chemistry, forest comwith both soil temperature and soil moisture and are there-
position and productivity, and by altering the fluxes of radia- fore strong functions of climate (Smith et al., 1998; Pile-
tively active trace gases (e.g. NOx®, CQO,, CHjy) (Aber, gaard et al., 2001). However, the relationships are not simple
1992; Butterbach-Bahl et al., 1997; Priha and Smolanderand not the same for NO anc:®. It is therefore important
1995). The improved N-availability in forest soils has beento study these relationships over a range of climates at long
shown to reduce C/N-ratios in leaves and litter (Magill et al., time-scales to cover different seasons for each locality.
1997) and, at least initially, has stimulated tree growth and In this paper we report the results of continuous measure-
forest productivity (Beck, 1996). Increased atmospheric N-ments of NO and MO emissions at 15 different forest sites
deposition is a matter of concern, as it can change the grounes part of the EU-funded project NOFRETETE. The mea-
vegetation (increasing dominance of nitrophilic species) (e.gsurements were made by chamber methods, either by man-
Hofmann, 1995; Pitcairn et al., 2002); decrease forest vitalityual measurements or by fully automated systems at a high
(induction of nutrient imbalances) (e.g. Schulze, 1989); ac-frequency (up to hourly) throughout at least an entire year.
celerate soil acidification due to increased nitrification (e.g.Emission measurements were carried out using either the dy-
Kreutzer and Weiss, 1998); and increase losses of N to th@amic (NO) or the static chamber {8) technique. The
environment in form of N-leaching to the groundwater (e.g. locations chosen include different types of forests (conifer-
Kreutzer, 1995) and/or in form of N-gas emissiongs@  ous and deciduous) in different European climates, ranging
NO, Np) into the atmosphere (e.g. Butterbach-Bahl et al.,from boreal to temperate continental forests and from At-
1997; Pilegaard et al., 1999; van Dijk and Duyzer, 1999;lantic to Mediterranean forests. Furthermore the sites dif-
Skiba et al., 1998). fer in atmospheric N-deposition ranging from low deposi-
Oxidised nitrogen compounds in the atmosphere such asion (0.2gNnt2a1) to high deposition{4gNnm2a1).
nitrous oxide (NO), nitric oxide (NO) and nitrogen dioxide We relate annual mean emission rates of NO ap@ o the
(NO») play an important role by affecting the oxidising ca- main parameters soil temperature, soil moisture, C/N ratio,
pacity of the troposphere (NO and Mby affecting ecosys- pH, nitrogen deposition, and stand age. Temporal variation
tems through deposition (NCand derivates) or by acting as throughout the year is not dealt with here, but will be treated
a greenhouse gas ¢N). in site-specific papers (e.g. Feret al., 2005; Horath et al.,
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2005; Kitzler et al., 2005a,b; Rosenkranz et al., 2006). chambers. The tables give references to the specific methods
applied at each site.

2 Materials and methods 2.3 Additional measurements

2.1 Sites Nitrogen deposition was measured by analysing concentra-

. £ th ¢ L , | tions of NG; and NH; in throughfall collected with a large
A.n overview of the 15 or'es.t sites is given in Tab.e 1 and number of funnels or with specially designed throughfall col-
Fig. 1 and some characteristics of the sites is given in Table Zrectors. In deciduous forests stem-flow was also collected

The sites range from Finland in the north to Italy in the south and analysed for NQ and NI—[{ concentrations and the val-

and from Scotland in the west to Hungary in the east. Theoq \ere added to the throughfall to give the input to the
sites investigated represent different forest types:

. s . : NS _ forest floor. Soil moisture was measured by TDR probes and
Coniferous forests: Scots pinBifus silvestriy Finland; ¢ temperature by thermocouples. C/N ratio, pH, and bulk
Sitka spruce Ricea sitclensig, Scotland; Norway spruce  yoni (for calculation of water filled pore space, WFPS)
(Picea abiey Germany, Austria, Hungary; Douglas fir

AT ; was measured in the upper 0-5 cm of the mineral soil.

(Pseudotsuga merggii viridis), The Netherlands; Mediter-
ranean pineRinus pinastey, Italy. 2.4 Data analysis

Deciduous forests: birchBgtula pulésceny Scotland;
beech Fagus sylvaticy Denmark, Germany, Austria; ses- The relationships between fluxes and the main parameters
sile oak Quercus petraga Hungary; poplarRopulussp.),  were investigated by stepwise multiple regression analysis
Italy; mixed forest with black poplaifppulus nigr3, aspen  using the S-PLUS statistical software (Insightful Corp.).
(Populus tremuloidgs white willow (Salix albg, and com-
mon alder Alnus glutinosy, Italy.

At three locations, Glencorse (Scotlandpdtwald (Ger- 3 Results
many), and Mitra mountains (Hungary) both coniferous and

deciduous forest sites were investigated. The annual average emissions of NO (Table 5) ranged

from below detection limit to 81.AagNm=2h~1. The
2.2  Flux measurements highest emissions were found in theddiwald spruce
forest followed by the Speulderbos Douglas fir forest
The soil emissions of NO and4® were measured with the (75.2u.gNm~2h~1) and the lowest in the Hyyia Scots
chamber technique (e.g. Butterbach-Bahl et al., 1997; Pilepine forest (0.006.g N m~2 h~1) and the Parco Ticino mixed
gaard et al., 1999; van Dijk and Duyzer, 1999). NO wasforest (below detection limit). Emissions of;® ranged
measured with dynamic chambers and the flux was estimatetfom 0.3 to 20.3.g N m~2 h~1 with the highest values found
by comparing the steady-state concentration in the chamin the oak forest in the [ltra mountains followed by the
ber with a reference measurement or by using the full mas$arco Ticino poplar forest (199 N m—2h~1) and the low-
balance equation (Altimir et al., 2002). In some cases theest values in Hyy#la, San Rossore (2idg N m~2h-1) and
reference measurement was made in a chamber similar t8peulderbos (2.8gNm~—2h=1).
the measurement chambers but shielded from the soil with Atmospheric nitrogen deposition at the 15 field sites inves-
a cover of the same material; in other cases the referenceigated ranged between 0.22gfa ! and 3.85gm?2a !
measurement was made of the incoming ambient air and comwith the highest value for the Speulderbos forest in
rections for wall losses in chamber and tubes were made. NOhe Netherlands and the lowest value for the Hfi
was analysed by chemiluminescence technique. Becagise Gorest in Finland (Table 5). The average nitrogen
interacts with the NO emitted from the soil it was analysed deposition to coniferous forests (#6.5gNnT2a1)
simultaneously and any loss of NO due to this reaction wasvas similar to deciduous forests (£6.2gNnT2a1).
corrected for (Remde et al., 1993),®™ was measured using On average coniferous forests showed much higher
manual and/or automatic static chambers. Headspat N emission of NO (31.&15.6ugNm2h-1) than decid-
concentrations were analysed by gas chromatography (eleatous forests (441.9ugNm—2h™1). For N,O it
tron capture detector) either in the field or in the laboratory. was found that the deciduous forests had higher emis-
Characteristics of the chamber systems applied for fluxsion (11.3:2.2ugNm~2h~1) than the coniferous forests
measurements at the different sites are given for NO in Ta{6.6+2.3ugNm—2h1).
ble 3 and for NO in Table 4. The use of a reference cham- The results of the regression analyses of the emissions of
ber is indicated by “+1" in the column giving the number NO and NO, the sum of NO and pD and the ratio between
of chambers simultaneously in use. The chambers werdO and NO with the parameters nitrogen deposition, forest
mounted on frames previously inserted into the soil. At sometype, age, C/N, pH, soil temperature and WFPS are given in
sites chambers were moved among different sets of frameslable 6. In analyses of NO emission, values from the Italian
indicated in Tables 3 and 4 by a larger number of frames tharsites were excluded, because of the very few measurements
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Table 1. Geographical location, and tree species of forest field sites for continuous measurements of NQ dioctes.

Country Site Species Latitude Longitude
Finland Hyytala Scots pine 61.8N 2428 E
Scotland Glencorse(B) birch 5588 21PE
Scotland Glencorse(S) Sitka spruce 53.B5 3.17PW
Denmark Sorg beech 554R 11.63 E
The Netherlands  Speulderbos Douglas fir 52182 5.65 E
Germany Hbglwald(B) beech 48.50N 11.17E
Germany Hbglwald(S) spruce 48.5N 1117E
Austria Schottenwald beech 48729 1525 E
Austria Klausen-L. beech 48.1% 16.05 E
Hungary Matra mtns.(S) spruce 47388l 1995 E
Hungary Matra mtns.(O) oak 47.8N 19.97E
Austria Achenkirch spruce 47.381 1165 E
Italy Parco Ticino(M) mixed 45.20N 9.0°E
Italy Parco Ticino(P)  poplar 45.20N 9.07E
Italy San Rossore pine 43.78l 10.28 E

Table 2. Characteristics of forest field sites.

Site Type Age C/N pH Soil Soil WFPS  Precipitation
temperature  moisture

years °C %vIv % mmal
Hyytiala coniferous 41 377 33 4.6 26.3 38 500
Glencorse(B) deciduous 19 138 5.1 6.6 31.4 44 1047
Glencorse(S) coniferous 19 138 5.1 6.3 25.9 36 1047
Sorg deciduous 84 177 4.5 7.6 24.6 36 845
Speulderbos coniferous 43 245 3.7 9.4 17.9 31 721
Hoglwald(B) deciduous 87 158 34 8.3 937
Hoglwald(S) coniferous 96 18.8 3.2 8.6 315 56 937
Schottenwald deciduous 141 134 43 8.1 27.0 60 509
Klausen-L. deciduous 60 16.0 5.0 8.4 41.0 59 612
Matra mtns.(S) coniferous 39 129 3.6 5.6 26.0 53 817
Méatra mtns.(O)  deciduous 74 135 47 8.2 26.0 59 817
Achenkirch coniferous 126 18.0 7.0 6.2 50.2 60 1355
Parco Ticino(M) deciduous 150 179 4.6 12.2 30.7 44 825
Parco Ticino(P)  deciduous 13 153 6.4 13.9 29.3 51 825
San Rossore coniferous 38 299 6.5 14.0 111 21 959

from these sites. NO emission was dependent on foresanalysis to sites with C/N20, because very little nitrifica-
type and positively correlated with nitrogen deposition. Thetion occurs above this threshold, resulted in a non-significant
parameter WFPS was tested for curvature by including aregression. There was no significant correlation between the
quadratic term, but this was not significant. Separately perN>O emission and the nitrogen deposition (Fig. 4).
formed regression analyses for deciduous and coniferous The sum of NO and PO was positively correlated with
forests showed, however, that the relationship between ninitrogen deposition (Fig. 5) although when split into forest
trogen deposition and NO emission was only significant fortypes only for the coniferous stands (Table 6). The amount
the coniferous forests (NQug N m—2h~1)=—13.9+25.5 [N of N-oxides emitted relative to total N deposition ranged
deposition (gmZ2a1)], r2=0.82). The relationships be- from 2% (Hyytila) to 32% (Glencorse spruce). The sum
tween NO emission and N deposition are shown in Fig. 2.  (NO+N,O) was not significantly correlated with any other of
The N;O emission was significantly negatively correlated the investigated parameters. o
with both the C/N ratio and the age of the stands (Table 6 The_NO/NzO ratio was positively Corr_elated with nitrogen
and Fig. 3); a logarithmic transformation ob®& emission deposition and negatively correlated with age of the stands.
improved the significance of the correlation. Restricting the
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Table 3. Characteristics of chamber systems used in NO flux measurements.

Site Type Method Chambers Frames Frequency Area  \olume Flow Analysis  Analyser Reference

No. No. nt | I'min—1
Hyytiala dynamic  automatic 3 3 1/h 0.028 5.7 4 field TEI42S Pumpanen et al. (2001)
Glencorse(B) dynamic  automatic 4+1 4+1 1/h 0.08 17 11.5 field TEI42C Pilegaard (2001)
Glencorse(S) dynamic  automatic 4+1 4+1 1/h 0.08 17 115 field TEI42C Pilegaard (2001)
Sorg dynamic  automatic 4+1 10+1 4/h 0.078 12 10 field TEI42CTL Pilegaard (2001)
Speulderbos dynamic  automatic 4 4 1/h 0.48 75 125 field TEI42S van Dijk and Duyzer (1999)
Hoglwald(B) dynamic  automatic 5+1 5+1 1/h 0.25 375 50 field CLD770ALppt+PLC760 Butterbach-Bahl et al. (1997)
Hoglwald(S) dynamic  automatic 5+1 5+1 1/h 0.25 375 50 field CLD770ALppt+PLC760  Butterbach-Bahl et al. (1997)
Schottenwald dynamic  automatic 5+1 2/h 0.0314 3.27 1 field Horiba APNA-360 Holtermann (1996)
Klausen-L. dynamic  automatic 5+1 2/h 0.0314 3.27 1 field Horiba APNA-360 Holtermann (1996)
Matra mtns.(S) dynamic manual 2 2 1/month 0.080 0.444 0.327 field Horiba Meixner et al. (1997)
Matra mtns.(O) dynamic manual 2 2 4lyear 0.080 0.444 0.327 field Horiba Meixner et al. (1997)
Achenkirch dynamic  automatic 5+1 2/h 0.0314 3.27 1 field Horiba APNA-360 Holtermann (1996)
San Rossore dynamic  automatic 5+1 5+1 1/h 0.25 37.5 50 field CLD770ALppt+PLC760 Butterbach-Bahl et al. (1997)

Table 4. Characteristics of chamber systems used4®NMux measurements.

Site Type Method Chambers Frames Frequency Area  Volume  Analysis  Analyser Reference

No. No. |
Hyytiala static  manual 2 6 2/month 0.116 32.48 laboratory HP-GC 6890 assyo et al. (2004)
Glencorse(B) static manual 4 4 4 campaigns 0.14 25 laboratory HP-GC-5890 MacDonald et al. (1998)
Glencorse(B) static  semi-automatic 1 1 1/day 1 72 laboratory HP-GC-5890 MacDonald et al. (1998)
Glencorse(S) static manual 4 4 4 campaigns 0.14 25 laboratory HP-GC-5890 MacDonald et al. (1998)
Glencorse(S) static  semi-automatic 1 1 1/day 1 72 laboratory HP-GC-5890 MacDonald et al. (1998)
Sorg static  manual 6 6 2/month 0.071 8 laboratory ~ Shimadzu 14b w/ECD Ambus et al. (2001)
Sorg static  semi-automatic 1 1 1/day 0.49 60 laboratory ~ Shimadzu 14b w/ECD Ambus et al. (2001)
Speulderbos static  automatic 4 4 1/hour 0.48 75 field Chompack cp-90G8MBECD  Duyzer (1995)
Hoglwald(B) static automatic 5 5 2/hour 0.25 37.5 field Shimadzu 14a w/ECD Butterbach-Bahl et al. (1997)
Hoglwald(S) static automatic 5 5 2/hour 0.25 375 field Shimadzu 14a w/ECD Butterbach-Bahl et al. (1997)
Schottenwald static manual 4 4 2/month 1.0 80 laboratory S&@-ECD Hartel et al. (2002)
Schottenwald static  semi-automatic 1 1 1/day 0.49 49 laboratory S3BICECD
Klausen-L. static  manual 4 4 1/month 1.0 80 laboratory ~ @®iECD Hartel et al. (2002)
Klausen-L. static  semi-automatic 1 1 1/day 0.49 49 laboratory S&@-ECD
Matra mtns.(S) static  manual 8 8 2/month 0.0080 0.4 laboratory HP-GC 5890 + HP-MS 5972 Christensen et al. (1990)
Matra mtns.(O)  static  manual 8 8 2/month 0.0080 0.4 laboratory HP-GC 5890 + HP-MS 5972 Christensen et al. (1990)
Achenkirch static  manual 4 4 2/month 1.0 80 laboratory  &®i ECD Hartel et al. (2002)
Achenkirch static  semi-automatic 1 1 1/day 0.49 49 laboratory @&@-ECD
Parco Ticino(M) static manual 4 4 2/month 0.13 28 laboratory ~ Shimadzu GC14B Leip (2000)
Parco Ticino(M) static semi-automatic 1 1 1/day 0.46 60 laboratory ~ Shimadzu GC14B
Parco Ticino(P)  static manual 4 4 2/month 0.13 28 laboratory ~ Shimadzu GC14B Leip (2000)
Parco Ticino(P)  static semi-automatic 1 1 1/day 0.46 60 laboratory  Shimadzu GC14B
San Rossore static manual 4 8 2/month 0.13 28 laboratory ~ Shimadzu GC14B Leip (2000)
San Rossore static  semi-automatic 1 1 1/day 0.46 60 laboratory ~ Shimadzu GC14B

At three locations (Glencorse dglwald and Matra moun-  stand age. The study showed that when comparing annual
tains) both deciduous and coniferous forests were investiemission rates over a larger regional area the most important
gated. At Glencorse andddlwald the coniferous sites had parameters for NO were nitrogen deposition and forest type,
higher N deposition as compared to the deciduous sites. Iand for NO the most important parameteres were C/N ra-
addition, NO emission was highest at coniferous sites at bothio and stand age. The parameters normally explaining most
locations, whereas XD emission was highest at the spruce of the temporal variation within a single site (soil tempera-
site in Glencorse, but lowest at the spruce site dghtald. ture and soil moisture) had less influence on the mean annual
The differences in both deposition and NO emission betweeremission rates at the regional scale.

the two forests in the Bitra mountains were much smaller  The guestion of whether predictive understanding gON
whereas the difference in the magnitude ofNemission  fjyxes can be increased by examining relationships between
between the two sites was substantial (Table 5) with the oalfjyxes and environmental parameters at larger spatial and
site having the highest emission. temporal scales was also addressed by Groffman et al.
(2000). They compared relationships between annual rather
than hourly or daily fluxes and ecosystem-scale variables
4 Discussion such as plant community and soil type and annual climate
rather than field-scale variables such as soil moisture and
In this investigation we related annual mean emission rates ofemperature. They found that there were coherent patterns
NO and NO to the parameters soil temperature, soil mois-in annual NO flux at the ecosystem scale in forest, crop-
ture, C/N ratio, pH, nitrogen deposition, forest type, andland, and rangeland ecosystems but that ecosystem-scale
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656 K. Pilegaard et al.: Emission of NO ang® from forest soils

Table 5. Annual nitrogen deposition (NP+NH;) in throughfall (g Nmr2a~1) and average emission of NO ang® (ngNm~2h=1)
from forests in Europe listed in the order of deposition. Data from July 2002—June 2003, except Speulderbos September 2002—-August 2003,
and NO in Sorg May 2003—April 2004. nd=below detection limit.

Site Nitrogen deposition ~ NO emission  >8 emission
gNm2a-1 ugNm=—2h=1  gNm2h-1
Speulderbos 3.85 75.2 2.3
Hoglwald(S) 291 81.7 9.0
Schottenwald 2.44 4.2 6.4
Sorg 2.36 2.6 8.4
Matra mtns.(O) 1.59 2.1 20.3
Matra mtns.(S) 1.42 1.2 14.8
Hoglwald(B) 1.30 13.4 13.0
Parco Ticino(M) 13 nd 4.9
Parco Ticino(P) 1.3 510 19.7
Glencorse(S) 1.14 27.0 14.9
Achenkirch 1.00 0.9 2.8
Klausen-L. 0.98 0.7 5.4
San Rossore 0.76 5.4 2.1
Glencorse(B) 0.52 15 11.9
Hyytiala 0.22 0.006 0.3

* Based on 2 measurements in August and November 2002
T Based on continuous measurements during 23 April-4 June 2003 and 28 October—3 December 2003 (Rosenkranz et al., 2006)

controls of NO flux vary within and between regions and medium soil water content. Ludwig et al. (2001) suggested
only emerge with continuous (at least daily) flux measure-an optimum of NO emissions at approximately 20% WFPS
ments over multiple years. Compared to the analysis ofand a strong decrease towards extreme moisture conditions.
Groffman et al. (2000) the present investigation deals withHowever, other studies reported maximum NO fluxes be-
both NO and NO, measured within the same time-period tween 43% and 85% WFPS (Ormeci et al., 1999; van Dijk

and with a high frequency. and Duyzer, 1999; Gasche and Papen, 1999).
The effects of soil moisture and temperature on NO
4.1 Effects of soil moisture and temperature and NbO emission were studied in a laboratory experiment

with soil cores from some of the same field sites as in
Production of NO and BD in soils is primarily driven by  the present study (Parco Ticino(M), Schottenwald, Klausen-
microbial processes such as nitrification and denitrification-€opoldsdorf, Achenkirch, bglwald (spruce) and Hyyaia)
(Firestone and Davidson, 1989), therefore soil temperaturéSchindlbacher et al., 2004) . Soil moisture and tempera-
is a key variable affecting the emission rates of both gasesiure explained most of the variations in NO (up to 74%)
Emissions of both NO (Slemr and Seiler, 1984) angDN and NO (up to 86%) emissions for individual soils. NO
(Skiba et al., 1998; Smith et al., 1998) increase with in-and NO were emitted from all soils except from the bo-
creasing soil temperature due to the fact that rates of enzyt€al pine forest soil in Finland, where the laboratory exper-
matic processes generally increase with temperature as |0n|%1ent showed that NO was consumed. NO emissions from
as other factors (e.g. substrate or moisture) are not limitingth® Gérman spruce forest ranged from 1.3 to 6pg 8O-
Soil water acts as a transport medium for N@nd NH; Nm~2h~! and largely exceeded emissions from other soils.
and influences the rate of,Gsupply and thereby controls Average MO emissions from this soil tended also to be high-
whether aerobic processes such as nitrification or anaerobi@st (171.242.2ug N2O-Nm~2h~1), but did not differ sig-
processes such as denitrification dominate within the soilnificantly from other soils. NO and 2D emissions showed a
While N>O emissions are known to increase at higher wa-Positive exponential relationship to soil temperature. The re-
ter contents through larger losses from denitrification (Wolf Sults from the annual averages of field data did not show any
and Russow, 2000; Papen and Butterbach-Bahl, 1999) th&ignificant relationship to soil temperature for neither for NO
relationship between the NO flux and the soil water is morenor for N2O emission.
complex. Due to limited substrate diffusion at very low water ~ Schindlbacher et al. (2004) also showed thaONemis-
content and limited gas diffusion at high water content, nitric sions increased with increasing WFPS or decreasing wa-
oxide emissions are suspected to have a maximum at low tter tension, respectively. Maximum2® emissions were
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In general, rather clear relationships between nitrogen ox-
ides emission and soil moisture and soil temperature can
be found within a single locality when studying short-term
measured between 80 and 95% WFPS or 0kPa water tensariations. However, using the same parameters when com-
sion. The optimal moisture for NO emission differed signif- paring annual values from different localities within a large
icantly between the soils, and ranged between 15% WFP®egion as in this study does not necessarily reveal compa-
in sandy Italian floodplain soil and 65% in loamy Austrian rable relationships since other factors such as soil proper-
beech forest soils. For the field data WFPS was not a signifties, stand age, and site hydrological conditions interfere.
icant parameter for PO emission, but had a positive signifi- Equally, in a study of 18 European forests Janssens et al.
cant effect on NO emission. The annual average WFPS in th€2001) found large differences in observed annual soil respi-
field was higher than the optima found for NO in the labora- ration and total ecosystem respiration, but despite good cor-
tory experiment, but since not all field sites were studied inrelations with temperature within the single forests, the dif-
the laboratory it is difficult to provide a general conclusion. ferences between the forests were not correlated with mean

Biogeosciences, 3, 651-661, 2006



658 K. Pilegaard et al.: Emission of NO ang® from forest soils

30 -|A Coniferous 1.0 1 -
® Deciduous A Coniferous
® Deciduous
-~ 25 i 0.8 Hoglwald(S) A
o o~
N Atra mtns.(O) !
! Parco cmé’(‘ e
E 20- ¢
z © 0.6-
£ 5
= Glencorse(S) o
= 15 - A Métra mtns.(S) g
Hogh £
'% Glencgrse(B) o0 QB) £
2 8 s 0.4
£ [e) Glencorse(S) A
8 104 Sors Hogl\/\f\d(s) 2
T
Schotfenwald ’
= Klausen-Leopoldsdorf i 2 0.2 Hogwald(s @ Matra mins.(0)
54 @ Parco Ticino(M) [ ns(S) A
san ROSSEA" Speulderbos Glencorse(B) @ T T T Son @@ sehotiemiaid T
Hyytiala Klausen-L ldsdo
0 A 0.0 -Hytiala ﬁeﬁk'r&,
T T T T T T T T T T
0 1 2 3 4 0 1 2 3 4
N deposition (g N m2y™3 N deposition (g N m~2y™9

Fig. 4. N2O emission £gNm2h~1) as a function of nittogen  Fig. 5. Sum of N-oxides emitted as a function of nitrogen deposition
deposition (gNm2a1). (gNm—2a1). Regression lines (solid=significant, dashed=non
significant) for coniferous and deciduous sites, respectively.

annual temperature. They hypothesised that differences in _ S
soil respiration among forests are likely to depend more onPreviously when comparing the temporal variation in nitro-

forest productivity rather than on temperature. gen deposition at a single site by e.g. Butterbach-Bahl et al.
(1997). However, increased nitrogen input does not always
4.2 Effects of C/N ratio and pH lead to enhanced microbial activity. In an experiment with

chronic N additions to forest ecosystems (Burton et al., 2004)

This study showed a significant negative correlation betweerit was found that soil N availability was enhanced, but after
N2O emission and the C/N ratio (Fig. 3). This is in accor- an initial increase soil respiration was reduced probably due
dance with the laboratory studies by Ambus et al. (2006).to reduced decomposition activity of the microbial commu-
No significant effects of pH could be found, but there was nity.
a (non significant) negative correlation between pH and ni- The N;O emission from Speulderbos was very low con-
trogen input, which could be due to the acidifying effect of sidering the high nitrogen input (Fig. 4). This can, however,
NH; in soil. Consistently, the sites with high NO emission be explained by the very low N-mineralisation and nitrifica-
also had a low pH (Speulderbospéiwald), but a low pHin  tion rate of this soil (Ambus et al., 2006), which is probably
itself did not seem to lead to high emission (Hyajéi). due to the rather poor sandy soil. Furthermore, the dense

Klemedtsson et al. (2005) found a strong negative relationcanopy at this site reduced soil moisture, so that conditions
ship between MO emissions and soil C/N ratios in forested favourable for denitrification do not often prevail. The other
histosols in Sweden. A decaying exponential equation couldsites showing very low BD emission were Hyyéla and San
describe the relationship and was validated with publishedrossore, which also had a soil with low biological activity,
data from similar sites in Finland and Germany. They foundbut also a much lower N input.
that at low C/N ratios below 15-20 other parameters such as
climate, pH and groundwater tables increase in importance a.4  Effects of forest type and tree species
predictors for NO emission. A similar negative relationship ) ) ) o
was found between net nitrification and C/N ratio in spruce The difference between the nitrogen oxides emissions from
and beech forests throughout Europe (Persson et al., zooogieciduous and coniferous forest soils found in the present
In the study it was also found that no net nitrifcation could be Study can most likely be explained by differences in soil and
detected when the C/N ratio exceeded 28 which is consisteriftter properties in the two main types of forests. Laboratory
with the low emissions found from the soils in San RossoresStudies on MO emission from soils collected in several of the

and Hyytal. current study sites also confirmed higher emissions from de-
ciduous sites compared with coniferous sites (Ambus et al.,
4.3 Effects of increased N-input 2006). A number of other studies have shown similar differ-

ences between forest types and tree species (e.g. Butterbach-
This study showed significant positive correlations betweenBahl et al., 1997, 2002; Gasche and Papen, 1999; Papen and
input of nitrogen to forests and NO emission (Fig. 2) and Butterbach-Bahl, 1999).
the sum of NO and BD (Fig. 5), but no significant relation- In a northwestern Connecticut forest, Finzi et al. (1998)
ship for NbO (Fig. 4). Clear relationships have been reportedquantified the C and N content of the forest floor and the
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top mineral soil and the rate of net N mineralisation beneath5 Conclusions
six different tree species. Large differences among species
in the size of the forest floor C and N pools and in net N From a detailed study throughout a year of nitrogen oxides
mineralisation rates were found and explained by interspeemiSSion from the soil at 15 forest sites across Europe, it was
cific differences in litter production and quality. The ef- found that coniferous forest soils had much higher NO emis-
fects of five different tree species on soil respiration, grosssions than deciduous forest soils. It was also found that NO
N mineralisation and gross nitrification rates were investi-emission from coniferous forest soils was highly correlated
gated in pure tree stands in a species trial in Jutland, Denwith the N-input to the soil as measured in throughfall and
mark (Biiiggemann et al., 2005). The highest rates of soilstem-flow. The NO emission from deciduous forest soils was
respiration, gross N mineralisation and gross nitrificationgenerally low. The MO emission was slightly higher in de-
were found in the organic layer under spruce, followed byciduous forests compared to coniferous. The correlation be-
beech-larch>o0ak>pine. tween NO emission and N-deposition was not significant,
but there was a significant negative correlation between the
N»>O emission and the C/N ratio. The emission of N in N-
est soil were found in an experiment with addition of N oxides was 2_32% of the amount of N in_atmospheric input
to the soil. The differences between coniferous and decidu-

(+50kgNhala! and +150kgNhala™t) to coniferous . r "y
and deciduous forest soils (Venterea et al., 2003). Only theus forests are probably partly due to higher N-input to conif

application of the higher amount of N-fertilizer had an effect erous forest soils and partly due to differences in litter layer

on NO flux from the deciduous forest soil. Treatment effectspmpert'es'

on NO flux were much smaller and no difference betweennit'rvolag ?)l:igfss ehr?i/sesiz?]o;vnn;Zatetcr}ﬁctz{Pepgi:e\g?aﬁggtgg
forest types could be seen. From this experiment it was con- g : ) P . y
0 soil moisture and soil temperature. This study shows that

cluded that atmospheric deposition may result in increaset?Nhen comparing annual emissions on a regional scale. how-
NO emission from forest soils by promoting nitrification, and paring . nareg ' :

Lo ever, factors such as nitrogen deposition and forest and soil
that the response may vary significantly between forest type

- L . ) %ype become much more important.
under similar climatic regimes. These results confirm the re-YP P

lationship between. nitrogen deposition and the difference OfAcknowledgementsThe NOFRETETE project was funded by the
forest types found in the present study. EU commission under the contract no. EVK2-CT2001-00106.

Consistently elevated fluxes of NO from coniferous for-

There are several possible reasons for the difference in NEdited by: F. X. Meixner

oxide emission between coniferous and deciduous forests.

N-deposition (in throughfall) is often substantially (2-3
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